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Preface to ”Structure and Function of Antibodies”

Biologics are established as potent additions to the drug armamentaria, and their number is

set to multiply (explode!) over the next decade and beyond. They are challenging and expensive

to produce and represent the largest cost and cost growth area for healthcare budgets. A majority

of biologics are large proteins that undergo post-translational modifications (PTMs) to the peptide

backbone structure as they transit from the ribosome to the endoplasmic reticulum, during passage

through the Golgi apparatus and at the site of activity. Principal amongst these modifications is the

addition and processing of complex oligosaccharide moieties to yield a glycoprotein (GP). Since the

addition of defined oligosaccharide chains is essential to the function of GPs, they are necessarily

produced in mammalian cell lines (Chinese Hamster Ovary: CHO; murine cell lines: NSO and Sp2/0;

and human cell lines: HEK293 and Per.C6).

The first GP approved by the European Medicines Agency (EMA) and Federal Drug

Administration (FDA) was the murine monoclonal antibody muromonab (1986), produced in

mouse hybridoma cells, for treatment of liver transplant patients undergoing an episode of acute

organ rejection; however, it could only be successfully employed as an “emergency” “one-off”

treatment because patients developed a vigorous anti-mouse IgG immune response that precluded

repeat exposure.

The therapeutic era for monoclonal antibodies (mAbs) may be identified with the development

of chimeric mouse/human mAbs comprising the variable regions of a mouse antibody combined

with the constant regions of human IgG1 to yield a molecule that is ∼30% mouse and ∼70% human

in structure (e.g., Remicade, Rituxan). Chimeric antibodies exhibited a significant reduction in

immunogenicity, and a majority of patients could be repeatedly dosed. The next advance was

the generation of “humanized” antibodies by transplantation of structural elements of a chimeric

mouse/human antibody that formed the antigen-binding site (paratope) into a human V region

framework (e.g., Avastin), generating mAbs that are >90% human in structure. This technology has,

in turn, been replaced by the development of protocols for the generation of “fully human” antibodies

(e.g., adalimumab/Humira) encoded by human genes. The Humira antibody was generated

following random recombination of a diverse library of human heavy and light chains and selection

for high-affinity binding to the target antigen, tumor necrosis factor-alpha (TNFα); the technique was

pioneered by one of the 2018 Nobel Laureates for Chemistry: Prof. Sir Gregory Winter (Cambridge

University). Although fully human mAbs are encoded by human Ig genes, the drug product is

produced in a nonhuman cell line that may introduce nonhuman structural characteristics (PTMs),

particularly for the IgG-Fc oligosaccharide. In addition, the very uniqueness of an individual mAb

structure, reflecting its unique paratope specificity, may be “seen” as nonself by the immune system

of some patients within an outbred human population and trigger an antidrug/antitherapeutic

antibody (ADA/ATA) response.

Data Mining

The hallmark of a humoral immune response is an ability to produce antibodies expressing

exquisite specificity for a seemingly infinite number of unique antigenic determinants (epitopes);

it is currently estimated that the naive antibody repertoire has the potential to encode at least 1012

unique sequences generated by gene recombination events. The secondary immune response results

in a rapid expansion of antibody-specific cells, and this is coupled with somatic hypermutation which,
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together with random heavy–light chain pairing, extends the estimated repertoire to 1016–1018 unique

sequences. These numbers far exceed the number of B lymphocytes present in the human body

at any given time (∼5 × 109); however, the potential repertoire is continuously sampled since the

lifespan of a B cell is 1–8 weeks. Currently, the extent of the repertoire is being sampled with

deep sequencing of peripheral B-cell DNA and/or RNA, employing next-generation sequencing

(NGS) protocols. These studies are providing masses of new data, the analysis of which will allow

quantitation of germ-line gene usage and the diversity of expressed antibody repertoires within and

between population groups. Additionally, germ-line variable (v) gene usage may allow patient

stratification, e.g., in B-cell leukemias, depending on clinical response(s) achieved with defined

treatment protocols. Meaningful analysis of these data required the development of new protocols for

the storage, access, and analysis of data and a new discipline at the interface between immunogenetics

and bioinformatics, i.e., immunoinformatics. Such tools were pioneered, and have been continuously

developed, by Marie-Paule and Gerard Lefranc with the establishment of the ImMunoGeneTics

(IMGT) information system, reviewed in the first chapter. The concepts of IMGT provide insights

for antibody V and C domain structure and function that may be exploited in immune repertoire

analysis, antibody humanization, and antibody engineering to modulate effector functions. Evolution

has exploited multiple pathways to generate antibody repertoires, and variants to those established

for humans and the mouse, e.g., camelid VH gene repertoires and nurse shark IgN antibodies,

are providing additional insights that are being exploited for the generation of novel therapeutic

constructs. The above summarizes developments within the IgG isotypes; however, the IgM, IgA,

and IgE isotypes are being evaluated to exploit their unique effector properties, as addressed within

this book.

Structural Fidelity of mAbs

Structural studies of proteins isolated from human serum, and other bodily fluids, reveal

macro- and microstructural heterogeneity as a consequence of PTMs. Within the individual,

these structures would be “seen” as “self” by the immune system and result in immune tolerance.

However, production of an externally sourced mAb in nonhuman (CHO) cell lines could result in

loss of structural fidelity and the generation of variants having altered biologic activities and/or

immunogenic potential. Consequently, regulatory authorities require mAbs to be comprehensively

characterized by the use of “state of the art” orthogonal physicochemical techniques that allow

“critical quality attributes” (CQA) to be defined. The contribution of Beck and Liu identifies and

quantitates common and uncommon PTMs both for nascent mAb samples and following exposure

to accelerated storage conditions. If approved for clinical use, the structural characteristics of the

drug-substance/product submitted define the therapeutic and must be maintained throughout its life

cycle; improvements in manufacturing protocols may be adopted if evidence of maintained efficacy

is presented and approved by the appropriate legislating authority.

IgG Charge: Practical and Biological Implications

The overall charge of a protein influences multiple biological activities, from the rate of

translation to folding, stability, and interactions with cognate effector molecules. Proteins exhibit

charge heterogeneity that is determined by its immediate milieu, e.g., pH. The contribution of

Yang et al. reports a study in which the pI and charge heterogeneity of 13 IgG anti-IL13 antibodies,

embracing the four IgG subclasses, and their Fab/Fc fragments were determined. The results

illustrate that current methods of calculating (predicting) charge are inadequate as they vary
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considerably from measured values. The charge heterogeneity profile of an antibody can be a

selective property that informs of conditions favorable for downstream processing, formulation,

and appropriate function in vivo, both at the site of administration and sites of biological activity.

Human IgG Subclasses and Their Mechanisms of Action (MoAs)

An antibody may be protective and deliver therapeutic benefit due to its binding specificity for

its target, e.g., neutralizing an exogenous bacterial toxin or endogenous TNFα; however, when the

target is a bacterium, virus, or cancer cell, MoAs that result in neutralization, removal, and destruction

of the immune complex (IC) formed are essential. Multiple MoAs are mediated by leucocytes that

bear cell surface receptors (FcγR) specific to the IgG heavy chain Fc region. There are three families

of FcγR (FcγRI, FcγRII, and FcγRIII) that are differentially expressed by human leucocytes that may

also bind the IgG subclasses differentially. The cross-linking of multiple FcγRs results in leucocyte

activation with the release of toxic agents and/or ingestion (phagocytosis); ICs may also activate the

C1 component of the complement system to trigger a cascade of enzymatic reactions resulting in the

formation of a membrane attack complex (MAC) that inserts into the cellular membrane with the

formation of pores that allow the ingress of water and egress of cellular constituents. Molecules

released from the complement cascade also adhere to the IC and engage complement receptors

expressed on leucocytes to further enhance cellular activation. Additional IgG-Fc binding ligands

are discussed in the contribution of de Taeye et al., and their differential activation by the four IgG

subclasses is assessed. These data are of critical importance when selecting the IgG subclass for a

potential mAb therapeutic since it determines the MoA(s) activated and consequently may influence

clinical outcomes.

David vs. Goliath: The Structure, Function, and Clinical Prospects of Antibody Fragments

In health, IgG antibodies equilibrate between the blood, extravascular space, and lymph,

affording access for humoral immune protection of cells and surface tissue. However, diffusion

into solid tissue is compromised by the relatively large size of the IgG molecule. Fortunately,

the organization of the immunoglobulin genes, in which each domain is encoded by a distinct exon,

allows for the generation of multiple “novel” constructs and the selection of customized therapeutics.

The Fab fragment retains full antigen (epitope) binding activity whilst not activating downstream

inflammatory functions. This has been exploited for the generation of the TNFα inhibitory Fab

therapeutic Cimzia (certolizumab), the biological half-life of which is extended by the addition of

a polyethylene glycol “tail”. The library of antigen-binding antibody fragments available is limited

only by the collective insight and may be exploited to deliver selected downstream effector functions,

as addressed in the contribution of Bates and Power.

Antibody Structure and Function: The Basis for Engineering Therapeutics

Antibody modeling assessment studies have been undertaken to gain insight into the quality

of the results of antibody structure prediction software. These blinded studies involved providing

multiple antibody structure prediction software groups with the primary sequence of Fv regions for

which structures had been determined but were not publicly available. Once the predictions were

completed by the participants, the results were submitted to the organizers and the models were

assessed and compared with the unpublished structures. In a second study, after the prediction of

the structures of the entire Fv were completed, the participants were provided with the Fv structures

without their CDR-H3s. The structures of the CDR-H3s were then predicted and submitted. Each of
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the methods applied in these studies had different strengths and weaknesses. Overall, the second

antibody assessment revealed an improved quality of the models with incremental improvement in

the accuracy of the predictions from the first assessment. Further development to improve these

methods is clearly warranted.

The Fc domain has been engineered to optimize effector function, clustering, and Fc receptor

engagement. In general, antibody engineering of both the Fab and Fc domains is an indispensable

part of the drug development process and as such will continue to advance as more and more

antibodies are considered for therapeutic use. Despite great progress in the methods of antibody

engineering, new approaches are in high demand. One of the remaining goals is to improve the

accuracy of computational methods, which will allow for the prediction of point mutations that

improve affinity and other properties of interest. New approaches are continually being developed to

create antibody-based molecules that are superior in their potency, specificity, localization, and safety.

Dynamic Views of the Fc Region of Immunoglobulin G

The predominant “read-out” of antibody activity is the effector functions that can inactivate,

remove, and destroy a target through the induction of multiple downstream inflammatory

mechanisms; ultimately, these activities have to be downregulated to re-establish hemostasis.

Whilst there is evidence that binding antigen may induce structural changes within the paratope that

may be transmitted, by allosteric mechanisms, to the hinge and Fc regions, a majority of dynamic

studies have focused on the IgG-Fc in attempts to rationalize the binding and activation of >12

disparate ligands and multiple peptides (de Taeye et al., this volume). Additionally, binding affinities,

and consequent amplitude of activation, can vary between polymorphic variants and their glycoform

profiles. The article of Yanaka et al. interprets data obtained from long-timescale molecular dynamic

simulations coupled with experiments in solution and demonstrates that conformational space of

IgG-Fc is optimally restricted by dynamic intramolecular-interaction networks involving the glycan

to be compatible with its binding of multiple ligands. These data suggest that antibody engineering

may be targeted to control the allosteric network, thereby selectively modulating interactions with

specific ligands and hence biological outcomes.

Design and Production of Bispecific Antibodies

Conventional mAbs bind their target to form immune complexes that bind cell surface Fc

receptors expressed on effector cells. Given the relatively low affinity of IgG-Fc/Ffc receptor

interactions, it was anticipated that recruitment of effector cells may be enhanced if a bispecific

antibody could be created in which one paratope has specificity for target and the other for an effector

cell surface molecule, e.g., anti-CD20 + anti-CD3. Two common formats of bispecific antibodies have

entered the market, full-length IgG antibodies and single-chain (scFv); the latter allows for better

penetration into solid tissue tumors. Comprehensive coverage of possible pitfalls and solutions is

offered in the contribution of Wang et al.

Bispecific T-Cell Redirection versus Chimeric Antigen Receptor (CAR)-T Cells as Approaches to

Kill Cancer Cells

Two old, yet remarkably modern, T-cell based therapeutic antibody strategies are now taking a

front seat in the war against cancer cells. The fundamental approaches and the base technologies

underlying both T-cell redirecting bispecific antibodies (TRBAs) and chimeric antigen receptor

(CAR)-T cells date from the early 1990s, but technical difficulties limited their deployment to a few
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laboratories and small, investigator-initiated clinical trials for over a decade. Both TRBAs and CAR-T

cell therapeutic strategies, however, experienced a dynamic rebirth over the past dozen or so years,

resulting in two regulatory approvals for each approach and hundreds of clinical candidates that

are attempting to address significant unmet medical needs. So far, both TRBAs and CAR-Ts have

shown remarkable activity in hematological cancers such as B-cell chronic lymphocytic leukemia

(B-CLL), the highly aggressive diffuse large- B-cell lymphoma (DLBCL), and the more indolent

follicular lymphoma (FL), but they have not yet demonstrated that level of clinical activity for solid

tumors. Newer approaches, including concomitant use of TRBAs or CAR-T cells with checkpoint

inhibitors and/or T-cell stimulating cytokines, provide hope for expanded use and clinical efficacy.

Clinical-stage TRBAs come in many sizes, shapes, and flavors, including the dual single-chain Fv

(scFv)-styled “bispecific T-cell engager” (BiTE); half-life extended versions of BiTEs; several types of

asymmetric heterodimeric bivalent, bispecific IgG-like antibodies; and 2:1 T-cell bispecifics (TCBs),

to name a few platforms. Current CAR-T cells are predominantly autologous, meaning that T-cells

are retrieved from the patient, manipulated ex vivo to incorporate the tumor-targeting CAR, and then

re-administered to that same patient. This is a laborious, expensive, and time-consuming process that,

while successful, is not optimal. A few allogeneic, or “off-the-shelf”, CAR-T cells are beginning to find

their way into the clinic. These cells need to be engineered so that they do not cause graft-versus-host

or host-versus-graft (rejection) responses. Additionally, because they will ultimately be invisible to

the immune system, there need to be highly efficient methods to eliminate or turn off allogeneic

CAR-T cells. The advantages to this approach, however, are centralized manufacturing, cost of

goods, time to treatment, and treatment consistency, so it is likely that allogeneic CAR-T cells are the

ultimate future for CAR-Ts. The biggest hurdle facing both TRBAs and CAR-Ts is the safety/efficacy

window, which in most cases is defined by the treatment-related overproduction of proinflammatory

cytokines, i.e., cytokine release syndrome (CRS). CRS accompanies both TRBA and CAR-T treatment

and, at least to date, significantly limits dosing and complicates treatment paradigms. Efforts to find

TRBAs and/or CAR-Ts that do not induce CRS are ongoing, and the first hopes for success have been

seen in a few very recent preclinical studies. The contribution in this volume by Strohl and Naso

describes the present and future states of TRBAs and CAR-T and points out how the fate for the

therapeutic use of both TRBAs and CAR-Ts will rest on the ability to manage or eliminate CRS and

how success in this endeavor may drive a new era in the treatment of cancer.

IgE Antibodies: From Structure to Function and Clinical Translation

When I (RJ) transferred from the Chemistry Department, at the University of Birmingham, to the

Medical School, only IgM, IgG, and IgA antibodies had been definitively identified, and allergic

reactions were mediated by so-called “reagenic” antibodies that, following isolation and purification,

were most closely associated with IgA. At this time my mentor Dennis Stanworth published a review

under the title “Structure of reagins” that opened with the statement: “It is perhaps somewhat

premature to talk in terms of structure as far as reagins are concerned, considering that virtually

nothing is yet known about their chemistry”. However, at that time a Swedish patient newly

diagnosed with multiple myeloma was shown to have a serum protein demonstrated to have a

four-chain antibody structure that, serologically, was neither IgM, IgG, nor IgA. A collaborative study

between Dennis, Hans Bennich, and Gunner Johansson (Uppsala) resulted in the demonstration that

this protein could inhibit immediate hypersensitivity reactions (IHRs) in monkey skin; i.e., it had

the properties of a reagin. Subsequently, the eminent immunologist John Humphrey offered Dennis

Stanworth his back to demonstrate that the myeloma protein (ND) inhibited IHRs in humans also.
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Similar studies in the laboratory of Kimishige Ishizaka resulted in the establishment of the IgE

antibody class. Soon the high-affinity FcεRI (type I Fcε receptor) expressed on multiple leucocyte

types was described; however, it took more years to uncover the complex series of events that

followed the binding of IgE to leucocytes expressing FcεRI and the downstream events that followed

in vivo. Current knowledge and understanding of the structure and function of IgE are elegantly

presented in the contribution from Brian Sutton and colleagues. Our current understanding not only

contributes to the development of treatments for the alleviation of allergic reactions but also offers

the potential to develop IgE-class antibodies as therapeutics.

IgM Antibodies: Structure, Function, and Developability

Following the demonstration of IgM (macroglobulin) antibodies in humans, evolutionary

studies demonstrated IgM to be the primordial antibody, at least in jawed vertebrates. It is expressed

as the antigen receptor on the surface of B lymphocytes which when cross-linked by antigen

stimulates differentiation and division to generate plasma cells secreting antigen-specific pentameric

IgM antibodies. Whilst germline-encoded IgM antibodies are of low affinity, the multiple binding

sites, available on B cells and the IgM pentamer, provide for high-avidity binding. Early experiences

of monoclonal IgM antibodies, such as human paraproteins or mouse mAbs, showed them to exhibit

relatively low solubility, with a marked propensity for aggregation (precipitation); however, in vivo,

their immune complexes activate effector activities, e.g., complement activation. Given their unique

functions, they are being developed as an addition to the immunotherapeutic armory. This is

challenging for the biopharmaceutical industry since, in addition to their large size, their heavy

chains express five glycosylation sites bearing simple or bi, tri-, and tetra-antennary glycans.

This contribution provides a comprehensive overview of the history, challenges, and current

developments for this antibody isotype and proffers a bright future for the use of engineered IgM

antibodies in the treatment of a variety of human diseases, exemplified by the engineered CD20 x

CD3 bispecific antibody IGM-2323.

IgA Antibodies: Structure, Function, and Developability

The human body produces more IgA antibody/day (∼60 mg) than all other isotypes combined.

Serum IgA, at a concentration of 2–3 mg/mL, is present mostly as a four-chain monomer; however,

as the predominant immunoglobulin secreted at mucous surfaces, it is present as a complex dimeric

form that includes the two additional proteins, namely a J (joining) chain and a secretory component

(SC). It is estimated that the mucosal surface occupies an area in the order of 400 m2 (the area of a

doubles tennis court is 260 m2). There are two subclasses of IgA, namely IgA1 and IgA2, that differ

significantly in protein and oligosaccharide structure. The IgA1 isotype predominates in serum and

upper regions of the GI tract whilst IgA2 predominates in the lower regions of the GI tract, possibly

due to its more compact structure and consequent resistance to enzyme cleavage. Plasma cells of

the GI tract synthesize IgA having a peptide extension at the C-terminus of the heavy chain that

binds the J chain to allow generation of (IgA)2JSC dimers. Both IgA1 and IgA2 have N-linked

oligosaccharide moieties attached within the Fcα region and a further one attached within the tail

piece; the IgA2 heavy chain has two additional N-linked oligosaccharides in the Cα1 and Cα2 regions

whilst IgA1 has multiple O-linked oligosaccharides attached within the hinge region. This potential

for structural heterogeneity may impact the developability of IgA therapeutics; however, the IgA

isotype is attracting interest within the biopharmaceutical industry, particularly where protection at

mucosal surfaces is required.
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Immunogenicity of Innovative and Biosimilar Monoclonal Antibodies

Endogenous human proteins and glycoproteins (Ps/GPs) are structurally heterogeneous but

recognized as self by an individual’s immune system to induce tolerance; however, recombinant

P/GP molecules are necessarily produced in heterologous systems and undergo rigorous purification

processes giving rise to structural variants that may be nonself to individual patients and potentially

immunogenic. The addition of human type oligosaccharides may be critical to function, whilst the

addition of nonhuman sugar residues can render biologics immunogenic. A particular concern is the

structure of oligosaccharides attached by the hamster and murine cell lines that provide the dominant

production platform. Early experiences of mouse-derived mAbs being immunogenic in humans

provided a driving force for the sequential development of chimeric, humanized, and “fully” human

antibodies; however, the first “fully” human mAb adalimumab has proved to exhibit significant

immunogenicity, at least in a proportion of patients. The structural heterogeneity of adalimumab was

considered to be a consequence of the unique structure of its paratope (idiotype) and the production

platform adopted.

Concluding Remarks

Initially, it was thought that due to the intrinsic complexity of biologics it would not be possible

to develop “generic” biologics, e.g., mAbs, and that the innovator company might enjoy patent

protection throughout the lifetime of the drug. However, a “quantum leap” in the resolution and

sensitivity of physicochemical techniques available for the characterization of approved biologics

allows for comparisons between an innovator product and an intended biosimilar biologic. This,

together with guidelines developed by regulatory authorities, has provided for the successful

development and approval of biosimilar biologics. The next challenge was, and is, to improve on

nature: a step that must be approached with more than caution, including humility. We are already

“awash” with “novel” and/or innovative constructs that have not stood the test of time on an

evolutionary timescale. However, the impact of an individual’s unique physiology on any “novel”

in vivo intervention is increasingly being appreciated and documented. Unfortunately, our current

tutor is the strip of nucleotide bases that constitute the SARS-CoV-2 RNA virus responsible for

COVID-19 (Marshall, 2020).

Marshall, M. The lasting misery of coronavirus long-haulers. Nature 2020, 585, 339–341.

doi: https://doi.org/10.1038/d41586-020-02598-6.
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Abstract: At the 10th Human Genome Mapping (HGM10) Workshop, in New Haven, for the first
time, immunoglobulin (IG) or antibody and T cell receptor (TR) variable (V), diversity (D), joining
(J), and constant (C) genes were officially recognized as ‘genes’, as were the conventional genes.
Under these HGM auspices, IMGT®, the international ImMunoGeneTics information system®, was
created in June 1989 at Montpellier (University of Montpellier and CNRS). The creation of IMGT®

marked the birth of immunoinformatics, a new science, at the interface between immunogenetics
and bioinformatics. The accuracy and the consistency between genes and alleles, sequences, and
three-dimensional (3D) structures are based on the IMGT Scientific chart rules generated from the
IMGT-ONTOLOGY axioms and concepts: IMGT standardized keywords (IDENTIFICATION), IMGT
gene and allele nomenclature (CLASSIFICATION), IMGT standardized labels (DESCRIPTION), IMGT
unique numbering and IMGT Collier de Perles (NUMEROTATION). These concepts provide IMGT®

immunoinformatics insights for antibody V and C domain structure and function, used for the
standardized description in IMGT® web resources, databases and tools, immune repertoires analysis,
single cell and/or high-throughput sequencing (HTS, NGS), antibody humanization, and antibody
engineering in relation with effector properties.

Keywords: IMGT; immunoinformatics; immunogenetics; IMGT-ONTOLOGY; IMGT Collier de Perles;
IMGT unique numbering; immunoglobulin; antibody; paratope; complementarity determining region

1. Introduction

IMGT®, the international ImMunoGeneTics information system® (http://www.imgt.org), was
created in June 1989 at Montpellier, by Marie-Paule Lefranc (University of Montpellier and CNRS) to
characterize the genes and alleles of the antigen receptors, immunoglobulins (IG) or antibodies [1]
and T cell receptors (TR) [2] and to manage the huge and complex diversity of the adaptive immune
responses of the jawed vertebrates (or gnathostomata) from fishes to humans [3]. The creation of IMGT®

marked the birth of immunoinformatics, a new science at the interface between immunogenetics
and bioinformatics [3]. The variable (V), diversity (D), joining (J), and constant (C) genes of the
antigen receptors were officially recognized as ‘genes’, as were the conventional genes, at the 10th
Human Genome Mapping (HGM10) Workshop, in New Haven, allowing IG and TR gene and allele
classification. The IMGT® databases and tools, built on the IMGT-ONTOLOGY axioms and concepts,
bridge the gap between genes, sequences and three-dimensional (3D) structures [3]. The data accuracy
and consistency are based on the IMGT Scientific chart rules generated from the axioms and concepts:
IMGT® standardized keywords (IDENTIFICATION axiom, concepts of identification), IMGT® gene
and allele nomenclature (CLASSIFICATION axiom, concepts of classification), IMGT® standardized
labels (DESCRIPTION axiom, concepts of description), IMGT unique numbering and IMGT Collier de
Perles (NUMEROTATION axiom, concepts of numerotation) [3].
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The antigen receptor IG and TR variable domains form a huge repertoire of 2.1012 different
specificities per individual. Owing to the particularities of their synthesis that involve DNA
rearrangements, there was a need for a systematic and coherent numbering of the amino acids
and codons, whatever the molecule, configuration or chain type. The IMGT unique numbering was
therefore a breakthrough in immunogenetics and immunoinformatics when it was defined for the first
time in 1997 for the variable (V) domain [4–6]. The IMGT unique numbering bridges the gap between
amino acid and codon sequences of any V and C and their two-dimensional (2D) and three-dimensional
(3D) structures and has been fundamental in the creation of the IMGT Collier de Perles graphical
representation [4–6]. Both concepts have allowed the standardization of the description of mutations,
amino acid changes, polymorphisms, and contact analysis in the IMGT® databases, tools and Web
resources (http://www.imgt.org) [3].

The IMGT unique numbering was created by taking into account the high conservation of the
structure of the V domain and by integrating the knowledge acquired by the analysis of multiple sources:
alignment of more than 5000 sequences, literature data on the framework (FR) and complementarity
determining regions (CDR), structural data from X-ray diffraction studies and characterization of the
CDR hypervariable loops [4–6]. The standardized delimitation of the FR-IMGT and CDR-IMGT was
defined based on the longest CDR1-IMGT and CDR2-IMGT found in the IMGT® multiple alignments
of the germline IG and TR genes and, for the rearranged CDR3-IMGT, on statistical analysis of the IG
and TR rearrangements [4–6]. The IMGT unique numbering, originally defined for the numerotation of
the IG and TR V-DOMAIN [4], was rapidly extended to the V-LIKE-DOMAIN of the immunoglobulin
superfamily (IgSF) other than IG and TR [5,6], then to the constant (C) domain (C-DOMAIN of IG
and TR and C-LIKE-DOMAIN of IgSF other than IG and TR) [7]. Based on the same concepts, and
despite a very different structure of the groove (G) domain, the IMGT unique numbering for G
domain was successfully set up for the G-DOMAIN of major histocompatibility (MH) proteins and
G-LIKE-DOMAIN of MhSF other than MH [8].

2. IMGT Unique Numbering for V Domain

2.1. V Domain Strands and Loops

The V domain strands and loops and their IMGT® positions and lengths, based on the IMGT
unique numbering for V domain (V-DOMAIN of IG and TR and V-LIKE-DOMAIN) [6], are shown in
Table 1.

The V domain (V-DOMAIN and V-LIKE-DOMAIN) is composed of the A-STRAND of fifteen (or
fourteen if gap at position 10) amino acids (positions 1 to 15), the B-STRAND of eleven amino acids
(positions 16 to 26) with the first conserved cysteine (1st-CYS) at position 23, the BC-LOOP (positions
27 to 38; the longest BC loops have 12 amino acids), the C-STRAND of eight amino acids (positions 39
to 46) with the tryptophan (CONSERVED-TRP) at position 41, the C’-STRAND of nine amino acids
(positions 47 to 55), the C’C”-LOOP (positions 56 to 65; the longest C’C” loops have 10 amino acids),
the C”-STRAND of nine (or eight if gap at position 73) amino acids (positions 66 to 74), the D-STRAND
of ten (or eight if gaps at positions 81 and 82) amino acids (positions 75 to 84), the E-STRAND of
twelve amino acids (positions 85 to 96) with a conserved hydrophobic amino acid at position 89, the
F-STRAND of eight amino acids (positions 97 to 104) with the second conserved cystein (2nd-CYS) at
position 104, the FG-LOOP (positions 105 to 117; these positions correspond to a FG loop of 13 amino
acids) and the G-STRAND of eleven (or ten) amino acids (positions 118 to 128) (Table 1, Figure 1). In
the IG and TR V-DOMAIN, the G-STRAND is the C-terminal part of the J-REGION, with J-PHE or
J-TRP 118 and the canonical motif F/W-G-X-G (J-MOTIF) at positions 118–121 [6] (Table 1).
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Figure 1. Variable (V) domain. An immunoglobulin (IG) variable heavy VH (V-DOMAIN) is shown as
example. Reproduced with permission from IMGT®, the international ImMunoGeneTics information
system®, http://www.imgt.org. (A) 3D structure ribbon representation with the IMGT strand and
loop delimitations [6]. (B) IMGT Collier de Perles on two layers with hydrogen bonds. The IMGT
Collier de Perles on two layers show, in the forefront, the GFCC′C′′ strands (forming the sheet located
at the interface VH/VL of the IG) and, in the back, the ABED strands. The IMGT Collier de Perles
with hydrogen bonds (green lines online, only shown here for the GFCC’C” sheet) is generated by
the IMGT/Collier-de-Perles tool integrated in IMGT/3Dstructure-DB, from experimental 3D structure
data [9–11]. (C) IMGT Collier de Perles on two layers generated from IMGT/DomainGapAlign [10,12,13].
Pink circles (online) indicate amino acid changes compared to the closest genes and alleles from the
IMGT reference directory. (D) IMGT Collier de Perles on one layer. Amino acids are shown in the
one-letter abbreviation. All proline (P) are shown online in yellow. IMGT anchors are in square.
Hatched circles are IMGT gaps according to the IMGT unique numbering for V domain [6,14]. Positions
with bold (online red) letters indicate the four conserved positions that are common to a V domain
and to a C domain: 23 (1st-CYS), 41 (CONSERVED-TRP), 89 (hydrophobic), 104 (2nd-CYS) [4–7,14],
and the fifth conserved position, 118 (J-TRP or J-PHE) which is specific to a V-DOMAIN and belongs
to the motif F/W-G-X-G that characterizes the J-REGION [6,14] (Table 2). The hydrophobic amino
acids (hydropathy index with positive value: I, V, L, F, C, M, A) and tryptophan (W) [15] found at
a given position in more than 50% of sequences are shown (online with a blue background color).
Arrows indicate the direction of the beta strands and their designations in 3D structures. IMGT
color menu for the CDR-IMGT of a V-DOMAIN indicates the type of rearrangement, V-D-J (for a
VH here, red, orange and purple) or V-J (for V-KAPPA or V-LAMBDA (not shown), blue, green and
greenblue) [1]. The identifier of the chain to which the VH domain belongs is 1n0x_H (from the
Homo sapiens b12 Fab) in IMGT/3Dstructure-DB (http://www.imgt.org). The CDR-IMGT lengths of
this VH are [8.8.20] and the FR-IMGT are [25.17.38.11]. The 3D ribbon representation was obtained
using PyMOL (http://www.pymol.org) and ‘IMGT numbering comparison’ of 1n0x_H (VH) from
IMGT/3Dstructure-DB (http://www.imgt.org).
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Table 1. V domain strands and loops, IMGT (IMGT®, the international ImMunoGeneTics information
system®) positions and lengths, based on the IMGT unique numbering for V domain (V-DOMAIN and
V-LIKE-DOMAIN) [6]. FR: framework; CDR: complementarity determining regions.

V Domain Strands
and Loops a IMGT Positions Lengths b Characteristic

Residue@Position c
V-DOMAIN FR-IMGT

and CDR-IMGT

A-STRAND 1–15 15 (14 if gap at 10)
FR1-IMGT

B-STRAND 16–26 11 1st-CYS 23

BC-LOOP 27–38 12 (or less) CDR1-IMGT

C-STRAND 39–46 8 CONSERVED-TRP 41
FR2-IMGT

C’-STRAND 47–55 9

C’C”-LOOP 56–65 10 (or less) CDR2-IMGT

C”-STRAND 66–74 9 (or 8 if gap at 73)

FR3-IMGTD-STRAND 75–84 10 (or 8 if gaps at
81, 82)

E-STRAND 85–96 12 hydrophobic 89

F-STRAND 97–104 8 2nd-CYS 104

FG-LOOP 105–117 13 (or less, or more) CDR3-IMGT

G-STRAND 118–128 11 (or 10) V-DOMAIN J-PHE 118 or
J-TRP 118 d FR4-IMGT

a IMGT® labels (concepts of description) are written in capital letters. b in number of amino acids (or codons).
c Residue@Position is a IMGT® concept of numerotation that numbers the position of a given residue (or that of a
conserved property amino acid class), based on the IMGT unique numbering. d In the IG and TR V-DOMAIN, the
G-STRAND (or FR4-IMGT) is the C-terminal part of the J-REGION, with J-PHE or J-TRP 118 and the canonical motif
F/W-G-X-G (J-MOTIF) at positions 118–121.

Table 2. C domain strands, turns and loops, IMGT positions and lengths, based on the IMGT unique
numbering for C domain (C-DOMAIN and C-LIKE-DOMAIN) [7].

C Domain Strands,
Turns and Loops a

IMGT Positions Lengths b Characteristic
Residue@Position c

A-STRAND 1–15 15 (14 if gap at 10)

AB-TURN 15.1–15.3 0–3

B-STRAND 16–26 11 1st-CYS 23

BC-LOOP 27–31
34–38

10 (or less)

C-STRAND 39–45 7 CONSERVED-TRP
41

CD-STRAND 45.1–45.9 0–9

D-STRAND 77–84 8 (or 7 if gap at 82)

DE-TURN 84.1–84.7
85.1–85.7

0–14

E-STRAND 85–96 12 hydrophobic 89

EF-TURN 96.1–96.2 0–2

F-STRAND 97–104 8 2nd-CYS 104

FG-LOOP 105–117 13 (or less, or more)

G-STRAND 118–128 11 (or less)
a IMGT® labels (concepts of description) are written in capital letters. b in number of amino acids (or codons).
c Residue@Position is a IMGT® concept of numerotation that numbers the position of a given residue (or that of a
conserved property amino acid class), based on the IMGT unique numbering.

In the IG and TR V-DOMAIN, the structurally conserved antiparallel beta strands are also
designated as framework regions (FR-IMGT) whereas the loops are designated as complementarity
determining regions (CDR-IMGT) [6]. Strands A and B correspond to the FR1-IMGT (positions 1 to
26), strands C and C’ to the FR2-IMGT (positions 39 to 55), strands C”, D, E, and F to the FR3-IMGT
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(positions 66 to 104) and strand G to the FR4-IMGT (positions 118 to 128). The BC, C’C”, and FG loops
correspond to the CDR1-IMGT, CDR2-IMGT and CDR3-IMGT, respectively [6] (Table 1, Figure 1).

IMGT anchors belong to the strands (or FR-IMGT) and represent ‘anchors’ supporting the three
BC, C’C” and FG loops (or CDR-IMGT). V domain anchor positions are positions 26 and 39, 55 and
66, and 104 and 118, shown in square in IMGT Colliers de Perles. In a V-DOMAIN, the 2nd-CYS at
position 104 (F strand) and J-PHE or J-TRP at position 118 (G strand) are anchors of the FG loop (or
CDR3-IMGT) [5,6].

The loop length (number of amino acids (or codons), that is number of occupied positions)
is a crucial and original concept of IMGT-ONTOLOGY [3]. The lengths of the CDR1-IMGT (BC),
CDR2-IMGT (C’C”), and CDR3-IMGT (FG) characterize the V-DOMAIN. Thus, the length of the three
CDR-IMGT (loops) is shown, in number of amino acids (or codons), into brackets and separated by
dots. For example [8.8.20] means that the CDR1-IMGT (BC), CDR2-IMGT (C’C”), and CDR3-IMGT
(FG) have lengths of 8, 8, and 20 amino acids (or codons), respectively. The JUNCTION of an IG or
TR V-DOMAIN includes the anchors 104 and 118 and is therefore two amino acids longer than the
corresponding CDR3-IMGT (positions 105–117) [5,6].

2.2. IMGT Gaps and Additional Positions

IMGT gaps are shown by dots in IMGT Protein displays [1,2,9,10] and by hatched circles or
squares in IMGT Colliers de Perles for V domain and correspond to unoccupied positions according to
the IMGT unique numbering for V domain [6] (Figure 1). For BC, C’C” or FG loops shorter than 12, 10,
and 13 amino acids, respectively, gaps are created at the apex (positions hatched in IMGT Collier de
Perles, or not shown in structural data representations). The gaps are placed at the apex of the loop
with an equal number of amino acids (or codons) on both sides if the loop length is an even number,
or with one more amino acid (or codon) in the left part if it is an odd number. For example, for FG
loops shorter than 13 amino acids, gaps are created from the apex of the loop, in the following order:
111, 112, 110, 113, 109, etc. (IMGT® http://www.imgt.org, IMGT Scientific chart > Numbering > IMGT
unique numbering for V-DOMAIN and V-LIKE-DOMAIN).

For CDR3-IMGT (FG) loop longer than 13 amino acids, additional positions are created, between
positions 111 and 112 at the top of the loop, in the following order: 112.1, 111.1, 112.2, 111.2, 112.3,
etc. [6] (IMGT® http://www.imgt.org, IMGT Scientific chart > Numbering > IMGT unique numbering
for V-DOMAIN and V-LIKE-DOMAIN).

3. IMGT Unique Numbering for C Domain

3.1. C Domain Strands, Loops, and Turns

The C domain strands, turns and loops and their IMGT positions and lengths, based on the IMGT
unique numbering for C domain (C-DOMAIN of IG and TR and C-LIKE-DOMAIN) [7], are shown in
Table 2.

The C domain (C-DOMAIN and C-LIKE-DOMAIN) is composed by the A-STRAND of fifteen (or
fourteen if gap at 10) amino acids (positions 1 to 15), the AB-TURN (additional positions 15.1, 15.2, and
15.3; the longest AB-TURN have 3 amino acids), the B-STRAND of eleven amino acids (positions 16
to 26) with the 1st-CYS at position 23, the BC-LOOP (positions 27 to 31, 34 to 38), the C-STRAND of
seven amino acids (positions 39 to 45) with the CONSERVED-TRP at position 41, the CD-STRAND of
one to nine amino acids (additional positions 45.1 to 45.9), the D-STRAND of eight (or seven if gap at
82) amino acids (positions 77 to 84), the DE-TURN (additional positions 84.1 to 84.7 and 85.7 to 85.1,
corresponding to 14 amino acids), the E-STRAND of twelve amino acids (positions 85 to 96) with a
conserved hydrophobic amino acid at position 89, the EF-TURN (additional positions 96.1 and 96.2,
corresponding to 2 amino acids), the F-STRAND of eight amino acids (positions 97 to 104) with the
2nd-CYS at position 104, the FG-LOOP (positions 105 to 117, these positions corresponding to a FG
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loop of 13 amino acids), and the G-STRAND of eleven (or less) amino acids (positions 118 to 128) [7]
(Table 2, Figure 2).

Figure 2. Constant (C) domain. An IG IGHG1 CH1 (C-DOMAIN) is shown as example. Reproduced
with permission from IMGT®, the international ImMunoGeneTics information system®, http://www.
imgt.org. (A) 3D structure ribbon representation with the IMGT strand and loop delimitations [7].
(B) IMGT Collier de Perles on two layers with hydrogen bonds. The IMGT Colliers de Perles on
two layers show, in the forefront, the GFC strands and, in the back, the ABED strands (located at
the interface CH1/CL of the IG), linked by the CD transversal strand. The IMGT Collier de Perles
with hydrogen bonds (green lines online, only shown here for the GFC sheet) is generated by the
IMGT/Collier-de-Perles tool integrated in IMGT/3Dstructure-DB, from experimental 3D structure
data [9–11]. (C) IMGT Collier de Perles on two layers from IMGT/DomainGapAlign [10,12,13]. (D)
IMGT Colliers de Perles on one layer. Amino acids are shown in the one-letter abbreviation. All
proline (P) are shown online in yellow. IMGT anchors are in square. Hatched circles are IMGT
gaps according to the IMGT unique numbering for C domain [7,14]. Positions with bold (online red)
letters indicate the four conserved positions that are common to a V domain and to a C domain: 23
(1st-CYS), 41 (CONSERVED-TRP), 89 (hydrophobic), 104 (2nd-CYS) [4–7,14], and position 118 which
is only conserved in V-DOMAIN. The identifier of the chain to which the CH1 domain belongs is
1n0x_H (from the Homo sapiens b12 Fab, in IMGT/3Dstructure-DB, http://www.imgt.org). The 3D ribbon
representation was obtained using PyMOL and ‘IMGT numbering comparison’ of 1n0x_H (CH1) from
IMGT/3Dstructure-DB (http://www.imgt.org).
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IMGT anchors belong to the strands and represent, for the C domains, anchors for the BC and
FG loops and by extension to the CD strand (as C domains do not have the C’-C” loop) [7]. Anchor
positions are shown in square in IMGT Colliers de Perles. C domain anchor positions are positions 26
and 39, 45 and 77 (anchors of the CD strand), and 104 and 118 [7].

3.2. C Domain and V Domain Comparison

The A-STRAND and B-STRAND of the C domain are similar to those of the V domain [7]. The
longest BC-LOOP of the C domain have 10 amino acids (missing positions 32 and 33), instead of 12
amino acids in the V domain. The C-STRAND and the D-STRAND of the C domain are shorter of one
position (46) and two positions (75, 76), respectively, compared to those of the V domain. The transversal
CD-STRAND is a characteristic of the C domain (a V domain has instead two antiparallel beta strands
C’-STRAND and C”-STRAND linked by the C’C”-LOOP). The E-STRAND, F-STRAND and G-STRAND
of the C domain are similar to those of the V domain [7] (IMGT® http://www.imgt.org, IMGT Scientific
chart > Numbering > IMGT unique numbering for C-DOMAIN and C-LIKE-DOMAIN).

3.3. IMGT Gaps and Additional Positions

IMGT gaps are shown by dots in IMGT Protein displays and by hatched circles or squares in
IMGT Colliers de Perles for C domain and correspond to unoccupied positions according to the IMGT
unique numbering for C domain [7].

The longest BC-LOOP of the C domain have 10 amino acids (missing positions 32 and 33, that are
a feature of the C domain are not shown in the IMGT Colliers de Perles and IMGT Protein displays for
C domain). For BC loops shorter than 10 amino acids, gaps are created from the apex in the following
order 34, 31, 35, 30, 36, etc. The FG-LOOP of the C domain is similar to that of the V domain. Gaps for
FG loops shorter than 13 amino acids and additional positions for FG loops longer than 13 amino acids,
are created following the same rules as those of the V domain.

Additional positions in the C domain define the AB-TURN, DE-TURN and EF-TURN (Table 2).
For AB-TURN shorter than 3 amino acids, gaps are created (hatched in IMGT Colliers de Perles, or not
shown in structural data representations) in a decreasing ordinal manner. For DE-TURN shorter than
14 amino acids, gaps are created in the following order: 85.7, 84.7, 85.6, 84.6, 85.5, etc. For EF-TURN
shorter than 2 amino acids, gaps are created in the following order: 96.2, 96.1 [7].

4. IMGT® V and C Domain Insight for Antibody Humanization and Engineering

4.1. Antibody Humanization

4.1.1. CDR-IMGT Delimitation for Grafting

The objective of antibody humanization is to graft at the DNA level the CDR of an antibody
V domain, from mouse (or other species) and of a given specificity, onto a human V domain
framework, thus preserving the specificity of the original (murine or other species) antibody while
decreasing its immunogenicity [16]. IMGT/DomainGapAlign [10,12,13] is the reference tool for antibody
humanization design based on CDR grafting: (i) it precisely defines the CDR1-IMGT, CDR2-IMGT
and CDR3-IMGT to be grafted, and (ii) it helps selecting the most appropriate human FR-IMGT by
providing the alignment of the mouse (or other species) V-DOMAIN amino acid sequence with the
closest germline Homo sapiens V-REGION and J-REGION.
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Analyses performed on humanized therapeutic antibodies underline the importance of a correct
delimitation of the CDR and FR. As an example, two amino acid changes were required in the first
version of the humanized VH of alemtuzumab, in order to restore the specificity and affinity of the
original rat antibody. The positions of these amino acid changes (S28>F and S35>F) are now known
to be located in the CDR1-IMGT and should have been directly grafted, but at the time of this mAb
humanization they were considered as belonging to the FR according to the Kabat numbering [17].
In contrast, positions 66–74 were, at the same time, considered as belonging to the CDR according to
the Kabat numbering, whereas they clearly belong to the FR2-IMGT and the corresponding sequence
should have been ‘human’ instead of being grafted from the ‘rat’ sequence.

4.1.2. Amino Acid Interactions between FR-IMGT and CDR-IMGT

IMGT Colliers de Perles from crystallized 3D structures in IMGT/3Dstructure-DB [9–11] highlight
two conserved hydrogen bonds between FR-IMGT and CDR-IMGT positions: the first one between
FR2-IMGT 39 and CDR2-IMGT 56 (or 57), and the second one between FR2-IMGT 40 and CDR3-IMGT
105 (Figure 1B). Antibody engineering and humanization should therefore preserve these bondings
which stabilize the loops. It is also worthwhile to note that, in VH CDR3, the stem of the CDR3 loop is
stabilized by a conserved salt bridge between R106 (arginine contributed by the 3’V-REGION) and
D116 (aspartate contributed by the 5’J-REGION of the Homo sapiens IGHJ2, IGHJ3, IGHJ4, IGHJ5 or
IGHJ6 (IMGT® http://www.imgt.org, IMGT Repertoire > Alignments of alleles > IGHJ > human (Homo
sapiens) Overview).

4.1.3. V-DOMAIN Contact Analysis and Paratope

The amino acids of the V-DOMAIN CDR-IMGT involved in the contacts with the antigen can
be visualized in IMGT/3Dstructure-DB Contact analysis [9–11] which provides extensive information
on the atom pair contacts. Domain pair contacts (‘DomPair’) provide information on the contacts
between a pair of partners (for examples, between the VH domain of motavizumab (3ixt_H chain) and
the ligand (3ixt_P chain), or between the V-KAPPA domain of motavizumab (3ixt_L chain) and the
ligand (3ixt_P chain) (Figure 3) [9–11]. Clicking on R@P gives access to the IMGT Residue@Position
cards [9–11].
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Figure 3. V-DOMAIN Contact analysis results. Reproduced with permission from IMGT®, the
international ImMunoGeneTics information system®, http://www.imgt.org. (A) IMGT/3Dstructure-DB
domain pair contacts between the VH domain of motavizumab (3ixt_H) and the Fusion glycoprotein
F1 (ligand) (3ixt_P). (B) IMGT/3Dstructure-DB Domain pair contacts between the V-KAPPA domain
of motavizumab (3ixt_L) and the Fusion glycoprotein F1 (ligand) (3ixt_P). ‘Polar’, ‘Hydrogen bonds’,
and ‘Nonpolar’ were selected prior to display, in ‘Atom contact types’. Amino acids belonging to
the CDR1-IMGT, CDR2-IMGT and CDR3-IMGT are colored according to the IMGT color menu (red,
orange, and purple, respectively, for VH; blue, light green and green, respectively, for V-KAPPA). In this
3D structure, all but one of the amino acids contacting the antigen belong to the CDR-IMGT. Clicking
on R@P gives access to the IMGT Residue@Position cards [9–11].

The IG paratope of 3ixt (motavizumab Fab) comprises AA of the VH (3ixt_H chain) and of the
V-KAPPA (3ixt_L chain). Fifteen AA of the IG, eight from VH and seven from V-KAPPA, form the
paratope (IMGT® http://www.imgt.org, IMGT/3Dstructure-DB > Query 3ixt > Paratope and epitope).
The IMGT Colliers de Perles show that eight (out of the eight VH positions of the paratope) belong to
the VH CDR-IMGT: A35 (CDR1-IMGT); W58, D59, and K64 (CDR2-IMGT); I109, F110, N112 and F113
(CDR3-IMGT), and that similarly seven (out of the seven V-KAPPA positions of the paratope) belong
to the V-KAPPA CDR-IMGT: G37 and Y38 (CDR1-IMGT); D56 (CDR2-IMGT); G107, S108, G109, and
Y114 (CDR3-IMGT) [9–11].
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4.1.4. Potential Immunogenicity and Physicochemical Properties

The number of amino acid differences in the FR-IMGT and CDR-IMGT is one of the criteria to
evaluate the potential immunogenicity. The framework of a VH domain comprises 91 positions (25,
17, 38, and 11 positions for FR1-, FR2-, FR3-, and FR4-IMGT, respectively), whereas the framework
of a VL domain comprises 89 positions (26, 17, 36, 10 positions for FR1-, FR2-, FR3-, and FR4-IMGT,
respectively) [9–11]. The amino acid (AA) changes are described for the hydropathy (three classes),
volume (five classes) and physicochemical properties (11 classes) [15] (IMGT® http://www.imgt.org,
IMGT Aide-mémoire > IMGT classes of the 20 common amino acids). S40 > G (+ + -) means that the
two AA involved in the change (S > G) at codon 40 belong to the same hydropathy (+) and volume (+)
classes but to different physicochemical properties (-) classes [15]. This qualification of AA replacement
has led to the identification of four types of AA changes: very similar (+ + + ), similar (+ + -, + - +),
dissimilar (- - +, - + -, + - -), and very dissimilar (- - -).

4.1.5. V-DOMAIN CDR-IMGT Lengths and Canonical Structures

For V-DOMAIN comparison including sequences and structures, the CDR1-IMGT and CDR2-IMGT
lengths are more informative than the "canonical structures" (IMGT® http://www.imgt.org, IMGT
Repertoire (IG and TR) > 2D and 3D structures > CDR1-IMGT (summary) and correspondence with
"canonical structures": human (Homo sapiens) and mouse (Mus musculus) Immunoglobulins; ibid
CDR2-IMGT). Indeed, (1) most identified (15 out of 19) canonical structures correspond to a given
CDR-IMGT length, (2) only two CDR-IMGT lengths have two canonical structures (CDR1-IMGT of
nine AA of IGLV, and CDR2-IMGT of eight AA of IGHV), (3) canonical structures have not been
identified for every CDR-IMGT length, (4) many ‘variants’ are described in the literature, based only on
sequences and without experimental evidence, (5) canonical structures cannot be identified for CDR3
owing to their diversity in lengths and sequences and to their flexibility, and (6) canonical structure
identification is reliable only if 3D structures are known [14]. Thus, the CDR-IMGT length is the most
accurate way to define the three CDR, while working on sequences, that information being completed
with characteristics Residue@Position, if necessary [9–11].

4.2. IGHG1 Alleles and G1m Allotypes

Allotypes are polymorphic markers of an IG subclass that correspond to amino acid changes and
are detected serologically by antibody reagents [18]. In therapeutic antibodies (human, humanized,
or chimeric), allotypes may represent potential immunogenic residues [19], as demonstrated by the
presence of antibodies in individuals immunized against these allotypes [18]. The allotypes of the
human heavy gamma chains of the IgG are designated as Gm (for gamma marker). The allotypes
G1m, G2m, and G3m are carried by the constant region of the gamma1, gamma2 and gamma3 chains,
encoded by the IGHG1, IGHG2 and IGHG3 genes, respectively [18]. The gamma1 chains may express
four G1m alleles (combinations of G1m allotypes): G1m3, G1m3,1, G1m17,1, and G1m17,1,2 (and in
Negroid populations three additional G1m alleles, G1m17,1,27, G1m17,1,28, and G1m17,1,27,28) [18]
(Table 3). The C region of the G1m3,1, G1m17,1, and G1m17,1,2 chains differ from that of the G1m3
chains by two, three and four amino acids, respectively [18]. The correspondence between the G1m
alleles and IGHG1 alleles is shown in Table 3. Thus, IGHG1*01, IGHG1*02 and IGHG1*05 are G1m17,1,
IGHG1*03 is G1m3, IGHG1*04 is G1m17,1,27 and IGHG1*08p is G1m3,1. In the IGHG1 CH1, the lysine
at position 120 (K120) in strand G corresponds to the G1m17 allotype [18] (Figure 2D). The isoleucine
I103 (strand F) is specific of the gamma1 chain isotype. If an arginine is expressed at position 120 (R120),
the simultaneous presence of R120 and I103 corresponds to the expression of the G1m3 allotype [18].
For the gamma3 and gamma4 isotypes (which also have R120 but T in 103), R120 only corresponds to
the expression of the nG1m17 isoallotype (an isoallotype or nGm is detected by antibody reagents that
identify this marker as an allotype in one IgG subclass and as an isotype for other subclasses) [18]. In
the IGHG1 CH3, the aspartate D12 and leucine L14 (strand A) correspond to G1m1, whereas glutamate
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E12 and methionine M14 correspond to the nG1m1 isoallotype [18] (Table 3). A glycine at position 110
corresponds to G1m2, whereas an alanine does not correspond to any allotype (G1m2-negative chain)
(Table 3). Therapeutic antibodies are most frequently of the IgG1 isotype, and to avoid a potential
immunogenicity, the constant region of the gamma1 chains are often engineered to replace the G1m3
allotype by the less immunogenic G1m17 (CH1 R120 >K) (G1m17 is more extensively found in different
populations) [18].

Table 3. Correspondence between the IGHG1 alleles and G1m alleles.

IGHG1 
alleles 

G1m allelesa IMGT amino acid positionsb Populations 
[18] allotypes isoallotype

sc 
CH1 CH3 

103 120 12 14 101 110 115 116 
 G1m17/ 

nG1m17 
G1m1/nG

1m1 
/G1m

27 
/G1m2 /G1m28 

- 
G1m3d 

IGHG1*01e, 
IGHG1*02e, 
IGHG1*05e 

G1m17,1  I 
 

K 
 

D 
 

L 
 

V A H Y Caucasoid 
Negroid 

Mongoloid 
IGHG1*03 G1m3 

 
nG1m1, 
nG1m17 

I 
 

R 
 

E 
 

M 
 

V A H Y Caucasoid 

IGHG1*04 G1m17,1,27  I K D L I A H Y Negroid 
IGHG1*05pf G1m17,1,28  I K D L V A R Y Negroid 
IGHG1*06pf G1m,17,1,27,

28 
 I K D L I A R Y Negroid 

IGHG1*07pf G1m17,1,2  I K D L V G H Y Caucasoid 
Mongoloid 

IGHG1*08pf G1m3,1 nG1m17 I R D L V A H Y Mongoloid 

a In Negroid populations, the G1m17,1 allele frequently includes G1m27 and/or G1m28, leading to three additional
G1m alleles, G1m17,1,27, G1m17,1,28 and G1m17,1,27,28 [18]. b Amino acids corresponding to G1m allotypes are
shown in bold. c The nG1m1 and nG1m17 isoallotypes present on the Gm1-negative and Gm-17 negative gamma-1
chains (and on other gamma chains) are shown in italics. d The presence of R120 is detected by anti-nG1m17
antibodies whereas the simultaneous presence of I103 and R120 in the gamma1 chains is detected by anti-Gm3
antibodies [18]. e The IGHG1*01, IGHG1*02 and IGHG1*05 alleles only differ at the nucleotide level (codon 85.1
in CH2 of *02 and *05 differs from *01, codon 19 in CH1 and codon 117 in CH3 of *05 differ from *01 and *02). f

IGHG1*05p, IGHG1*06p, IGHG1*07p and IGHG1*08p amino acids are expected [18] but not yet sequenced at the
nucleotide level and therefore these alleles are not shown in IMGT Repertoire, Alignments of alleles: Homo sapiens
IGHG1 (http://www.imgt.org).

4.3. Only-Heavy-Chain Antibodies

4.3.1. Dromedary IgG2 and IgG3 Only-Heavy-Chain Antibodies

Two IgG antibody formats are expressed in the dromedary or Arabian camel (Camelus dromedarius)
and in Camelidae in general: the conventional IG (with two identical heavy gamma chains associated
to two identical light chains) and the ‘only-heavy-chain’ IG (no light chain, and only two identical
heavy gamma chains lacking CH1) [20]. The Camdro (for Camelus dromedarius in the 6-letter species
abbreviation) IGHV3 genes belong to two sets based on four amino acid changes which are characteristic
of each set [21]. The first set of IGHV3 genes is expressed in conventional tetrameric IgG1 that constitute
25% of circulating antibodies. The second set is expressed in the only-heavy-chain antibodies, IgG2 and
IgG3 that constitute 75% of the circulating antibodies [20]. The four amino acid changes are located in
the FR2-IMGT at positions 42, 49, 50 and 52, the first position 42 is in the C strand and the three others
(49, 50 and 52) in the C’ strand (Figure 1). They belong to the (GFCC’C”) sheet at the hydrophobic
VH-VL interface in conventional antibodies of Camelidae as well as of any vertebrate species whereas,
in camelid only-heavy-chain antibodies (no light chains, and therefore no VL), these positions are
exposed to the environment with, through evolution, a selection of hydrophilic amino acids.

The respective heavy gamma2 and gamma3 chains are both characterized by the absence of the
CH1 domain owing to a splicing defect [22]. It is the absence of CH1 which is responsible for the lack
of association of the light chains. Only-heavy-chain antibodies is a feature of the Camelidae IG as they
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have also been found in the Bactrian camel (Camelus bactrianus) of Central Asia and in the llama (Lama
glama) and alpaca (Vicugna pacos) of South America. The genetic event (splicing defect) responsible for
the lack of CH1 occurred in their common ancestor before the radiation between the ‘camelini’ and
‘lamini’, dating approximately 11 million years (Ma) ago.

The V domains of Camelidae only-heavy-chain antibodies have characteristics for potential
pharmaceutical applications (e.g., easy production and selection of single-domain format, extended
CDR3 with novel specificities and binding to protein clefts). They are designated as VHH when
they have to be distinguished from conventional VH (the sequence criteria is based on the four
amino acids at positions 42, 49, 50 and 52). The term ‘nanobody’ initially used for describing a
single-domain format antibody is not equivalent to VHH, as it has been used for V domains other than
VHH and for constructs containing more than one V domain (VH and/or VHH) (e.g., caplacizumab,
ozoralizumab) (IMGT® http://www.imgt.org, IMGT Repertoire > Locus and Genes > Gene tables; ibid.,
The IMGT Biotechnology page > Characteristics of the camelidae (camel, llama) antibody synthesis;
ibid. IMGT/mAb-DB > caplacizumab; ibid. IMGT/mAb-DB > ozoralizumab).

4.3.2. Human Heavy Chain Diseases (HCD)

The camelidae only-heavy-chain antibodies synthesis is remarkably reminiscent of what is
observed in human heavy chain diseases (HCD). These proliferative disorders of B lymphoid cells
produce truncated monoclonal immunoglobulin heavy chains which lack associated light chains.
In most HCD, the absence of the heavy chain CH1 domain by deletion or splicing defect may be
responsible for the lack of assembly of the light chain [23]. Similar observations have also been reported
in mouse variants [23]. (IMGT® http://www.imgt.org, IMGT Education > Tutorials >Molecular defects
in Immunoglobulin Heavy Chain Diseases (HCDs))

4.3.3. Nurse Shark IgN

A convergence mechanism in evolution is observed in nurse shark (Ginglymostoma cirratum,
‘Gincir’ in the 6-letter species abbreviation) IgN antibodies (previously IgNAR, ’immunoglobulin new
antigen receptor’) [24] which are only-heavy-chain antibodies (homodimeric heavy nu chains without
CH1, and no associated light chains). The IGHV genes expressed in the Gincir heavy nu chains belong
to the IGHV2 subgroup and are characterized by the absence of the CDR2-IMGT owing to a deletion
that encompasses position 54 to 67. The Gincir IGH genes are organized in duplicated cassettes, and
those that express IgN comprise Gincir IGHV2 subgroup genes and an IGHN constant gene. (IMGT®

http://www.imgt.org, IMGT Repertoire (IG and TR) > Protein displays: nurse shark (Ginglymostoma
cirratum) IGHV).

5. IGHG CH Properties and Antibody Engineering

5.1. N-Linked Glycosylation Site CH2 N84.4

A N-linked glycosylation site is present in the CH2 domain of the constant region of the human
IG heavy chains of the four IgG isotypes. The N-linked glycosylation site belongs to the classical
N-glycosylation motif N-X-S/T (where N is asparagine, X any amino acid except proline, S serine, T
threonine) and is defined as CH2 N84.4. As shown in the IMGT Collier de Perles, this asparagine
is localized at the DE turn. The IMGT unique numbering has the advantage of identifying the C
domain (here, CH2) and, in the domain, the amino acid and its localization (here, N84.4) which can
be visualized in the IMGT Collier de Perles and correlated with the 3D structure [25–27] (IMGT®

http://www.imgt.org, The IMGT Biotechnology page > Glycosylation (IMGT Lexique)).

5.2. Interface Ball-and-Socket-Like Joints

The 3D structure comparison, between Homo sapiens IGHG1 Fc and IGHG2 Fc, of the CH2 and
CH3 domain interface revealed that in all IGHG Fc the movement of the CH2 results from a pivoting
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around a highly conserved ball-and-socket-like joint [28]. Using the IMGT numbering, the CH2 L15
side chain (last position of the A strand, next to the AB turn) (the ball) interacts with a pocket (the
socket) formed by CH3 M107, H108, E109, and H115 (FG loop) [25]. These amino acids are well
conserved between the gamma isotypes and the IGHG genes and alleles except for IGHG3 H115 that
shows a polymorphism associated to different G3m allotypes [18]. This ball-and-socket-like joint is
a structural feature similar but reversed to that previously described at the VH and CH1 domain
interface [29], in which the VH L12, T125 and S127 form the socket whereas the CH1 F29 and P30 (BC
loop) form the ball.

5.3. Knobs-Into-Holes CH3 for the Obtaining of Bispecific Antibodies

The knobs-into-holes methodology has been proposed for obtaining bispecific antibodies [30].
The aim is to increase interactions between the CH3 domain of two gamma1 chains that belong to
antibodies with a different specificity. Two amino acids, CH3 T22 (B strand) and Y86 (E strand), which
belong to the [ABED] sheet, at the interface of the two Homo sapiens IGHG1 CH3 domains [25], were
selected for amino acid changes. Interactions of these two amino acids are described in ‘Contact
analysis’ in IMGT/3Dstructure-DB [9–11]. The knobs-into-holes methodology consists of an amino
acid change on one CH3 domain (e.g., T22>Y) that creates a knob, and another amino acid change on
the other CH3 domain (e.g., Y86>T) that creates a hole, thus favoring increased interactions between
the CH3 of the two gamma1 chains at both positions 22 and 86 [30] (IMGT® http://www.imgt.org, The
IMGT Biotechnology page > Knobs-into-holes).

5.4. IGHG Engineered Variants and Effector Properties

Amino acids in the IGHG constant regions of the IG heavy chains are frequently engineered
to modify the effector properties of the therapeutic monoclonal antibodies. Amino acids changes
are engineered at positions involved in antibody-dependent cellular (ADCC), antibody-dependent
cellular phagocytosis (ADCP), complement-dependent cytotoxicity (CDC), half-life increase, half-IG
exchange, and B cell inhibition by coengagement of antigen and FcγR on the same cell (IMGT®

http://www.imgt.org, The IMGT Biotechnology page >Amino acid positions involved in ADCC, ADCP,
CDC, half-life and half-IG exchange).

The IMGT engineered variant nomenclature (Table 4) has been set up for an easier comparison
between engineered antibodies. The IMGT engineered variant name comprises the species, the gene
name, the letter ’v’ with a number (e.g., Homo sapiens IGHG1v1), and then the domain(s) with AA
change(s) defined by the letter of the novel AA and position in the domain (e.g., CH2, P1.4). The IMGT
engineered variants are classified by comparison with the allele *01 of the gene and, if the effects are
independent on the alleles, as a reference for the description of the amino acid (AA) changes for the
other alleles. In those cases, the same variant (v) number is used for any allele of the same gene in the
same species.
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Table 4. IMGT engineered variant nomenclature. Examples of IGHG1 variants involved
in antibody-dependent cellular (ADCC), antibody-dependent cellular phagocytosis (ADCP),
complement-dependent cytotoxicity (CDC), half-life increase, half-IG exchange, B cell inhibition, and
knobs-into-holes are shown. Amino acid positions, correspondence with the EU numbering and
bibliographical references are quoted at http://www.imgt.org/IMGTeducation/Tutorials/IGandBcells/_UK/
IGproperties/Tableau3.html.

IMGT 
engineered 

variant 
nomenclature 

IGHG gene variant description Property modifications 

CH2 AA and IMGT 
position in 

CH2 of IGHG 
gene variant 

CH3 AA and IMGT 
position in 

CH3 of IGHG 
gene variant 

ADCC 
enhancement or 

reduction, 
ADCP 

enhancement, B 
cell inhibition 

CDC 
enhancement 
or reduction 

Half-IG 
exchange 
reduction, 
Half-life 
increase, 
Knobs-

into-holes 

Homsap 
IGHG1v1 

CH2 P1.4 
  

ADCC 
reduction 

  

Homsap 
IGHG1v2 

CH2 V1.3 
  

ADCC 
reduction 

  

Homsap 
IGHG1v3 

CH2 A1.2 
  

ADCC 
reduction 

  

Homsap 
IGHG1v4 

CH2 A114 
  

ADCC 
reduction 

CDC 
reduction 

 

Homsap 
IGHG1v5 

CH2 W109 
  

ADCC 
reduction 

CDC 
enhancement 

 

Homsap 
IGHG1v6 

CH2 A85.4, A118, 
A119 

  
ADCC 

enhancement 

  

Homsap 
IGHG1v7 

CH2 D3, E117 
  

ADCC 
enhancement 

  

Homsap 
IGHG1v8 

CH2 D3, L115, E117 
  

ADCC 
enhancement 

CDC 
reduction 

 

Homsap 
IGHG1v9 

CH2 L7, P83, L85.2, 
I88 

CH3 L83 ADCC 
enhancement 

  

Homsap 
IGHG1v10 

CH2 Y1.3, Q1.2, 
W1.1, M3, 
D30, E34, 

A85.4 

  
ADCC 

enhancement 

  

Homsap 
IGHG1v11 

CH2 E34, D109, 
M115, E119 

  
ADCC 

enhancement 

  

Homsap 
IGHG1v12  

CH2 A1.1, D3, 
L115, E117 

  
ADCC 

enhancement 

  

Homsap 
IGHG1v13  

CH2 A1.1, D3, E117 
  

ADCP 
enhancement 

  

Homsap 
IGHG1v14  

CH2 A1.3, A1.2 
  

ADCC 
reduction 

CDC 
reduction 
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Table 4. Cont.

IMGT 
engineered 

variant 
nomenclature 

IGHG gene variant description Property modifications 

CH2 AA and IMGT 
position in 

CH2 of IGHG 
gene variant 

CH3 AA and IMGT 
position in 

CH3 of IGHG 
gene variant 

ADCC 
enhancement or 

reduction, 
ADCP 

enhancement, B 
cell inhibition 

CDC 
enhancement 
or reduction 

Half-IG 
exchange 
reduction, 
Half-life 
increase, 
Knobs-

into-holes 

Homsap 
IGHG1v15 

CH2 
S118 

   
CDC 

enhancement 

 

Homsap 
IGHG1v16 

CH2 W109, S118 
   

CDC 
enhancement 

 

Homsap 
IGHG1v17  

CH2 E29, F30, T107 
   

CDC 
enhancement 

 

Homsap 
IGHG1v18  

 
 

CH3 R1, G109, Y120 
 

CDC 
enhancement 

 

Homsap 
IGHG1v19  

CH2 A34 
   

CDC 
reduction 

 

Homsap 
IGHG1v20  

CH2 A105 
   

CDC 
reduction 

 

Homsap 
IGHG1v21  

CH2 Y15.1, T16, 
E18 

    
Half-life 
increase 

Homsap 
IGHG1v22  

CH2 Y15.1, T16, 
E18 

CH3 K113, F114, 
H116 

  
Half-life 
increase 

Homsap 
IGHG1v23  

CH2 E1.2 
  

ADCC 
reduction 

CDC 
reduction 

 

Homsap 
IGHG1v24  

 
 

CH3 L107, S114 
  

Half-life 
increase 

Homsap 
IGHG1v25  

CH2 E29, F113 
  

B cell inhibition 
  

Homsap 
IGHG1v26  

 
 

CH3 Y22, T86 
  

Knobs-
into-holes 

6. Conclusions

IMGT®, created in 1989 with the official recognition of IG and TR genes, is at the origin of
immunoinformatics [3]. The concepts of classification (nomenclature and IG and TR gene and allele
names, CLASSIFICATION axiom) were soon followed by the concepts of identification (standardized
IMGT keywords, IDENTIFICATION axiom) and the concepts of description (standardized IMGT
labels, DESCRIPTION axiom) which led to the implementation of IMGT/LIGM-DB, the first IMGT
sequence database demonstrated online at the 9th International Congress of Immunology (ICI), San
Francisco (USA), in July 1995. It took two more years to conceive the concepts of numerotation, IMGT
unique numbering and IMGT Collier de Perles (NUMEROTATION axiom) which bridge sequences
and structures of V and C domain (at the amino acid and codon levels) [3]. Interestingly, the first
IMGT Collier de Perles, created manually in December 2007, not only identified conflicts between the
SEQRES and ATOM lines of the PDB file but also the absence of a serine at position 93, demonstrating
that indeed sequence and structure were bridged using the IMGT unique numbering (http://www.
imgt.org/IMGTrepertoire/2D-3Dstruct/2D-representations/mouse/IG/E5.2Fv/ighV-D-J_E5_2Fv.html).
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The IMGT® databases, tools and web resources have been built to manage immunogenetics
knowledge and immunoinformatics, based on the IMGT Scientific chart rules generated from the
IMGT-ONTOLOGY axioms and concepts [3]. Nowadays, IMGT® provides standardized and integrated
databases, tools and web resources for IG and TR, from gene to structure and function [31–43]. The
same concepts and insights for the V and C domain, are used for all vertebrate species with jaws
(gnathostomata), from fishes to humans, providing a unique resource whatever the antigen receptor, the
chain type and the taxon, for study of the adaptive immune response [3]. IG repertoire analysis and
therapeutic antibody development represent two major current fields of immunoinformatics, involving
V and C domains, in fundamental, pharmaceutical and medical research. High throughput (HTS)
data obtained by NGS has made IMGT® standardization, developed originally to handle the huge
diversity of the immune repertoires, more needed as ever. Since October 2010, the IMGT/HighV-QUEST
web portal has been a paradigm for the characterization of the V domain diversity and expression
and the identification of the IMGT clonotypes (AA) [44–46]. Statistical comparison of the V domain
and IMGT clonotype (AA) diversity and expression between two sets can be performed using the
IMGT/StatClonotype package [47,48]. NGS analysis of V domain provides immunoprofiling in
normal (infectious diseases, vaccination, aging) or pathological (leukemias, lymphomas, myelomas,
immunodeficiencies) conditions. An IMGT/HighV-QUEST novel functionality includes, with the same
high-quality criteria, the analysis of the two V domains of single chain Fragment variable (scFv) from
phage display combinatorial libraries) [49–51].

The therapeutic monoclonal antibody engineering field represents the most promising potential
in medicine. Standardized genomic and expressed sequence, structure and interaction analysis of
IG is crucial for a better molecular understanding and comparison of the mAb specificity, affinity,
half-life, Fc effector properties, and potential immunogenicity. IMGT/3Dstructure-DB provides a
standardized description and antibody structure/contact analysis characterization, at the V and C
domain level, at the chain level (with the ‘chimeric’ and ‘humanized’ added as ‘taxon’), and at the
receptor level. Amino acids (or codons) changes (either polymorphic or resulting from engineering
are identified. The structural unit is the V or C domain, with for regions (hinge, linker, CHS). This
modular characterization per domain (and/or region) provides a great flexibility and is applicable
to any novel format of antibody engineering [52–59]. IMGT concepts have been integrated in the
Encyclopedia of Systems Biology [60–63]. The CDR-IMGT lengths are now required for mAb INN
applications and are included in the World Health Organization International Nonproprietary Name
WHO INN definitions [64], bringing a new level of standardized information in the comparative
analysis of therapeutic antibodies.
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Abstract: Recombinant monoclonal antibodies (mAbs) intended for therapeutic usage are required to
be thoroughly characterized, which has promoted an extensive effort towards the understanding of
the structures and heterogeneity of this major class of molecules. Batch consistency and comparability
are highly relevant to the successful pharmaceutical development of mAbs and related products.
Small structural modifications that contribute to molecule variants (or proteoforms) differing in
size, charge or hydrophobicity have been identified. These modifications may impact (or not) the
stability, pharmacokinetics, and efficacy of mAbs. The presence of the same type of modifications
as found in endogenous immunoglobulin G (IgG) can substantially lower the safety risks of mAbs.
The knowledge of modifications is also critical to the ranking of critical quality attributes (CQAs)
of the drug and define the Quality Target Product Profile (QTPP). This review provides a summary
of the current understanding of post-translational and physico-chemical modifications identified in
recombinant mAbs and endogenous IgGs at physiological conditions.

Keywords: critical quality attributes; comparability; developability; glycosylation; quality target
product profile; mass spectrometry; post-translational modifications; proteoforms; safety

1. Introduction

Recombinant monoclonal antibodies are heterogeneous due to post-translational modifications
(PTMs) and physico-chemical transformations that could occur during their entire life-span.
Understanding of the mechanisms and the ways to control the heterogeneity are essential to the
successful clinical development of monoclonal antibody (mAb) therapeutics. Based on International
Conference on Harmonization (ICH) Q6B, mAb variants can be classified as either “Product-related
substances” or “Product-related impurities”. Product-related substances are defined as “Molecular
variants of the desired product formed during manufacturer and/or storage which are active and have
no deleterious effect on the safety and efficacy of the drug product. These variants possess properties
comparable to the desired product and are not considered impurities.” Product-related impurities are
defined as “Molecular variants of the desired products (e.g., precursors, certain degradation products
arising during manufacture and/or storage) which do not have properties comparable to those of the
desired product with respect to activity, efficacy, and safety.” Therefore, mAb variants are required
to be thoroughly characterized to determine their chemical nature and impact on stability, activity,
efficacy, and safety.

Because process changes are inevitable during process development, optimization and scale-up,
a thorough understanding of mAb variants is also critical to demonstrating comparability between
batches. The acceptance criteria to establish comparability for product-related impurities are more
stringent than that of product-related substances (ICH Q5E). Failure to demonstrate the presence of
the same type of modifications at comparable levels in post-change materials may require additional
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preclinical or clinical studies, due to safety concerns. Furthermore, mAb variants with different
modifications might impact long-term stability and, thus, shelf-life, efficacy, and safety.

Therapeutic mAbs have evolved from a murine origin, to chimeric, and humanized or fully
human to reduce immunogenicity, based on amino acid sequence homology. Generally, human-like
modifications, identified as such by their presence in natural Immunoglobulin Gs (IgGs), pose a lower
risk of immunogenicity.

This review focuses on the current understanding of the various types of modifications of mAbs,
that can occur during manufacturing, storage, and post-administration in vivo or during clinical trials.
Known modifications of human endogenous IgGs are also discussed. An overall comparison between
the different modifications found in mAbs versus natural IgGs is presented in Table 1.

Table 1. Micro-heterogeneity natural IgGs and recombinant mAbs.

Modifications Natural Recombinant Resulting Heterogeneity

N-terminal modifications
PyroGlu 100% pyroGlu Varied levels Mass, charge for Gln to pyroGlu
Truncation Not expected Rare and low Mass
Signal peptides Not expected Low Mass and charge

Asn deamidation Substantial level Common, varied levels Mass and charge
Asp isomerization Not expected Common, varied levels Charge and hydrophobicity
Succinimide Not expected Common, varied levels Mass, charge, and hydrophobicity
Oxidation Low Met, Trp, Cys, His Mass and hydrophobicity
Cysteine related modifications

Free cysteine Low Low Mass, charge and hydrophobicity
Alternative disulfide bond linkage Common Common Charge
Trisulfide bond Extremely low Low Mass and charge
Thioether Low Low Mass

Glycosylation Common Common Mass and charge
Glycation Common Common Mass and charge
C-terminal modifications

C-terminal Lys Complete removal Common, varied levels Mass, charge and hydrophobicity
C-terminal modifications Not detected Low varied levels Mass and charge

2. N-Terminal Modifications

N-terminal pyroglutamate (pyroGlu) is a common mAb modification resulting mainly from a
non-enzymatic cyclization of N-terminal glutamine (Gln) [1–5]. At a much lower rate, N-terminal
glutamate (Glu) can also be converted to pyroGlu [6–8]. Various environmental factors, such as buffer
composition, pH, and temperature during cell culture and purification, can impact the conversion
rates, which accounts for the varied levels of N-terminal pyroGlu found in mAbs [1–5]. Conversion
of Glu to pyroGlu does not contribute as extensively to N-terminal heterogeneity as does the more
commonly observed Gln to pyroGlu conversion because of the dramatic difference in the conversion
rates. Cyclization of N-terminal Gln or Glu to pyroGlu reduces the molecular weight of a mAb
by 17 Da or 18 Da, respectively. MAbs with the original Gln are more basic than those with
pyroGlu [1,2,9], though, the presence of N-terminal pyroGlu has no impact on mAb structure and
function [2,8]. The same conversion from Gln to pyroGlu is expected for mAbs in circulation because
of the non-enzymatic nature of this reaction. N-terminal Glu has also been shown to be converted to
pyroGlu in circulation [6].

Another common N-terminal modification is the incomplete removal of light chain or heavy
chain signal peptides, which results in mAbs with truncated signal peptides of varying sizes [2,9–14].
The presence of signal peptides with different number and type of amino acids adds mass
heterogeneity to mAbs. Interestingly, mAbs with signal peptides have been detected mainly as
basic species [2,9,12,13,15], but rarely as acidic species [16]. The presence of low levels of signal
peptides has no impact on potency [2,9,13] and pharmacokinetics (PK) in rats [13].

Although it is less common, N-terminal truncation has been reported. A combination of a murine
signal peptide and antibody lambda light chain causes an alternative cleavage of the signal peptide
resulting in a mAb with the loss of three amino acids from the light chain [17]. With the use of a specific
tag to label N-terminal primary amine in combination with liquid chromatography mass spectrometry
(LC-MS), an mAb variant with the loss of one amino acid from the light chain was observed [11].
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Natural IgG contains approximately 1.8-mole pyroGlu/mole IgG [6]. Based on the different
reaction rates, it is expected that most of the pyroGlu originates from N-terminal Gln, rather than Glu.
Assuming that the stress condition for massive production of mAbs from ex vivo expression in host
cell lines is the cause of N-terminal signal peptides and truncation, they are not expected to occur and
have not been reported for natural IgGs.

3. Asn Deamidation

Asparagine (Asn) deamidation is almost a ubiquitous modification of mAbs and has been
well studied because of its contribution to heterogeneity, and its potential impact on potency and
immunogenicity. Asn residues in the complementarity determining regions (CDRs) are inherently
susceptible to deamidation because of their relatively higher flexibility and exposure to solvents than
at other locations [2,18–22]. Deamidation in CDRs can cause a substantial loss of potency [20,22–24].
In addition to deamidation in the CDRs, deamidation also occurs in susceptible Asn residues
in the constant region. The most widely observed deamidation site is located in the fragment
crystallizable (Fc) region within the amino acid sequence of SNGQPENNY [2,25–29]. Deamidation in
the constant regions other than within the commonly observed sequence has also been reported [25,30].
When measured by differential scanning calorimetry, the fragment antigen binding (Fab) fragment
with the deamidation product, isoaspartate (isoAsp), is less stable compared to Fab with the original
Asn residue [22]. Deamidation increases the molecular weight of mAbs by 1 Da and generates acidic
species [2,12,13,20–22,31,32]. Variants containing deamidation products are less hydrophobic than
those with the original Asn residues [20,32]. Deamidation does not impact in vivo clearance [21,26].
Deamidation of Asn residues continues to occur in vivo in the CDRs [19,21,33,34] and Fc region [26]
of mAbs. The in vivo deamidation kinetics can be fully predicted via in vitro stress studies under
physiological conditions [19,26], which indicates the same non-enzymatic mechanism. It should be
noted that it is important to optimize digestion procedures and distinguish procedure-induced artifact
versus real for the accurate determination of Asn deamidation levels.

Natural human IgG has 23% deamidation at the conserved site in the Fc region, which is consistent
with the molecules’ in vivo half-life [26]. The presence of high levels of deamidation in natural human
IgG suggests that deamidation, at least at the conserved site, is not foreign to the immune system and,
therefore, would not present an increased risk of immunogenicity.

4. Asp Isomerization

Aspartate (Asp) isomerization has been commonly observed in mAbs in CDRs due to higher
levels of flexibility and exposure [15,18,20,35–41]. Isomerization of Asp in CDRs has been shown to
cause a decrease in antigen binding affinity [20,35,36,39,42]. Since there is no charge difference between
Asp and isoAsp, the observed decrease in potency is probably caused by conformational changes
due to the introduction of a methyl group into the peptide backbone. Isomerization does not change
mAb molecular weight; however, depending on the specific location, isomerization can either generate
acidic [12] or basic [20,43] species. Similarly, isomerization could result in mAbs or their Fab fragments
becoming either more [15,35,37,44] or less [20,45] hydrophobic. Isomerization is a non-enzymatic
reaction with an optimal pH of around 5 [23,41]. Under physiological conditions, isomerization was
not found to increase for 34 days [26]. Therefore, the level of isomerization is expected to be low in
natural IgGs.

5. Succinimide

Succinimide is the reaction intermediate of both Asn deamidation and Asp isomerization
and is commonly detected in CDRs [15,20,23,34,35,37,41,42,46]. The presence of succinimide in
the CDR has been demonstrated to cause a decrease in potency [23,34,35,42]. Succinimide as a
deamidation intermediate has also been detected in the conserved susceptible Asn deamidation
site [25,28]. MAb variants containing succinimide from Asp isomerization have been shown to become
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more acidic [43] or basic [15,20,23,41], due to direct charge difference and conformational changes.
Similarly, mAb or Fab with succinimide as isomerization intermediate could be more [35,37,44] or less
hydrophobic [15]. It is worth mentioning that mAb variants containing succinimide, which alters the
molecular weight difference by only 18 Da, have been reported to appear as a back shoulder of the
main peak by size exclusion chromatography (SEC) [34,47], suggesting a substantial conformational
difference. It has been shown that the succinimide residue contained in mAb was converted to Asp and
isoAsp after administration to monkeys [34]. Due to its instability under physiological pH, succinimide
is not expected to be detected in natural human IgG.

6. Oxidation

Methionine (Met) residue is the most commonly observed amino acid that is susceptible to
oxidation in mAbs. Studies have shown oxidation of Met in the heavy chain CDR2 [39] or the frame
work region [48]. Met oxidation did not show a negative impact on antigen binding in either case.
Two conserved Met residues close to the heavy chain constant domain 2 (CH2)-CH3 domain interface
have been shown to be susceptible to oxidation [48–51]. The addition of one oxygen atom increases
mAb molecular weight by 16 Da. As expected, mAb variants with oxidized Met are less hydrophobic
compared to the non-oxidized molecules [44,45,52,53]. Interestingly, one mAb with the Fc conserved
Met oxidized appeared to be more basic [51], while, another mAb with an oxidized Met in the Fab
region appeared to be more acidic [31]. Oxidation of the two conserved Met residues in the Fc region
caused conformational changes mainly in the CH2 domain [49,54] along with a host of negative
impacts, including decreased thermal stability, [48–50,55] increased aggregation [49,55], decreased
complement-dependent cytotoxicity (CDC) [48], decreased binding affinity to neonatal Fc receptor
(FcRn) [48,56,57] and shorter in vivo half-life [58].

Oxidation has also been observed at tryptophan (Trp) residues in mAbs [59–62]. Trp residues
in CDRs are more susceptible to oxidation due to a higher level of solvent exposure [63]. Oxidation
of Trp generates a number of species, the major ones having molecular weight increases of 16 Da,
and 32 Da [62,64]. MAb variants with oxidized Trp are less hydrophobic [52]. Oxidation of Trp residues
in the CDRs can lead to reduced potency, decreased thermal stability, and increased aggregation
propensity [59–61]. Trp oxidation has also been demonstrated to cause yellow coloration of the mAb
solution, [64] due to kynurenine formation.

Oxidation of Met and several other amino acids has been detected in natural human IgG [65,66].
Oxidative stress under various pathological conditions and the resulting reactive oxygen species are
expected to cause oxidation of susceptible residues in natural IgGs, as one of the most abundant
proteins in circulation.

7. Cysteine and Disulfide Bond

Theoretically, all cysteine residues of mAbs should be involved in the formation of either intra- or
inter-chain disulfide bonds in a well-defined linkage pattern. However, several variants that deviate
from the well-established IgG disulfide bond structure have been discovered. These variants include
the presence of free cysteine (Cys) residues, alternative disulfide bond linkage (scrambling), trisulfide
bonding, the formation of thioether, and cysteine racemization.

The presence of free cysteine can be classified into three scenarios. The first scenario is the
widely-reported occurrence of free cysteine residues [67–71]. These free cysteines have been shown
to lower thermal stability [67] and increase the formation of reducible covalent aggregates [72–74].
The second scenario is the detection of relatively high levels of free Cys often due to the incomplete
formation of a particular disulfide bond, mainly in the heavy chain variable domain [4,37,44,75,76] or
the disulfide bond between the light chain and heavy chain [13,77]. The incomplete variable domain
disulfide bond reduces the potency of one mAb [44], but has no impact on a different mAb [75].
MAb variants with the incomplete heavy chain variable domain disulfide bond were separated as
acidic species in one case [75], but basic species in the other case [4], indicating that a structural
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change was likely the cause of different chromatographic behaviors. MAb variants with the incomplete
variable domain disulfide bond are more hydrophobic [15,37,44]. MAb variants without the disulfide
bond between the light chain and heavy chain are enriched in the acidic species [13,77]. The incomplete
heavy chain variable domain disulfide bond can be reformed in vivo [4]. In the third scenario, the mAbs
contained an extra non-canonical cysteine residue, mostly in the CDRs. The extra Cys in mAbs can be
modified by small thiol containing compounds, such as free cysteines [78–81], and glutathione, [80,81]
or oxidized to form cysteine sulfinic or sulfonic acid [81]. Modification of Cys introduces molecular
weight heterogeneity. In addition, mAbs with modified Cys are less hydrophobic compared to
unmodified molecules [81]. Cysteinylation increases mAb molecular weight, causes the formation of
acidic species, and decreases antigen binding [78]. Modification of the extra Cys residue also causes
lower expression titer, decreased thermal stability, and higher propensity towards aggregation [78,80].

The alternative disulfide bond linkage was first discovered in IgG4 molecules, where the formation
of two inter-heavy chain disulfide bonds is in equilibrium with the formation of two intra-chain
disulfide bonds [82–85]. The direct outcome of this equilibrium is the formation of bispecific antibodies,
which has been reported for both recombinant monoclonal antibodies and natural antibodies [82,84].
Mutation of the IgG4 hinge region amino acid sequence, CPSC, to the IgG1 amino acid sequence, CPPC,
can eliminate the Fab-exchange phenomena [85–87], which has been employed as a strategy to create
stable mAb therapeutics based on the IgG4 framework. Later, the alternative disulfide bond linkage
in the hinge region of IgG2 antibodies was discovered, both in recombinant and in natural human
IgG2 [88]. Different IgG2 isoforms showed a subtle difference in structure and thermal stability [89].
While having no difference in molecular weights, the three disulfide isoforms, A, B, and A/B, can be
differentiated using several analytical methods. By ion-exchange chromatography, the B isoform
appeared to be more acidic than A/B, followed by A [43,88]. By reversed-phase chromatography, the B
isoform eluted from columns earlier than A/B, followed by A [89–91]. By capillary electrophoresis
sodium dodecyl sulfate (CE-SDS), the A isoform migrated faster than A/B, whereas the B isoform
migrated the slowest [88]. Depending on the specific molecule, different isoforms may or may not
have an impact on potency [89]. The conversion from A to B through the A/B isoform continues in
mAbs in circulation [91].

The thioether linkage was first discovered in an IgG1 antibody as a non-reducible species using
reducing sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and CE-SDS [92]
Later, it was found that the thioether between the light and heavy chains can also be formed in mAbs
in vivo and in human natural IgGs [93]. The rate of thioether formation in IgG1 containing the lambda
chain is faster than the conversion rate in IgG1 containing the kappa chain [93]. The formation of
thioether reduces mAb molecular weight by 32 Da due to the loss of a sulfur atom.

Trisulfide bond was first discovered in an IgG2 mAb [94]. It was later found that trisulfide bond
occurs in all classes of mAbs and natural human IgGs, mainly between the light chain and heavy
chain [93,95,96]. Trisulfide bond formation can be controlled by changing the feeding strategy [97]
or removed by a cysteine wash step during the protein A chromatography step [98]. Trisulfide bond
increases mAb molecular weight by 32 Da. A mAb variant with a trisulfide bond appeared to be more
acidic compared to mAb with the typical disulfide bond pattern [94]. The presence of a trisulfide bond
has no impact on antigen binding [95,98] or thermal stability [94].

The cysteine residues located in the heavy chains that are involved in the formation of the light
and heavy chain disulfide bonds were also found to exist in the D form [99]. A detailed study showed
that racemization occurred in both the heavy and light chain cysteine residues in IgG1 lambda, but only
the heavy chain in IgG1 kappa in both mAbs and human natural IgG1 [100]. The level of cysteine
racemization is much lower in IgG2 [100]. As both thioether and racemization are catalyzed by basic
condition and involve the same disulfide bonds, a general base-catalyzed mechanism was proposed,
where beta elimination of the disulfide bond results in the formation of a dehydroalanine residue
and the dehydroalanine residue can either form a thioether bond or revert to the disulfide bond,
where chirality is regained to result in a mixture of D- and L- cysteine residues [100].
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Most of the modifications identified in mAbs, including free cysteine [67,101,102], alternative
disulfide bond linkage for IgG4 [82,84] and IgG2 [88], thioether [93], trisulfide bond [93,95,96],
and D-Cys from racemization [100] have also been reported in natural human IgGs. However,
cysteinylation and the presence of incomplete disulfide bonds have not been reported in natural
human IgGs. Given all the negative impacts of cysteinylation, this modification may have been
eliminated from natural IgG during evolution. The same could be true for the presence of a single pair
of incomplete disulfide bonds.

8. Glycosylation

Similar to natural IgG molecules, mAbs are N-glycosylated at the conserved Asn residues in the
CH2 domain. In addition, mAbs may have N-linked oligosaccharides in the Fab region [103–105].
Heterogeneity related to these oligosaccharides arises mainly from galactosylation, fucosylation,
and sialylation of the biantennary complex oligosaccharides. The presence of low abundance
oligosaccharides, such as high mannose (Man), hybrid and bisecting oligosaccharides adds further
heterogeneity to mAbs.

The three major glycoforms are the core-fucosylated structures with either zero (G0F),
one (G1F) or two (G2F) galactose [104,106–111]. Galactose adds an additional mass of 162 Da.
However, galactosylation has not been reported to cause mAb heterogeneity in charge or
hydrophobicity. The slight separation of mAb variants with different levels of galactosylation
is probably caused by conformational differences since galactose should not change the charge
properties [77]. Galactosylation can cause subtle conformational changes around the glycosylation
site [54,112–115]. Conflicting results have been reported regarding biological functions, but it is
generally agreed that galactose might slightly impact CDC, but not antibody-dependent cellular
cytotoxicity (ADCC) [106,113–122]. Galactosylation has no impact on mAb stability [113,114,123,124],
nor half-life [103,117,125–128].

Because the absence of the core-fucose can result in enhanced ADCC [122,129], the level of
core-fucose has attracted great attention for the development of mAb therapeutics, especially to
establish comparability or biosimilarity. The attachment of fucose adds a mass of 146 Da. Besides
mass heterogeneity, fucose has not been reported to have an impact on charge and hydrophobicity.
The addition of a fucose only has a subtle impact on mAb structure [54,130,131]. For mAbs without the
core-fucose, animal studies on half-life have shown conflicting results [132,133]. However, the half-life
was found to be as expected in human studies [125,127]. The level of core-fucose needs to be evaluated
based on the target and therapeutic goal to balance the risk versus benefit [134].

Besides the complex oligosaccharides, high mannose oligosaccharides have been commonly
observed in mAbs [108,109,135]. In addition to mass heterogeneity, mAbs with high mannose
oligosaccharides demonstrate a slightly different chromatographic separation when using Protein A or
Protein G columns [136]. High mannose oligosaccharides cause a subtle conformational change and
increase the flexibility of the CH2 domain [137,138]. Although high mannose decreased the thermal
stability of mAbs, it had no impact on long-term stability [131], or aggregation propensity under
accelerated conditions [124]. High mannose shows increased Fc gamma receptor binding and ADCC,
due to the absence of core-fucose [139]. IgG with high mannose showed reduced activities mediated
by the first subcomponent of the C1 complex (C1q) binding [140,141]. High mannose oligosaccharides
with greater than five mannose residues are rapidly converted into a structure with only 5 mannose
residues (Man5) in human circulation [125]. MAbs with high mannose are cleared at a faster rate
compared to those with complex oligosaccharides in animals and humans [126,127,139,140,142].

Sialic acid and alpha 1,3-galactose are two low abundant oligosaccharides that require special
attention primarily because of safety concerns. In general, the level of sialic acid of mAbs that
are associated with the conserved Fc glycosylation site is low [103,109,135]. However, substantial
amounts of sialic acid have been found in mAbs containing a Fab glycosylation site [103,135]. Sialic
acid adds mass heterogeneity and generates acidic species [2,13,27], but does not impact antigen
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binding [2,13,117,119,143,144] and clearance [13,125,128]. Sialic acid has been shown to cause subtle
conformational changes that are local to the glycosylation sites [137,138,145–147]. Studies have
demonstrated that sialic acid exerts no or a negative impact on ADCC and CDC [117,119,143,144].
Among the two types of sialic acids, N-Acetylneuraminic acid (NANA) and N-Glycolylneuraminic
acid (NGNA), the latter, which is commonly found in mAbs from murine cell lines [2,103,104,108],
has been linked to immunogenicity [148]. Similar to sialic acid, mAbs expressed in murine cell lines
may contain low levels of alpha 1,3 galactose when associated with the Fc [3,103,104,108,109,149] and
at relatively higher levels for mAbs containing Fab glycosylation [135]. Alpha1,3 galactose is also
considered immunogenic [150] when associated with Fab [151].

Several other types of oligosaccharides including hybrid, bisecting, and smaller structures, such as
those lacking outer arm N-acetylglucosamine (GlcNAc) residues, are present in mAbs at extremely
low levels. Hybrid, bisecting, and smaller oligosaccharides could cause a subtle conformational
change [138] and have a minimal impact on ADCC [118,122,137,152] and clearance [125,126]. Because
of their extremely low levels, these types of oligosaccharides are not expected to have a substantial
impact on mAb therapeutic development from the safety and efficacy point of view.

The absence of oligosaccharides also contributes to mAb heterogeneity, though, at low
levels [153–156]. MAbs lacking oligosaccharides showed significant conformational changes [157,158],
decreased thermal stability [112,113,131,159,160], and increased aggregation propensity [123,161].
The absence of oligosaccharides has a substantial impact on ADCC and CDC [113,119,157]. Initially,
animal studies showed that the absence of oligosaccharides either caused a faster clearance [157,162,163]
or had no impact on half-life [127,157,160,164,165]. However, later human trials demonstrated that
aglycosylated mAbs had a normal half-life [164].

Human IgG contains similar major oligosaccharide structures but higher structural
diversity [108,109,166]. The levels of bisecting and sialic acid are higher in natural human IgGs
compared to mAbs [108,109,166], while, high mannose oligosaccharides in natural human IgG are
extremely low at approximately 0.1% [109,167]. Human IgGs have also been shown to have less
than 0.2% aglycosylation [167]. NGNA and alpha 1,3 galactose, are absent from natural human
IgGs [108,109,166,168].

9. Glycation

Glycation is a non-enzymatic reaction between reducing sugars and the primary amine of the
lysine (Lys) side chain or the N-terminus of the light chain or heavy chain [169–171]. Glycation mainly
occurs during cell culture as sugars are used as nutrients [169], and, to a lesser degree, during storage or
accelerated conditions due to decomposition of the non-reducing sugars used in formulation [172,173].
A slightly increased level of glycation has been reported during the course of administration when a
diluent containing sugars is used [174]. Glycation increases mAb molecular weight by 162 Da with
each site of glycation and generates acidic species due to loss of positive charges of Lys side chains or
N-termini [13,27,43,169,171]. Glycation also increases the aggregation propensity under accelerated
condition [173]. Glycation in the CDRs has not been shown to decrease antigen binding [13,169,171],
and even a substantial level of glycation does not affect Fc gamma, FcRn, and protein A binding [175].
Advanced glycation end products (AGEs) contribute to product coloration [176]. The presence of
glycation does not impact PK in rats [13]. Glycation of mAbs continues to occur in circulation in
humans at a rate that can be predicted via in vitro incubation under physiological conditions [175].

As expected, glycation has been detected in endogenous human IgG [175], further supporting the
simple reaction mechanism between circulating IgGs and sugars in vivo.

10. C-Terminal Modifications

Mostly, mAbs are synthesized with the heavy chain C-terminal Lys, which can be removed
during cell culture due to carboxypeptidase activity [177]. Incomplete removal results in mAbs
with either zero, one or two C-terminal lysine at various levels [2,3,12,178,179]. When analyzed
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by mass spectrometry, heterogeneity caused by C-terminal lysine is reflected by peaks that differ
in molecular weight by 128 Da. C-terminal Lys is a common cause of the generation of basic
species [1,9,12,43,178–180]. The presence of C-terminal Lys results in the formation of less hydrophobic
mAb variants [35,45]. C-terminal Lys does not impact mAb structure, stability, or biological functions
including PK [2,9,13,180–182], though, one study demonstrated that the removal of C-terminal Lys is
required for optimal CDC [183]. Interestingly, inclusion of the C-terminal Lys codon may impact mAb
titer of cell culture [184]. C-terminal Lys can be rapidly removed from mAbs during circulation with a
half-life of 62 minutes [185].

C-terminal amidation was first discovered in a recombinant monoclonal IgG1 antibody [186].
Later, it was found that C-terminal amidation is as common as C-terminal Lys removal [187]. C-terminal
amidation is catalyzed by peptidylglycine alpha-amidating monooxygenase (PAM) [187]. The level
of C-terminal amidation can be modulated by changing the copper concentration in the cell culture
media [188] or via genetic engineering to reduce PAM activity [189]. Compared to mAbs without
C-terminal Lys, a loss of glycine and conversion of the newly exposed amino acid carboxyl group to
an amide group results in a net molecular weight decrease of 58 Da. MAbs with C-terminal amidation
are separated as basic species [43,186,188]. MAb variants without C-terminal Lys or without both Lys
and Gly showed no difference in structure, stability, function, and PK [181].

The overall level of C-terminal amidation in natural human IgG is extremely low, approximately
0.02% or lower [185,187].

11. Uncommon Modifications

Several of the reported modifications only contribute to mAb heterogeneity at very low levels or
in only a limited number of cases.

Low level of sequence variation has been observed for several mAbs [190–198], which is expected
to be the norm rather than the exception because of the inherent errors in protein transcription and
translation. An mAb variant with the heavy chains containing amino acids that were coded by part of
the intron sequence was also found [3]. Recombination between light chain and heavy chain sequences
has been reported to result in a minor mAb species where the heavy chain containing a portion of the
light chain sequence [199].

Aside from the few cases of amino acid variation, several rare chemical modifications can occur
at various stages. Methylglyoxal generated during cell culture has been shown to modify an mAb at
arginine (Arg) residues, resulting in molecular weight increases by 54 Da or 72 Da and generation of
acidic species [200]. Metals can catalyze oxidative carbonylation of several surface-exposed residues
including Arg, Proline (Pro), Lys, and Thr [201]. When exposed to light, histidine (His) can be
oxidized [202], which can further lead to His–His cross-linking [203]. Cysteinylation, which frequently
occurs at non-canonical cysteine residues, has also been reported at canonical cysteine residues in
IgG2 [12,96] and is probably due to the relative instability of the IgG2 disulfide bond linkage around
the hinge region. The presence of tyrosine sulfation resulted in the formation of a distinct acidic peak
for a mAb expressed in Chinese hamster ovary (CHO) cells [204]. Modification of light chain and
heavy chain N-termini by maleuric acid has been detected in a mAb expressed in transgenic goats [205].
During storage, the N-terminal primary amine or lysine side chain of mAbs can be modified by citric
acid or its degradation products [206,207]. In addition to glycosylation of the conserved Asn residues in
the Fc region or glycosylation of Asn in the consensus sequence in the variable domains, O-fucosylation
of a serine residue in the light chain CDR1 [208] and N-glycosylation of Asn in non-consensus sequence
and Gln [209,210] have also been reported.

MAbs expressed in mammalian cell lines have been extensively characterized. However,
novel modifications are expected whenever new cell culture media or formulations are used. The use
of alternative expression systems is also expected to lead to novel modifications that are specific to the
selected organism. Novel and non-clinically qualified modifications naturally bear higher safety risks,
and, thus, requires thorough evaluation.
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12. Heterogeneity in the Broader Scheme

12.1. Stability

ICH Q6B states that “degradation of drug substance and drug product, which may occur during
storage, should be considered when establishing specifications.” ICH Q6B also discusses the concept
of “Release limits vs shelf-life limits”, where tighter release limits will ensure that product at the end
of shelf life can meet the acceptance criteria to maintain safety and efficacy.

Regarding stability, the aforementioned PTMs can be classified into two categories. The first
category includes modifications that are catalyzed by enzymatic reactions. Those modifications
include signal peptides, various glycoforms, C-terminal Lys removal, and C-terminal amidation.
These types of modifications are not expected to continue during storage because of the lack of their
respective enzymes in the drug substance and drug product. However, the levels of these modifications
can potentially impact other degradation pathways, and, thus, stability. For example, the subtle
conformational difference in mAbs with various oligosaccharides and the substantial conformational
difference caused by the lack of oligosaccharides are expected, at least in theory, to impact other
modifications by modulating surface exposure and inter-molecule interactions. The second category
includes modifications that are dependent only on environmental factors, such as pH, temperature,
and light exposure. Modifications in this category include N-terminal Gln and Glu cyclization,
deamidation, isomerization, succinimide intermediate formation, oxidation, cysteine and disulfide
bond related modifications, and glycation. Modifications in this category are expected to continue to
occur during storage.

Overall, PTMs are, either indirectly or directly, linked to mAb stability. Detailed characterization
of drug substances at the time of lot release and understanding of the degradation pathways derived
from forced degradation, and stability studies can ensure mAb stability during shelf-life for consistent
safety and efficacy.

12.2. Comparability and Biosimilarity

Comparability is required when process changes are introduced, which is inevitable during
development. Q5E states that “The demonstration of comparability does not necessarily mean that the
quality attributes of the pre-change and post-change product are identical, but that they are highly
similar and that the existing knowledge is sufficiently predictive to ensure that any differences in
quality attributes have no adverse impact upon safety or efficacy of the drug product”. Scientific
understanding of the chemical nature of PTMs and their impact on safety and efficacy is critical to
establishing comparability, especially when a quality attribute is outside of the historical range.

MAb heterogeneity is also central to the development of biosimilar products. Given the
requirement that the primary sequence of the originator and a biosimilar product should be identical,
it becomes clear that similarity is mainly dependent on various PTMs.

In-depth characterization of mAb heterogeneity plays an essential role in establishing
comparability and biosimilarity. The National Institute of Standards and Technology mAb (NISTmAb)
tryptic peptide spectral library can be used as a good reference for those detailed comparisons [211],
as it contains an extensive list of modifications, including the commonly observed analytical artifacts,
which should be differentiated from true modifications.

12.3. Antibody-Drug Conjugate

Antibody-drug conjugates (ADCs) take advantage of the specificities of mAbs to deliver functional
molecules to targets, and commonly, high toxicity compounds, to cancer cells [212]. MAb heterogeneity,
thus, becomes an integral characteristic of ADCs, and exerts similar impact on structure, and stability.
The microenvironment of the conjugation sites including solvent accessibility and charges has been
demonstrated to have a substantial impact on the in vivo stability and activity of ADCs [213].
The presence of trisulfide bonds, for example, has also been shown to affect conjugation and the
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resulting drug-to-antibody ratio (DAR) [16,214]. Higher levels of heterogeneity have been reported for
ADCs based on IgG2 mAbs, which are known for their various disulfide bond isoforms and difference
in disulfide bond accessibility [215].

13. Conclusions

Heterogeneity is recognized as a common feature of mAbs due to modifications that cause IgG
variants or proteoforms that differ in molecular weight, charge or hydrophobicity. MAb variants are
required to be evaluated to establish their structure–function and safety relationships. In addition,
different variants may have (or not) different impacts on stability, which is ultimately linked to safety
and efficacy.

A wealth of information has been accumulated over the past decades. Such knowledge can
be generally used to define the quality target product profile and applied to the assessment of
developability of clinical candidates during the early phase of pharmaceutical development. Later in
development, molecule-specific modifications are observed and managed throughout the lifecycle of
the selected mAb.
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Abbreviations

ADC Antibody-drug conjugate
ADCC Antibody-dependent cellular cytotoxicity
AGE Advanced glycation end product
Asn Asparagine
Asp Aspartate
Arg Arginine
C1q First subcomponent of the C1 complex
CDC Complement-dependent cytotoxicity
CDR Complementarity determining region
CE-SDS Capillary electrophoresis sodium dodecyl sulfate
CH2 Heavy chain constant domain 2
CHO Chinese hamster ovary
CQA Critical quality attribute
Cys Cysteine
Da Dalton
Fab Fragment antigen binding
Fc Fragment crystallizable
FcRn Neonatal Fc receptor
GlcNAc N-acetylglucosamine
Gln Glutamine
Glu Glutamate
Gly Glycine
His Histidine
ICH International Conference on Harmonization
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IgG Immunoglobulin G
IsoAsp Isoaspartate
LC-MS Liquid chromatography mass spectrometry
Lys Lysine
mAb Monoclonal antibody
Man Mannose
Met Methionine
NANA N-Acetylneuraminic acid
NGNA N-Glycolylneuraminic acid
PAM Peptidylglycine alpha-amidating monooxygenase
PK Pharmacokinetics
Pro Proline
PTM Posttranslational modification
PyroGlu Pyroglutamate
QTPP Quality target product profile
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
Thr Threonine
Trp Tryptophan
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Abstract: Practically, IgG charge can contribute significantly to thermodynamic nonideality, and
hence to solubility and viscosity. Biologically, IgG charge isomers exhibit differences in clearance and
potency. It has been known since the 1930s that all immunoglobulins carry a weak negative charge
in physiological solvents. However, there has been no systematic exploration of this fundamental
property. Accurate charge measurements have been made using membrane confined electrophoresis
in two solvents (pH 5.0 and pH 7.4) on a panel of twelve mAb IgGs, as well as their F(ab’)2 and Fc
fragments. The following observations were made at pH 5.0: (1) the measured charge differs from the
calculated charge by ~40 for the intact IgGs, and by ~20 for the Fcs; (2) the intact IgG charge depends
on both Fv and Fc sequences, but does not equal the sum of the F(ab)’2 and Fc charge; (3) the Fc
charge is consistent within a class. In phosphate buffered saline, pH 7.4: (1) the intact IgG charges
ranged from 0 to −13; (2) the F(ab’)2 fragments are nearly neutral for IgG1s and IgG2s, and about −5
for some of the IgG4s; (3) all Fc fragments are weakly anionic, with IgG1 < IgG2 < IgG4; (4) the charge
on the intact IgGs does not equal the sum of the F(ab’)2 and Fc charge. In no case is the calculated
charge, based solely on H+ binding, remotely close to the measured charge. Some mAbs carried
a charge in physiological salt that was outside the range observed for serum-purified human poly
IgG. To best match physiological properties, a therapeutic mAb should have a measured charge that
falls within the range observed for serum-derived human IgGs. A thermodynamically rigorous,
concentration-dependent protein–protein interaction parameter is introduced. Based on readily
measured properties, interaction curves may be generated to aid in the selection of proteins and
solvent conditions. Example curves are provided.

Keywords: analytical electrophoresis; IgG subclasses; monoclonal IgG; protein charge; protein–protein
interactions

1. Introduction

It is known that charge and charge distribution are important contributors to protein solubility
and solution viscosity [1–11]. In general, increased charge correlates with higher solubility and lower
viscosity because charge–charge repulsion weakens protein–protein interactions [12]. Experimentally,
nonideality is quantified by the thermodynamic second virial coefficient (B22 or A2), with B22 > 0
corresponding to net repulsion and B22 < 0 corresponding to net attraction between molecules.
Molecules possessing the same sign net charge will repel, while those having opposite charge
will attract.

However, net charge alone does not fully capture the effects of charge on B22. In particular,
dipole moments resulting from asymmetric charge distributions can lead to orientation-dependent
protein–protein attraction due to charge–dipole and dipole–dipole interactions, which decrease
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Antibodies 2019, 8, 24

B22 [5,9]. If B22 is < 0, highly viscous [5,7–9] or opalescent [2] solutions may result at high protein
concentrations. Recent work suggests that there may be weak, promiscuous attractive interactions
between IgGs [13,14]. These attractive interactions may or may not be entirely electrostatic in origin
(e.g., weak hydrophobic interactions could contribute), though the salt and temperature dependence
suggest electrostatic attractions are involved. Regardless of their origin, it has been suggested that the
weak attraction (apparent monomer–dimer Kds of 10−4–10−3 M [13–15]) may reflect the cooperative
free energy needed for effector functions [14].

In addition to the importance of charge in the development of high concentration therapeutic
formulations, mAb charge may influence in vivo processes. For example, neonatal Fc receptor
(FcRn)-independent clearance rates are lower for mAbs with lower pI values than those with
higher pI values [16–18], presumably due to decreased nonspecific cell surface binding [16,17,19,20].
Furthermore, basic charge variants of mAbs display stronger binding to the FcγRIIIa receptor
and increased antibody-dependent cellular cytotoxicity response compared to more acidic charge
variants [21,22]. Finally, there is an increasing body of evidence suggesting that IgG sialylation may
impact therapeutic efficacy [23] and IgG function [24]. Together these in vivo and in vitro data show
that mAb charge correlates with physical and biological consequences and highlight the need to
understand what governs IgG charge.

The majority of biotherapeutic mAbs exhibit pIs ≥ 8 [25], and carry a positive charge under
formulation conditions (typically pH 5–6) [2–4]. However, it has been known for over 80 years that
all serum proteins, including the immunoglobulins, carry a net negative charge under physiological
conditions [26]. Furthermore, IgGs from several species are anionic in the pH 5–6 range [27,28].
More recently, it was shown that freshly prepared human polyclonal IgGs have a Debye–Hückel–Henry
charge, ZDHH [26], between −3 and −9 [14]. The narrow range of charge is somewhat surprising
since isoelectric focusing analysis of the same sample yielded pIs covering the pH range from less
than 4 to greater than 10 [14]. There is no published charge data for mAbs in physiological solvents.
Consequently, it is not known whether the charge on therapeutic mAbs falls into the rather narrow
range observed for normal human IgGs. It is apparent that a systematic analysis of the charge on
mAbs would be useful.

Presented here are charge measurements on twelve anti IL-13 IgGs. Using membrane confined
electrophoresis, MCE, data have been acquired for three IgGs, mAb 1, mAb 2, and mAb 3, that bind
to different IL-13 epitopes [14]. For each mAb, ZDHH has been measured for four subclasses, IgG1,
IgG2, IgG4, and IgG4Pro. Furthermore, the charge on the Fc and F(ab’)2 fragments was measured to
determine whether the intact IgG charge is the sum of the Fc and F(ab’)2 fragment charges, and to assess
how the charge is distributed over the IgG structure. Finally, the charge on the IgGs and their fragments
were measured at both pH 5.0 and pH 7.4 to determine how the charge varies between formulation
and physiological conditions. The results illustrate how little is known about protein charge and
demonstrates the power of analytical electrophoresis in assessing this fundamental property.

Theoretical Basics of Protein Charge

Protein charge contributes significantly to a variety of biochemical, biophysical, and biological
phenomena [29]. Thermodynamically, charge is a system property that depends on temperature,
pressure, salt concentration, salt type, and pH [12]. At present there is no way to calculate protein
charge accurately. However, charge may be measured with both precision and accuracy [26,30,31].
Of the measurement methods, membrane confined electrophoresis [32,33] is the most accurate and
flexible [26,34].

There are a variety of charge descriptions (e.g., ζ potential, Zeffective, ZDHH) [26]. While each
description is useful, here we will use ZDHH, which is the unitless valence resulting from the ratio
of the protein charge (in coulombs) to the proton unit charge (e.g., Ca2+ has a valence of +2, Cl− has
a valence of −1). Calculation of ZDHH from the free-boundary electrophoretic mobility removes the
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effects of electrophoresis and the Debye-Hückel solvent ion cloud [26,32,35]. Thus, ZDHH reflects any
changes in protein charge that accompany changes in solvent pH, salt type or salt concentration [26].

Even though proton binding to proteins has been studied extensively [36,37], it has been difficult
to reconcile values calculated from amino acid side chain pKas with measurements [5,38,39]. Shifts in
the pKas due to net protein charge, proximity of charged residues and protein flexibility are known to
occur [36,37,40–43]. Though H+ binding contributes to protein charge, ZDHH reflects binding by all
solvent ions (e.g., Na+, PO4

2, Cl−) and not just H+. It has been known for over 60 years that proteins
bind monovalent ions, and bind anions to a greater extent than cations [12,44]. Two non-exclusive
models have emerged for the mechanism of anion binding. One model focuses on the tendency for
anions to accumulate preferentially at hydrophobic surfaces [38,45]. Based on NMR data, the other
model suggests that anion binding may involve amide protons [46].

Because ion binding and dissociation occur rapidly, ZDHH values are time averages. The extent of
fluctuation about the mean value is proportional to the change in charge with ion chemical potential
(i.e., the slope of the curve of Z versus log[X]) [36]. If the titration curve is flat (i.e., dZ/dlog[X] ~ 0),
there will be very little charge variation, and the charge distribution about the average value will
be narrow. A steep titration curve, however, indicates large charge variations which, particularly if
they swing around neutrality, result in the inter-molecular attractions that reduce solubility and cause
higher viscosities. Thus, measurement of ZDHH as a function of solvent ion concentration (including
pH) may be helpful in finding solvent conditions that optimize solubility and viscosity.

2. Materials and Methods

2.1. Monoclonal and Human Serum IgGs

Twelve anti-IL13 IgGs comprising three unique variable regions, each constructed as four human
IgG subclasses, IgG1, IgG2, wild-type IgG4(Ser222), and a hinge mutant IgG4(Pro222), were made
from stable NS0 cell line at Boehringer Ingelheim. Human serum derived from male AB plasma
was purchased from Sigma-Aldrich, St. Louis, MO, USA (cat# H4522). The IgGs were purified by
ÄKTA affinity chromatography system and MabSelect Sure resin (GE Healthcare, Chicago, IL, USA)
following standard methods [47]. The quality of the purified mAb IgGs and their fragments generated
by subsequent enzymatic digestion was evaluated by analytical size-exclusion ultra-performance
liquid chromatography (SE-UPLC) using a BEH200 column on the Waters Acquity UPLC system
(Waters Corporation, Milford, MA, USA). The mobile phase buffer consisted of 50 mM sodium
phosphate (pH 6.8), 200 mM arginine, and 0.05% sodium azide. For each sample run, 10 μg of material
was injected onto the column with the running flow rate at 0.5 mL/min for 5 min.

2.2. IgG Fragmentation

A FragIT kit with individual spin columns containing the active IdeS, a cycstein protease secreted
by Streptococcus pyogenes covalently coupled to agarose beads was used (Genovis, cat# A2-FR2-025).
After the IgG sample was buffer exchanged into the cleavage buffer (10 mM sodium phosphate,
150 mM NaCl) and the column was equilibrated with the cleavage buffer, the IgG-enzyme mixture was
incubated at 37 ◦C for an hour on an orbital shaker. The digested fragments were separated from the
immobilized enzyme, followed by the purification of F(ab’)2 using a supplied CaptureSelect column
containing Fc affinity matrix (Thermo Fisher Scientific, Waltham, MA, USA). Upon the collection of
the F(ab’)2 in the flow-through, the Fc was eluted using the 0.1 M glycine (pH 3.0) elution buffer and
immediately neutralized by adding 10% v/v of 1 M Tris (pH 8.0).

2.3. Sample Preparation

Each sample was dialyzed into desired buffers at 4–10 ◦C overnight using Zeba desalting
columns (Thermo Fischer), after which the concentration was determined using appropriate extinction
coefficients in NanoDrop™ 8000 Spectrophotometer (Thermo Fischer). Two solvents were used: 10 mM
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sodium acetate, 50 mM NaCl, pH 5.0; and Dulbecco’s PBS (pH 7.4) containing 8 mM sodium phosphate
dibasic, 1.5 mM potassium phosphate monobasic, 2.7 mM KCl, and 138 mM NaCl. The acetate buffer
was prepared by diluting chemicals purchased from Sigma into distilled deionized water from a
Milli-Q Plus filtration system (Millipore, Burlington, MA, USA) and titrating to the desired pH 5.0
with 10 N NaOH solution. For all measurements, the sample solutions were used within a week of
preparation and stored at 4 ◦C between measurements.

2.4. Liquid Chromatography Mass Spectrometry (LC-MS)

The sequences of the purified mAbs and respective F(ab’)2 and Fc fragments were evaluated
by LC-MS using a PoroShell 300SB-C8 column (5 μm, 75 × 1.0 mm) on the Agilent HPLC system
followed by analysis in the Agilent 6210 time-of-flight mass spectrometer (Agilent Technologies).
The composition of the mobile phase A was 99% water, 1% acetonitrile, and 0.1% formic acid, and that
of mobile phase B was 95% acetonitrile, 5% water, and 0.1% formic acid. The gradient started with 20%
B at 0 min and increased to 85% B at 10 min with the constant flow rate of 50 μL/min. Each sample
was subjected to a native run, a reduced run after incubation with TCEP (Sigma), and a deglycosylated
run after incubation with TCEP and PNGase F (New England Biolabs). The MassHunter Qualitative
Analysis program (version B.06.00, Agilent, Santa Clara, CA, USA) was used to deconvolute the
raw data.

2.5. Analytical Ultracentrifugation (AUC)

The solution properties of the purified mAbs and cleaved F(ab’)2 and Fc were evaluated by
sedimentation velocity experiments in an Optima XL-I AUC equipped with absorbance optics
(Beckman Coulter, Brea, CA, USA). Each sample was prepared in three concentrations with 1:3 serial
dilutions starting from 0.5 mg/mL in the corresponding buffer, and 400 μL of the prepared solution
was loaded into the sample chamber, whereas buffer was loaded into the reference chamber of an AUC
cell assembled with standard double-sector centerpieces and quartz windows. The experiments were
conducted at 20 ◦C using an An60Ti 4-hole rotor spinning at 40,000 rpm. The sedimentation process
was monitored by collecting absorbance data at 280 nm wavelength and 30-μm radial increments.
The collected data was analyzed using the SEDANAL software by which the apparent sedimentation
coefficient distribution g(s*) was derived [48]. The resulting analysis was initially plotted as g(s*) vs. s*
in which the areas under the peaks provided the concentration for the boundary corresponding to each
peak in the distribution. The weight average sedimentation coefficient (sw) was computed by selecting
a range over which to do the average on the plots. The plots were concentration-normalized to enable
the inspection for reversible interactions. The Stokes radius, Rs, which is used for ZDHH calculation is
derived from the Svedberg equation:

Rs =
M(1 − vρ)

sNA6πη
(1)

where M is the molar mass, v is the partial specific volume, ρ is the solvent density, s is the sedimentation
coefficient, NA is the Avogadro’s number, and η is the viscosity of the solvent.

2.6. Imaged Capillary Isoelectric Focusing (icIEF)

The pI and charge heterogeneity of the IgG samples were determined on an iCE3 system (Protein
Simple) [49,50]. Briefly, the pH gradient was created by an ampholyte mixture consisted of 44%
(v/v) of 1% methylcellulose, 1.25% (v/v) of pharmalyte 3–10 solution, 3.75% (v/v) μL of pharmalyte
5–8 solution, 1.25% (v/v) of servalyte 9–11 solution, 0.63% (v/v) of pI marker pH 6.14, 0.63% (v/v) of
pI marker pH 8.79, 6.3% (v/v) of 200 mM iminodiacetic acid, and 43% (v/v) of water. After sample
preparation at 1 mg/mL in DI water, 40 μL of the diluted sample was mixed with 160 μL of ampholyte
mixture and centrifuged for 5 min. The operating protocol used an initial potential of 1500 volts for
1 min, followed by a potential of 3000 volts for 20 min. For samples containing highly basic species,
pI markers at pH 7.55 and pH 9.77 (0.63% v/v) and a focus period of 10 min at 3000 volts was used.
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Separation was monitored at 280 nm, and the data analyzed using the iCE CFR software to calibrate
the pI values and to select the markers. Subsequently, the data files were exported to Empower for
analysis using the cIEF processing method.

2.7. Membrane-Confined Electrophoresis (MCE) and ZDHH Determinations

Protein valence was measured in the MCE instrument (Spin Analytical, Inc., Berwick, Me, USA),
which provides a direct measurement of the electrophoretic mobility (μ) to derive the Zeff and the
ZDHH [32,33]. In each experiment, 20 μL of sample at 1 mg/mL was loaded into a 2 × 2 × 4 mm quartz
cuvette whose ends were sealed with semipermeable membranes (MWCO 3 kDa, Spectra/Por Biotech
grade). An electric field was applied (4.3 V/cm for IgG, 8.5 V/cm for F(ab’)2 and Fc, and 19.8 V/cm
for serum IgGs) longitudinally across the cell. The applied electric field, E, is a function of the applied
current, i, the buffer conductivity (κ, 5.8 mS for 10 mM acetate, 50 mM NaCl [pH 5.0] and 16.8 mS for
PBS [pH 7.4]), and the cross-sectional area of the cuvette, A, as E = i

κA . Image scans of the cuvette
were acquired with 25 μm resolution at 280 nm every 10–20 s. Time difference analysis provided an
apparent electrophoretic mobility distribution, g(μ) versus μ, uncorrected for diffusion. Values of μ
were converted to charge using the Spin Analytical software:

Ze f f =
μ

f e
(2)

ZDHH = Ze f f
1 + κDa
H(κDa)

(3)

where μ is the electrophoretic mobility, f is the translational frictional coefficient, e is the elementary
proton charge, kD is the inverse Debye length, a is the sum of the Stokes radius of the macromolecule
and its counterion (0.18 nm for Cl−1 and 0.122 nm for Na+), and H(κD a) is Henry’s function that
accounts for electrophoretic effects. For reference, under the experimental conditions used here, κDa ~ 2
and H(κDa) ~ 1.1, though exact values are calculated for each experiment.

2.8. Calculated Charge, Zcal, and Calculated Isoelectric pH, pICal

Sednterp was used to calculate pI values, pICal, as well as the H+ titration curve from which Zcal
was determined [51]. These calculations are based on the amino acid composition and use pKa values
from Edsall and Wyman [52]. It was assumed that the N-terminal amino groups were not blocked.

2.9. Dynamic Light Scattering (DLS) and kD Determinations

A DynaPro Plate Reader (Wyatt Technology, Santa Barbara, CA, USA) running Dynamics
(version 7.4.0.72) was used to determine the diffusion interaction parameter, kD. Each sample was
prepared at 5 concentrations ranging from 10 mg/mL to 0.625 mg/mL in 2-fold serial dilutions. 35 μL
of each solution was added to a 384-well UV-Star Clear Microplate (Greiner Bio-One), spun in a
centrifuge for 2 min to remove air bubbles and then placed into the plate reader. The experiment
was started after the temperature inside the reader reached 20 ◦C. A total of 10 acquisitions at 20 s
per acquisition were obtained for each sample. A well image was acquired after the last acquisition
measurement to look for bubbles or deposited aggregates. The mutual diffusion coefficient (Dm)
was plotted against the sample concentration Dm = D0(1 + kDC), with D0 and kD determined by
linear regression analysis using GraphPad Prism (version 7.03). The error for kD was determined by
calculating the propagation of the standard error of the coefficients from the linear regression.

2.10. Calculation of the Protein–Protein Interaction Curve

Thermodynamic nonideality reflects a balance of repulsive (B22 > 0) and attractive interactions
(B22 < 0) between molecules. Only two protein characteristics contribute to positive B22 values,
charge–charge repulsion (when the molecules have the same sign charge) and excluded volume (always

49



Antibodies 2019, 8, 24

repulsive). The contribution charge–charge repulsion, including the impact of the Debye-Hückel

counterion cloud, may be calculated from BZ =
1000Z2

2 v1
4m3 M2

2

(
1+2κrs
(1+κrs)

2

)
, where Z2

2 is the square of the

protein charge (i.e., ZDHH), v1 the solvent partial specific volume (mL/g), M2 the protein molecular
weight (g/mol), m3 the salt molality (mol/kg), κ the inverse Debye length (cm−1) and rs the solvated
protein radius (cm) [12,44]. The excluded volume includes contributions from the shape of the
molecule (in this case, using the axial ratio) and the hydration layer [12,44]. The excluded volume
contribution is BEx = 8VNA

2M2
2 , where V is the solvated protein volume (mL/particle) and NA is

Avogadro’s number [12,44]. The overall repulsive nonideality, B22, is the sum of these two contributions.
The weak attractive interactions observed for IgGs may be expressed in terms of a dimer dissociation,

e.g., IgG2 ↔ IgG + IgG , with the strength given by the dissociation constant given by Kd = [IgG]2

[IgG2]
.

At any concentration, the weight-average molecular weight, Mw, of a monomer–dimer mixture may
be calculated knowing Kd. For systems exhibiting only repulsive interactions, the slope of a graph
of 1/Mw versus concentration, C (in g/mL), B22 (in ml-mole/g2), will be positive. Often, a graph of
M1/Mw, where M1 is the monomer molar mass, is used to ‘normalize’ the data, in which case the slope
of the line is M1·B22 and is called A2 (in mL/g) in the literature. In either case, for purely repulsive
systems over a wide concentration range, B22 or A2 are positive and constant. For a system that exhibits
a mass-action association, Mw increases with concentration (1/Mw or M1/Mw decrease, producing a
negative curve). However, even in the face of self-association, B22 (or A2) remain constant and positive,
and push the curve in the opposite direction of self-association. Thus, for systems exhibiting both
repulsive nonideality and weak self-association, unusual curves may result, starting with a negative
slope at low C and winding up with a positive slope at higher C. The slope of the 1/Mw or M1/Mw

curve at each concentration, then, is an apparent B22, B22-app, or A2, A2-app. It is important to note that
both B22-app and A2-app are thermodynamic parameters and represent useful protein–protein interaction
parameters. For this work, data are presented as A2-app. A2-app is > 0 for net repulsion, <0 for net
attraction and =0 for a thermodynamically ideal system.

3. Results

3.1. Solution Properties of IgGs and Their Fragments

All purified IgGs were subjected to purity characterization by SE-UPLC, sequence identify and
glycoform distribution analysis by LC-MS. As summarized in Table 1, all purified materials contain
>99% monomer content and were confirmed by sequence to be in the expected IgG subclass with
typical distribution of G0F, G1F, and G2F asparagine (N)-linked glycoforms.

The IgGs also displayed homogeneous solution properties within each mAb group in either pH 5.0
acetate and pH 7.4 PBS as illustrated in Figure 1 by the overlapping g(s*) curves. The weight-average
sedimentation coefficients (sw) are mAb1 6.37 ± 0.06, mAb2 6.37 ± 0.05, and mAb3 6.43 ± 0.09 in
pH 5.0 acetate, and mAb1 6.28 ± 0.04, mAb2 6.27 ± 0.07, and mAb3 6.31 ± 0.06 in pH 7.4 PBS. These sw

values are consistent with the molecular weight of ~150 kDa IgG antibodies.
IgG cleavage sites and fragment purity are presented in Table 2. The solution homogeneity of each

cleaved fragment was assessed by SV-AUC. All IgG fragments showed sedimentation distribution
profiles like that in Figure 2 for mAb 1, where the superposition of the three concentrations of
F(ab’)2 and Fc samples indicate homogeneity and the absence of self-association. The weight-average
sedimentation coefficients (sw) from the Fc evaluations are 3.45 ± 0.02, 3.46 ± 0.02, and 3.38 ± 0.18 for
IgG1, IgG2, and IgG4/IgG4Pro, respectively. These values are consistent with the molecular weight of
~50 kDa, which indicates the Fc fragment remains a homodimer in solution despite cleavage below
the hinge region. The sw from the F(ab’)2 evaluations are 4.86 ± 0.01, 5.14 ± 0.06, 4.90 ± 0.02, and
4.95 ± 0.01 for IgG1, IgG2, IgG4, and IgG4Pro, respectively. These values are consistent with the
molecular weight of ~100 kDa, which is expected for a bivalent Fab.
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Table 1. Evaluation of IgG quality.

ID Subclass Monomer (%) Mass (Da)

Glycoform Level (%) *

G0F G1F G2F

mAb 1

IgG1 >99 148,480 49 43 8
IgG2 >99 147,913 52 39 9
IgG4 >99 148,190 45 39 16

IgG4Pro >99 148,210 43 40 17

mAb 2

IgG1 >99 148,301 45 42 13
IgG2 >99 147,734 50 41 9
IgG4 >99 148,012 43 43 14

IgG4Pro >99 148,032 20 50 30

mAb 3

IgG1 >99 149,959 30 52 18
IgG2 >99 149,231 45 41 14
IgG4 >99 149,507 49 43 8

IgG4Pro >99 149,529 25 52 25

* N-acetylglucosamine �; mannose •; galactose �;    fucose.

mAb 1

mAb 2

mAb 3

(a) (b)

Figure 1. Sedimentation velocity analysis of IgG subclasses from mAb1, mAb2, and mAb3 in (a) pH 5.0
acetate (red) and (b) pH 7.4 PBS (blue) solutions. Normalized g(s*) sedimentation distributions are
obtained from IgG1 (solid line), IgG2 (dotted line), IgG4 (dashed line), and IgG4Pro (dot-dashed line)
in both buffers. The curves are superimposed on each other in both panels.
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Table 2. Quality of IgG fragments from IdeS digestion.

Subclass V Region Cleaved Site F(ab’)2 Purity (%) Fc Purity (%)

IgG1
mAb 1

CPPCPAPELLG/GPSVF
95

100mAb 2 100
mAb 3 100

IgG2
mAb 1

CPPCPAPPVA/GPSVF
100

98mAb 2 100
mAb 3 100

IgG4
mAb 1

CPSCPAPELLG/GPSVF
95

97 *mAb 2 95
mAb 3 97

IgG4Pro
mAb 1

CPPCPAPELLG/GPSVF
97

mAb 2 100 97 *
mAb 3 100

* The cleaved Fc is identical between IgG4Pro and IgG4 because the enzymatic digest occurred below the
hinge region.

IgG1

IgG4

(a) (b)

IgG2

Figure 2. Sedimentation velocity analysis of IgG1, IgG2, and IgG4 cleaved (a) Fc and (b) F(ab’)2 from
mAb 1 in pH 5.0 acetate. Normalized g(s*) sedimentation distributions obtained with the concentration
of 0.5 mg/mL (red), 0.167 mg/mL (blue), and 0.056 mg/mL (green). The graph for IgG4Pro F(ab)’2 is
not shown because it is indistinguishable from IgG4. Refer to text for the sw values.

3.2. Isoelectric Point and Correlation to Calculated Values

All IgGs exhibited pI profiles similar to that in Figure 3 for mAb 1 IgG1. Three-peaks are observed,
acidic, main and basic. The pI values for each IgG are presented in Table 3, along with the calculated
pI. For each mAb, the subclass pIs followed the trend: IgG1 > IgG2 > IgG4, with those of IgG4 and
IgG4Pro being identical. The measured main species pI and the calculated pI are correlated (Figure 4),
though the intercept (−1) suggests that pICal corresponds to the more acidic species.
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Figure 3. Electrophoretogram image of mAb1 IgG1. The peaks to the left and to the right of the main
peak indicates acidic and basic charge variant, respectively.

Table 3. Measured and calculated pI values of IgG.

ID Subclass pIcal
pIicIEF

Acidic Peak Main Peak Basic Peak

mAb 1

IgG1 7.7 7.9 8.1 8.2
IgG2 6.9 6.9 7.0 7.3
IgG4 6.6 6.2 6.3 6.5

IgG4Pro 6.6 6.2 6.3 6.5

mAb 2

IgG1 8.2 8.2 8.4 8.6
IgG2 7.3 7.9 8.0 8.2
IgG4 7.0 7.4 7.6 7.7

IgG4Pro 7.0 7.4 7.6 7.7

mAb 3

IgG1 8.2 8.2 8.4 8.6
IgG2 7.4 7.2 8.0 8.1
IgG4 7.1 7.5 7.7 7.8

IgG4Pro 7.1 7.5 7.7 7.8

Figure 4. Linear regression analysis and correlation between experimental pI as measured by icIEF
and theoretical pI calculated from the IgG sequence. Dotted lines indicate the 95% confidence interval.
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3.3. Net Charge of IgGs and Fragments in Formulation and Physiological Solutions

Using MCE, the electrophoretic mobility was determined for each IgG and its cleaved F(ab’)2

and Fc in pH 5.0 acetate and pH 7.4 PBS as illustrated in Figure 5. By applying the Debye–Hückel
approximation to correct for the solvent shielding effects, Henry’s function to correct for electrophoretic
effects, and using the sum of the measured protein Stokes radius and its counterion, the ZDHH
distribution may be calculated from the electrophoretic mobility (Figure 5, right-hand panels).

IgG

F(ab’)
2

Fc

(a) (b)

Figure 5. ZDHH determination of IgG, F(ab’)2, and Fc by Membrane-Confined Electrophoresis (MCE)
in pH 5.0 acetate. (a) Raw MCE scans over time during electrophoresis. The data (left panel) shows the
light intensity (I, vertical axis) as a function of the distance moved from the membrane (cm, horizontal).
Time difference curves (ΔI/Δt) are calculated from data between the green and red highlighted scans.
The electrophoretic mobility distribution is calculated from distance moved from the membrane, x,
divided by the product of the electric field, E, and average elapsed time for the middle scan t, μ = x

E·t .
(b) The vertical axis shows the time derivative (ΔI/Δt) of the intensity data in panel (a) as a function of
ZDHH (horizontal axis). ZDHH was calculated from the mobility using T = 20 ◦C; viscosity = 0.98 cp;
conductance = 16.8 mS; E = −19.8 V/cm, D = 78; counterion radius, 0.18 nm; Stokes radius, 5.5 nm.
The peak ZDHH position is displayed above the curve.
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Tables 4 and 5 summarize the ZDHH measurements, as well as the calculated charge, Zcal, in
pH 5.0 acetate and pH 7.4 PBS, respectively. A 0 charge was assigned if no boundary formed during
electrophoresis regardless of the E field direction or magnitude. In acetate pH 5.0 all IgGs and their
fragments are cationic (Table 4). However, in all cases the measured ZDHH is substantially lower than
Zcal. In PBS pH 7.4 (Table 5), all intact IgGs are neutral (mAb 2/IgG1) or anionic, despite the fact
the Zcal is cationic in some cases. For all mAbs, ZDHH decreases with subclass in the rank order of
IgG1 > IgG2 > IgG4.

Table 4. Measured and calculated Z values of IgG, F(ab’)2, and Fc in pH 5.0 acetate.

ID Subclass
IgG F(ab’)2 Fc *

ZDHH Zcal ZDHH Zcal ZDHH Zcal

mAb 1

IgG1 7.7 ± 0.2 57.3 3.3 ± 0.2 31.2 6.2 ± 0.1 26.30
IgG2 3.9 ± 0.1 50.0 0 25.9 4.9 ± 0.1 24.30
IgG4 1.4 ± 0.2 46.7 1.3 ± 0.1 27.9 0.45 ± 0.1 18.98

IgG4Pro 1.4 ± 0.8 46.7 1.5 ± 0.2 27.9 0.45 ± 0.1 18.98

mAb 2

IgG1 10.6 ± 0.1 61.0 8.6 ± 0.2 34.9 6.2 ± 0.1 26.30
IgG2 10.1 ± 0.2 53.7 4.7 ± 0.1 29.6 4.9 ± 0.1 24.30
IgG4 5.6 ± 0.2 50.4 6.2 ± 0.1 31.6 0.45 ± 0.1 18.98

IgG4Pro 5.6 ± 0.2 50.4 6.2 ± 0.1 31.6 0.45 ± 0.1 18.98

mAb 3

IgG1 12.5 ± 0.1 65.8 9.4 ± 0.1 39.6 6.2 ± 0.1 26.30
IgG2 10.3 ± 0.2 58.5 5.3 ± 0.2 34.3 4.9 ± 0.1 24.30
IgG4 7.7 ± 0.2 55.1 7.1 ± 0.1 36.3 0.45 ± 0.1 18.98

IgG4Pro 7.8 ± 0.2 55.1 7.3 ± 0.1 36.3 0.45 ± 0.1 18.98

* The value from each subclass is identical across the mAb set because it was measured on pooled Fc samples from
the three mAb digestions.

Table 5. Measured and calculated Z values of IgG, F(ab’)2, and Fc in pH 7.4 PBS.

ID Subclass
IgG F(ab’)2 Fc *

ZDHH Zcal ZDHH Zcal ZDHH Zcal

mAb 1

IgG1 −5.6 ± 0.1 1.8 0 −0.48 −2.8 ± 0.1 1.50
IgG2 −7.7 ± 0.6 −4.4 0 −4.59 −6.0 ± 0.6 −0.48
IgG4 −10.6 ± 0.5 −6.5 −4.3 ± 0.8 −2.61 −10.4 ± 0.3 −4.60

IgG4Pro −13 ± 0.3 −6.5 −5.05 ± 0.5 −2.61 −10.4 ± 0.3 −4.60

mAb 2

IgG1 0 5.8 0 3.5 −2.8 ± 0.1 1.50
IgG2 −3.2 ± 0.2 −0.4 0 −0.61 −6.0 ± 0.6 −0.48
IgG4 −7.4 ± 0.2 −2.5 0 1.38 −10.4 ± 0.3 −4.60

IgG4Pro −9.6 ± 0.4 −2.5 0 1.38 −10.4 ± 0.3 −4.60

mAb 3

IgG1 −5.3 ± 0.5 6.0 0 3.45 −2.8 ± 0.1 1.50
IgG2 −6.1 ± 0.3 −0.1 0 −0.36 −6.0 ± 0.6 −0.48
IgG4 −6.1 ± 0.2 −2.2 0 1.63 −10.4 ± 0.3 −4.60

IgG4Pro −10.7 ± 0.4 −2.2 0 1.63 −10.4 ± 0.3 −4.60

* The value from each subclass is identical across the mAb set because it was measured on pooled Fc samples from
the three mAb digestions.

While ZDHH and Zcal are correlated in either solvent (Figure 6), the slope is about 1/2–3/4 of what
would be expected if there were a 1:1 correspondence between the expected H+ uptake/release and
ZDHH. These data are consistent with a model in which an anion is bound for every 1.3–2 H+ bound.
Similarly, ZDHH for the intact IgGs correlates with the sum of ZDHH from fragments (Figure 7), albeit
with a slope that is about 1

2 of that expected if the charge on the fragments simply summed. We have
no mechanism or explanation for the data in Figure 7 and present them here in the hope that they will
encourage future work.
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(a) (b)

Figure 6. Linear regression analysis and correlation between experimental ZDHH measured by MCE
and theoretical Z calculated from the IgG sequence. (a) pH 5.0 acetate. (b) pH 7.4 PBS. Dotted lines
indicate the 95% confidence interval.

(a) (b)

Figure 7. Linear regression analysis and correlation between ZDHH measured from intact IgG and the
sum of ZDHH from the fragments. (a) pH 5.0 acetate. (b) pH 7.4 PBS. Dotted lines indicate the 95%
confidence interval.

4. Discussion

Protein charge is a fundamental property that directly influences its structure, stability, solubility,
and ability to interact with other macromolecules [53]. Charge–charge repulsion is important for
overcoming the attractive forces that lead to high viscosities in high-concentration protein solutions [54].
Because protein charge can vary with solvent conditions, it is a system property rather than a property
of the protein. The systematic analysis of twelve mAbs and their F(ab’)2 and Fc fragments provides
several insights into IgG charge and raises several fundamental questions about our understanding of
protein charge.

Charge–charge repulsion contributes to thermodynamic nonideality and, consequently, the
colloidal stability of protein solutions [12]. It is clear from the data in Tables 4 and 5 that charge
calculations based solely on H+ binding lead to highly inaccurate estimates of IgG charge. Thus,
even though there is a correlation between the measured and calculated charge (Figure 6), charge
calculations should not be considered reliable. Given its potential importance to colloidal stability, it is
important to determine the impact of charge on nonideality.
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At low to moderate protein concentrations (<~15 mg/mL), the net sum of all repulsive and
attractive interactions is described by the second virial coefficient, B22 or A2. The diffusion interaction
parameter, kD, is related to and often used as a stand-in for these quantities [55], with more
positive values of kD correlating with more positive values of B22, i.e., greater repulsive interactions.
If charge–charge repulsion contributes significantly to nonideality, there should be a positive correlation
of charge with kD. Figure 8 shows the correlation of ZDHH with the diffusion interaction parameter, kD.
Under formulation conditions (Figure 6, panel a) increasing ZDHH correlates with increased repulsive
interaction (i.e., kD becomes more positive). This suggests that charge measurements may be a useful
parameter for selecting candidate mAbs for development. It should be noted that it is the effective
charge, Zeff, rather than ZDHH, that impacts thermodynamic nonideality [26]. This distinction is
important because Zeff includes the contribution of the solvent ions, with Zeff decreasing (i.e., repulsive
interactions decreasing) as salt concentration is increased [12]. Because salt diminishes charge–charge
interactions, thus reducing colloidal stability, it should be no surprise that most mAbs are manufactured
and formulated in low-salt solvents.

While charge does contribute to nonideality under formulation conditions, there is no correlation
between ZDHH and kD under physiological conditions (Figure 8b). This result means that it is
unfavorable solvent displacement energies that keep mAbs in solution, for all other protein–protein
interactions are attractive [56]. Similarly, it is likely that it is the protein solvation shell that dominates
the solubility of serum IgG.

Figure 8. Linear regression analysis and correlation between ZDHH measured for intact IgG and the
concentration-dependence of the diffusion coefficient, kD. (a) pH 5.0, acetate buffer, (b) pH 7.4 PBS.
Dotted lines indicate the 95% confidence interval.

One surprising result of our work is that freshly prepared human IgG exhibits a rather narrow
ZDHH distribution in physiological solvent (from approximately −10 to −2, Figure 9), even though
isoelectric focusing shows that the same sample has species ranging from pI < 4 to pI > 10 [14].
This exact same ZDHH range may be calculated from electrophoretic mobility measurements
published 80 years ago [27]. It would seem from these results that IgGs exhibit charge homeostasis.
The mechanism for this homeostasis is not clear. None of the mAbs contained anionic carbohydrates
(Table 1), so it is not possible to determine whether the addition of, say, sialic acid would result in a
more anionic IgG under physiological conditions. Given the narrowness of the human IgG charge
distribution under physiological conditions, it seems likely that sialylation contributes specifically to
interactions rather than merely impacting the global charge.
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Figure 9 shows that most, but not all, of the mAbs in this study exhibit ZDHH that fall in the range
for human serum poly IgG. It is not clear whether there are any physiological or medical consequences
associated with a mAb ZDHH that falls outside the normal physiological range. Thus, these results are
presented in the hopes of stimulating further research.

Figure 9. ZDHH distribution for freshly prepared human IgG in DPBS. ZDHH was calculated
for T = 20 ◦C, viscosity = 0.98 cp, electric field = −14.88 V/cm, ionic strength = 0.167 M,
conductivity = 16.6 ms, protein radius = 5.5 nm, counterion radius = 0.18 nm, D = 78. The ZDHH

for the twelve intact IgGs in this study are noted (inverted triangles) along with bars indicating the
measurement uncertainty.

Since both aggregation and high viscosity are reflections of protein–protein interactions, it would
be useful to have a rigorous means of determining whether an IgG (or solvent condition) is good, bad
or indifferent. We suggest that the apparent thermodynamic nonideality (dB22-app/dC or dA2-app/dC)
might fulfill this need. To calculate A2-app, several quantities are required (see Figure 10 legend), but
each of these values are tabulated, easily calculated or readily obtained experimentally. A dimer
dissociation constant of 1 mM was used to mimic the attractive interactions in all cases. This value
of Kd is at the upper range of what has been found experimentally [13,15]. If stronger attractive
interactions are used (e.g., 300 μM rather than 1 mM), the range where interactions are net attractive
is more extensive. A more complete report on determining and using this interaction parameter is
being developed.
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Figure 10. Protein–protein-interaction parameter dA2-app/dC for pH 5 and pH 7.4 data. Note the
concentrations are present in g/mL (cgs units) in order to be consistent with the derivation of
the equations [12], and correspond to a concentration range of 0–20 mg/mL. The parameters
used to generate these curves are: M1 = 150,000 g/mole, hydrated radius 4.39 nm, hydration
0.3 g-H2O/g-protein, axial ratio 5, monomer–dimer Kd 1 × 10−3 M, protein partial specific
volume = 0.73 mL/g, solvent partial specific volume 0.993 mL/g, temperature 20 ◦C, and solvent
density 1.0 g/mL. The salt concentration for pH 5 was set to 60 mMolal, and for pH 7.4 to 150 mMolal.
For either condition, curves for the mAbs having the lowest ZDHH (dashed lines) and highest ZDHH

(solid lines) are shown. For pH 7.4, a curve for human poly IgG (dash-dot) is shown. The horizontal
dotted line at 0 corresponds to ideal conditions, with values less than zero corresponding to net
attraction and greater than 0 to net repulsion.

5. Conclusions

Charge is a fundamental property of antibodies and is important in providing colloidally stable
mAb solutions during their development, manufacture and formulation. At this time, protein charge
cannot be calculated with any accuracy even using the most detailed structural information and
the most sophisticated algorithms. Protein charge, however, is readily measured with accuracy and
precision. In this first systematic and comprehensive examination of the charge on IgGs it is clear
that: (1) IgGs exhibit charge homeostasis in physiological solvent, (2) they appear to bind significant
quantities of anions, (3) anion binding will contribute to the desolvation energy, thus preventing
IgG aggregation, (4) mAb charge measurements may be useful in selecting candidate molecules for
development and (5) mAb charge measurements under physiological conditions may be useful in
determining whether a candidate molecule falls within the normal range for human IgGs.

Author Contributions: Conceptualization, D.Y., T.L., S.S., and R.K.-B.; Methodology, T.L. and D.Y.; Analysis, D.Y.
T.L.; Investigation, D.Y.; Resources, R.K.-B.; Writing—Original Draft Preparation, D.Y. and T.L.; Writing—Review
and Editing, R.K.-B. and S.S.; Supervision, R.K.-B. and T.L.; Project Administration, R.K.-B. and T.L.; Funding
Acquisition, R.K.-B.

Funding: This research was funded by Boehringer-Ingelheim.

Acknowledgments: The authors wish to thank Boehringer-Ingelheim for supporting the doctorate research of
Danlin Yang, a portion of which is published here. Special thanks to her Ph.D. committee members, David Hayes
and Christopher Roberts, who encouraged this work and offered helpful advice. We also are thankful for the
encouragement and interest expressed by the members of the Biomolecular Interactions Technology Center (BITC).
This paper is dedicated to the memory of Eric and Betty Laue.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision
to publish the results. D.Y. and S.S. were employed by Boehringer Ingelheim Pharmaceuticals at the time of
this research, they are now employed by Janssen Biotherapeutics. R.K-B. is employed by Boehringer Ingelheim
Pharmaceuticals. T.L. was employed by the University of New Hampshire at the time of this research and now is
retired from that institution.

59



Antibodies 2019, 8, 24

References

1. Cohn, E.J. Studies in the physical chemistry of the proteins: I. The solubility of certain proteins at their
isoelectric points. J. Gen. Physiol. 1922, 4, 697–722. [CrossRef] [PubMed]

2. Raut, A.S.; Kalonia, D.S. Opalescence in Monoclonal Antibody Solutions and Its Correlation with
Intermolecular Interactions in Dilute and Concentrated Solutions. J. Pharm. Sci. 2015, 104, 1263–1274.
[CrossRef]

3. Shire, S.J.; Shahrokh, Z.; Liu, J. Challenges in the development of high protein concentration formulations.
J. Pharm. Sci. 2004, 93, 1390–1402. [CrossRef] [PubMed]

4. Li, L.; Kumar, S.; Buck, P.M.; Burns, C.; Lavoie, J.; Singh, S.K.; Warne, N.W.; Nichols, P.; Luksha, N.;
Boardman, D. Concentration dependent viscosity of monoclonal antibody solutions: Explaining experimental
behavior in terms of molecular properties. Pharm. Res. 2014, 31, 3161–3178. [CrossRef] [PubMed]

5. Yadav, S.; Laue, T.M.; Kalonia, D.S.; Singh, S.N.; Shire, S.J. The Influence of Charge Distribution on
Self-Association and Viscosity Behavior of Monoclonal Antibody Solutions. Mol. Pharm. 2012, 9, 791–802.
[CrossRef] [PubMed]

6. Chi, E.Y.; Krishnan, S.; Randolph, T.W.; Carpenter, J.F. Physical stability of proteins in aqueous solution:
Mechanism and driving forces in nonnative protein aggregation. Pharm. Res. 2003, 20, 1325–1336. [CrossRef]
[PubMed]

7. Neergaard, M.S.; Kalonia, D.S.; Parshad, H.; Nielsen, A.D.; Møller, E.H.; van de Weert, M. Viscosity of high
concentration protein formulations of monoclonal antibodies of the IgG1 and IgG4 subclass—Prediction of
viscosity through protein–protein interaction measurements. Eur. J. Pharm. Sci. 2013, 49, 400–410. [CrossRef]
[PubMed]

8. Pindrus, M.A.; Shire, S.J.; Yadav, S.; Kalonia, D.S. The Effect of Low Ionic Strength on Diffusion and Viscosity
of Monoclonal Antibodies. Mol. Pharm. 2018, 15, 3133–3142. [CrossRef]

9. Singh, S.N.; Yadav, S.; Shire, S.J.; Kalonia, D.S. Dipole-Dipole Interaction in Antibody Solutions: Correlation
with Viscosity Behavior at High Concentration. Pharm. Res. 2014, 31, 2549–2558. [CrossRef]

10. Olsen, S.N.; Andersen, K.B.; Randolph, T.W.; Carpenter, J.F.; Westh, P. Role of electrostatic repulsion on
colloidal stability of Bacillus halmapalus alpha-amylase. Biochim. Biophys. Acta 2009, 1794, 1058–1065.
[CrossRef]

11. Connolly, B.D.; Petry, C.; Yadav, S.; Demeule, B.; Ciaccio, N.; Moore, J.M.R.; Shire, S.J.; Gokarn, Y.R.
Weak Interactions Govern the Viscosity of Concentrated Antibody Solutions: High-Throughput Analysis
Using the Diffusion Interaction Parameter. Biophys. J. 2012, 103, 69–78. [CrossRef]

12. Tanford, C. Physical Chemistry of Macromolecules, 1st ed.; John Wiley & Sons Inc.: New York, NY, USA, 1961;
ISBN 978-0-471-84447-1.

13. Wright, R.T.; Hayes, D.B.; Stafford, W.F.; Sherwood, P.J.; Correia, J.J. Characterization of therapeutic
antibodies in the presence of human serum proteins by AU-FDS analytical ultracentrifugation. Anal. Biochem.
2018, 550, 72–83. [CrossRef] [PubMed]

14. Yang, D.; Correia, J.J.; Iii, W.F.S.; Roberts, C.J.; Singh, S.; Hayes, D.; Kroe-Barrett, R.; Nixon, A.; Laue, T.M.
Weak IgG self- and hetero-association characterized by fluorescence analytical ultracentrifugation. Protein Sci.
2018, 27, 1334–1348. [CrossRef] [PubMed]

15. Hopkins, M.M.; Lambert, C.L.; Bee, J.S.; Parupudi, A.; Bain, D.L. Determination of Interaction Parameters
for Reversibly Self-Associating Antibodies: A Comparative Analysis. J. Pharm. Sci. 2018, 107, 1820–1830.
[CrossRef] [PubMed]

16. Kelly, R.L.; Yu, Y.; Sun, T.; Caffry, I.; Lynaugh, H.; Brown, M.; Jain, T.; Xu, Y.; Wittrup, K.D. Target-independent
variable region mediated effects on antibody clearance can be FcRn independent. mAbs 2016, 8, 1269–1275.
[CrossRef] [PubMed]

17. Leipold, D.; Prabhu, S. Pharmacokinetic and pharmacodynamic considerations in the design of therapeutic
antibodies. Clin. Transl. Sci. 2018. [CrossRef]

18. Bas, M.; Terrier, A.; Jacque, E.; Dehenne, A.; Pochet-Béghin, V.; Beghin, C.; Dezetter, A.-S.; Dupont, G.;
Engrand, A.; Beaufils, B.; et al. Fc Sialylation Prolongs Serum Half-Life of Therapeutic Antibodies. J. Immunol.
2019, 202, 1582–1594. [CrossRef]

19. Boswell, C.A.; Tesar, D.B.; Mukhyala, K.; Theil, F.-P.; Fielder, P.J.; Khawli, L.A. Effects of charge on antibody
tissue distribution and pharmacokinetics. Bioconjug. Chem. 2010, 21, 2153–2163. [CrossRef]

60



Antibodies 2019, 8, 24

20. Igawa, T.; Tsunoda, H.; Tachibana, T.; Maeda, A.; Mimoto, F.; Moriyama, C.; Nanami, M.; Sekimori, Y.;
Nabuchi, Y.; Aso, Y.; et al. Reduced elimination of IgG antibodies by engineering the variable region.
Protein Eng. Des. Select. 2010, 23, 385–392. [CrossRef]

21. Hintersteiner, B.; Lingg, N.; Janzek, E.; Mutschlechner, O.; Loibner, H.; Jungbauer, A. Microheterogeneity of
therapeutic monoclonal antibodies is governed by changes in the surface charge of the protein. Biotechnol. J.
2016, 11, 1617–1627. [CrossRef]

22. Hintersteiner, B.; Lingg, N.; Zhang, P.; Woen, S.; Hoi, K.M.; Stranner, S.; Wiederkum, S.; Mutschlechner, O.;
Schuster, M.; Loibner, H.; et al. Charge heterogeneity: Basic antibody charge variants with increased binding
to Fc receptors. mAbs 2016, 8, 1548–1560. [CrossRef]

23. Zhang, G.; Massaad, C.A.; Gao, T.; Pillai, L.; Bogdanova, N.; Ghauri, S.; Sheikh, K.A. Sialylated intravenous
immunoglobulin suppress anti-ganglioside antibody mediated nerve injury. Exp. Neurol. 2016, 282, 49–55.
[CrossRef]

24. Lardinois, O.M.; Deterding, L.J.; Hess, J.J.; Poulton, C.J.; Henderson, C.D.; Jennette, J.C.; Nachman, P.H.;
Falk, R.J. Immunoglobulins G from patients with ANCA-associated vasculitis are atypically glycosylated in
both the Fc and Fab regions and the relation to disease activity. PLoS ONE 2019, 14, e0213215. [CrossRef]
[PubMed]

25. Goyon, A.; Excoffier, M.; Janin-Bussat, M.-C.; Bobaly, B.; Fekete, S.; Guillarme, D.; Beck, A. Determination of
isoelectric points and relative charge variants of 23 therapeutic monoclonal antibodies. J. Chromatogr. B 2017,
1065–1066, 119–128. [CrossRef]

26. Filoti, D.I.; Shire, S.J.; Yadav, S.; Laue, T.M. Comparative study of analytical techniques for determining
protein charge. J. Pharm. Sci. 2015, 104, 2123–2131. [CrossRef]

27. Tiselius, A.; Kabat, E.A. An electrophoretic study of immune sera and purified antibody preparations.
J. Exp. Med. 1939, 69, 119–131. [CrossRef]

28. Tiselius, A.; Kabat, E.A. Electrophoresis of Immune Serum. Science 1938, 87, 416–417. [CrossRef]
29. Mathews, C.K.; van Holde, K.E.; Appling, D.R.; Anthony-Cahill, S.J. Biochemistry, 4th ed.; Pearson: Toronto,

ON, Canada, 2012; ISBN 978-0-13-800464-4.
30. Moody, T.P.; Kingsbury, J.S.; Durant, J.A.; Wilson, T.J.; Chase, S.F.; Laue, T.M. Valence and anion binding of

bovine ribonuclease A between pH 6 and 8. Anal. Biochem. 2005, 336, 243–252. [CrossRef]
31. Her, C.; Filoti, D.I.; McLean, M.A.; Sligar, S.G.; Alexander Ross, J.B.; Steele, H.; Laue, T.M. The Charge

Properties of Phospholipid Nanodiscs. Biophys. J. 2016, 111, 989–998. [CrossRef]
32. Ridgeway, T.M.; Hayes, D.B.; Moody, T.P.; Wilson, T.J.; Anderson, A.L.; Levasseur, J.H.; Demaine, P.D.;

Kenty, B.E.; Laue, T.M. An apparatus for membrane-confined analytical electrophoresis. Electrophoresis 1998,
19, 1611–1619. [CrossRef]

33. Laue, T.M.; Shepard, H.K.; Ridgeway, T.M.; Moody, T.P.; Wilson, T.J. Membrane-confined analytical
electrophoresis. Methods Enzymol. 1998, 295, 494–518. [PubMed]

34. Kyne, C.; Jordon, K.; Filoti, D.I.; Laue, T.M.; Crowley, P.B. Protein charge determination and implications for
interactions in cell extracts. Protein Sci. Publ. Protein Soc. 2017, 26, 258–267. [CrossRef] [PubMed]

35. Moody, T.P.; Shepard, H.K. Nonequilibrium thermodynamics of membrane-confined electrophoresis.
Biophys. Chem. 2004, 108, 51–76. [CrossRef]

36. Edsall, J.T.; Wyman, J. Chapter 9—Polybasic Acids, Bases, and Ampholytes, Including Proteins. In Biophysical
Chemistry; Edsall, J.T., Wyman, J., Eds.; Academic Press: Cambridge, MA, USA, 1958; pp. 477–549,
ISBN 978-1-4832-2946-1.

37. Pace, C.N.; Grimsley, G.R.; Scholtz, J.M. Protein ionizable groups: pK values and their contribution to protein
stability and solubility. J. Biol. Chem. 2009, 284, 13285–13289. [CrossRef]

38. Gokarn, Y.R.; Fesinmeyer, R.M.; Saluja, A.; Razinkov, V.; Chase, S.F.; Laue, T.M.; Brems, D.N. Effective charge
measurements reveal selective and preferential accumulation of anions, but not cations, at the protein surface
in dilute salt solutions: Effective Charge Measurements Reveal Direct Anion-Protein Interactions. Protein Sci.
2011, 20, 580–587. [CrossRef] [PubMed]
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Abstract: Activation of the humoral immune system is initiated when antibodies recognize an antigen
and trigger effector functions through the interaction with Fc engaging molecules. The most abundant
immunoglobulin isotype in serum is Immunoglobulin G (IgG), which is involved in many humoral
immune responses, strongly interacting with effector molecules. The IgG subclass, allotype, and
glycosylation pattern, among other factors, determine the interaction strength of the IgG-Fc domain
with these Fc engaging molecules, and thereby the potential strength of their effector potential.
The molecules responsible for the effector phase include the classical IgG-Fc receptors (FcγR), the
neonatal Fc-receptor (FcRn), the Tripartite motif-containing protein 21 (TRIM21), the first component
of the classical complement cascade (C1), and possibly, the Fc-receptor-like receptors (FcRL4/5). Here
we provide an overview of the interactions of IgG with effector molecules and discuss how natural
variation on the antibody and effector molecule side shapes the biological activities of antibodies.
The increasing knowledge on the Fc-mediated effector functions of antibodies drives the development
of better therapeutic antibodies for cancer immunotherapy or treatment of autoimmune diseases.

Keywords: Antibodies; IgG; Fc effector molecules; allotypes; glycosylation

1. Introduction

The human adaptive humoral immune system is dependent on antigen recognition via the B cell
receptor on naïve B cells, which initiates B cell maturation and eventually production of antibodies
by plasmablasts and plasma cells. IgM is the initial antibody class that is made when naïve B cells
are activated and can be found as a membrane-bound B cell receptor (BCR) on naïve B cells together
with IgD. Like all immunoglobulins, the basic secreted unit is a dimer of two identical heavy chains,
each coupled to identical light chains. For IgM, five such units associate together with a Joining
(J) chain forming a pentamer, which is a strong activator of the classical complement pathway [1].
Class switching from the initial IgM isotype allows the humoral immune system to engage with each
antigen in a specific manner, with unique effector mechanisms being imprinted by each class (IgM,
IgG, IgA, IgE, and IgD). Additionally, IgA and IgG are further subdivided in two and four subclasses,
respectively (IgA1-2 and IgG1-4). Although the IgA subclasses seem to have similar if not identical
effector functions, the abundance at different locations (serum/mucosa) is very different. The effector
functions of IgG subclasses are very different and will be a major topic of this review.

During the onset of initial class switching in a given B cell any class switching event is theoretically
possible from IgM to any other isotype. However, further sequential class switching events are
dependent on the order of the Ig heavy chain constant genes on chromosome 14 (IgM, IgD, IgG3, IgG1,
IgA1, IgG2, IgG4, IgE, and IgA2) [2]. This is because of genetic excisions of constant regions, e.g., the
exons encoding for IgM, IgD, and IgG3 constant regions are deleted after a class switch event from
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IgM to IgG1, preventing descendants of the proliferating B cell from generating IgG3. These class
switching events of naïve B cells in the germinal center during clonal expansion are not completely
random, but are regulated through signals received from T-helper cells and antigen presenting cells
(APC). Cytokines produced by T-helper cells and signaling via toll-like receptors (TLR) on B cells
initiate class switching of antigen specific B cells via activation-induced deaminase (AID) activity [3].

All the immunoglobulin isotypes have their own biodistribution, function and are often elicited
upon specific triggers. IgD, for example, may be found in a secreted form, mostly in the tonsils, but
its function remains enigmatic [4,5]. IgE is known to interact with mast cells to trigger the release
of histamine mostly through the high affinity IgE-Fc Receptor I (FcεRI), but it also interacts with
the atypical FcεRII (CD23), a c-type lectin. IgA has differential function depending on whether it is
secretory IgA (SIgA) or serum IgA. SIgA is a dimeric form containing the J-chain (also found in IgM)
that is associated with the extracellular domain of the polymeric Ig-Receptor (pIgR), which cleaves
off after the transcytosis of dimeric IgA by the pIgR on epithelial cell of the mucosa [6]. Only serum
IgA, which is monomeric and not associated with the J-chain, can bind and activate the myeloid
IgA-receptor FcαRI efficiently and trigger a strong cellular response [7–9]. These isotypes—IgA, IgE,
and IgD—generally do not activate complement, and therefore rely on other mechanisms to carry out
their function [5,10,11]. Thus detailed discussion of these isotypes is beyond the scope of this chapter
where we will focus on the biology of IgG subclasses.

2. Immunoglobulin G (IgG)

In the majority of humoral antibody responses, whether it is the protection against viral or cellular
pathogens, IgG-mediated effector functions are involved. This includes humoral responses in allo- or
autoimmune diseases. IgG1 is the most abundant antibody in human sera, followed by IgG2, IgG3,
and IgG4 respectively [12]. Although the IgG subclasses are more than 90% identical on the amino
acid level, each IgG subclass has a unique profile with respect to structure, antigen binding, immune
complex formation, complement activation, triggering of FcγR, half-life, and placental transport [12]
(Figure 1). IgG1, IgG3, and to some extent, IgG4 are generally formed against protein antigens, while
IgG2 is the major subclass formed against repetitive T cell-independent polysaccharide structures
found on encapsulated bacteria [13]. IgG3 is often the first subclass to form, which is followed by
IgG1 responses that later dominate. The development of IgG4 responses is often the outcome of
repeated or prolonged antigen exposure, although class switching from IgM expressing naïve B cells to
IgG4 is possible [14]. The unusually weak CH3–CH3 interactions in the Fc domain of IgG4 and the
redox sensitive disulfide bonds in the hinge of IgG4 facilitate exchange of two half-molecules (each
consisting of one heavy and one light chain from a single IgG4 molecule), which enables the formation
of bispecific IgG4 molecules [14–16]. For IgG2, two isoforms (IgG2 A/B) exist as a result of different
disulfide bonding in the Fab and hinge domain, which determines the rigidity of the Fab domains
when engaging antigen [17]. Functionally, IgG1 and IgG3 are strong inducers of Fc-mediated effector
mechanisms, such as antibody-dependent cellular cytotoxicity (ADCC), complement dependent
cytotoxicity (CDC), and antibody-dependent cellular phagocytosis (ADCP). IgG2 and IgG4, on the
other hand, generally induce more subtle responses, although IgG2 has been shown to be quite capable
of inducing good complement and Fc-receptor-mediated responses against epitopes of high-density
such as polysaccharides [18,19]. This capacity of IgG2 may be related also to the peculiar rigidity of the
hinge, shown to result in super agonistic antibodies and triggering strong signaling when targeting
immune costimulatory receptors such as CD40 [20]. Below, the interaction of different ligands with
human IgG subclasses is discussed as well as the effector functions triggered via these interactions.
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Figure 1. Structural variation of immunoglobulin G subclasses. A structural representation of the
immunoglobulin G (IgG) subclasses and the variation within these subclasses, including allotype
variation, hinge variation, and glycosylation. The variation originating from allotypic polymorphisms
in the immunoglobulin heavy gamma (IGHG) constant domain is indicated by blue stars. Except for the
star representing the variation in hinge length between IgG3 allotypes, each blue star indicates amino
acid variation at one particular residue in the constant domain. Fab glycosylation is indicated and is
present in 5–30% of antibodies in serum, depending on subclass and antigen specificity. The glycoform
of the N297 Fc glycan is highly variable, for which the frequency of each glycan moiety on IgG antibodies
in human serum is indicated.

3. IgG-Fc-Engaging Effector Molecules

The Fc domain of antibodies is the target for many proteins, including receptors on myeloid
cells and thereby serves as a ligand for adaptor molecules (Figure 2). Many biological activities of
antibodies are dependent on the interaction with these effector molecules, comprising Fc gamma
receptors (FcγR) [21], two members of the Fc receptor-Like (FcRL) family (FcRL4 and FcRL5) [22],
complement components (C1q) [23], neonatal Fc receptor (FcRn) [24], and Tripartite motif-containing
protein 21 (TRIM21) [25].
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Figure 2. Interaction of IgG with Fc effector molecules. Schematic representation of IgG- and all
Fc-engaging molecules (Complement component (C1q), Fc gamma receptors (FcγR), the Neonatal Fc
receptor (FcRn), Tripartite motif 21 (Trim21), and Fc receptor-like (FcRL) molecules 4 and 5) through
which antibodies exert their biological activity. For each ligand the binding site on IgG and the
stoichiometry of the interaction with IgG is indicated. The red stars represent the binding site of IgG on
the Fc effector molecules.

3.1. Fc-Receptors

Human myeloid, NK, and some lymphoid cells express Fc gamma receptors (FcγR), which
sense antibody-opsonized particles and exert their specific effector mechanisms upon recognition
and clustering of the Fc receptors [26]. Based on monovalent IgG:FcγR binding studies, FcγR were
classified into high-affinity (FcγRIa) and low-affinity (FcγRIIa, IIb, IIc, IIIa, and IIIb) receptors [27]. This
classification is somewhat of an oversimplification, as, for example, the affinity of IgG1 to FcγRIIIa can
approach that of FcγRI depending of fucosylation in the IgG1-Fc (see below). These affinities also are
not always indicative of their differential functionalities as it is the cross-linking of these Fc-receptors,
brought about by engagement with immune complexes or opsonized pathogens with multiple IgG
molecules, which enables the initiation of signaling. [28,29].

Most FcγR associate with an intracellular immunoreceptor tyrosine-based activation motif (ITAM),
which is either directly found in the cytoplasmic domain (FcγRIIa and FcγRIIc-ORF) or through the
associated FcRγ-chain (FcγRIa and FcγRIIIa). The exceptions are FcγRIIIb, which is GPI-linked, and
FcγRIIb, which has an immunoreceptor tyrosine-based inhibition motif (ITIM). The latter is therefore
the only receptor with inhibitory activity, and the only Fc receptor expressed on B cells [30]. The ratio of
activating and inhibitory (A:I) FcγR expression on immune cells is thought to determine the antibody
threshold necessary to activate the effector cell and induce ADCC or ADCP [31]. The FcγR expression
pattern is highly variable between different immune cells. NK cells, for example, only express the low
affinity FcγRIIIa receptor, while macrophages and monocytes express multiple receptors (FcγRIa, IIa,
IIb, and IIIa) [26]. Depending on the Fc receptor a range of different effector functions can be triggered
via the interaction with IgG, for example, binding of FcγRIIIa to IgG opsonized viruses or infected
cells facilitates cross-linking of FcγRIIIa, which initiates ADCC of the target cell.

Fc gamma receptors bind the Fc domain of IgG in a 1:1 stoichiometry via interactions with the
lower hinge (residues 234–238), the CH2 domain (residues 265, 297, 298, 299, and 329), and the N297 Fc
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glycan [32]. All FcγRs bind to IgG via their second extracellular domain, which shows great structural
homology between the Fc receptors (root mean square deviation of atomic positions <1.0 Å). While all
low-affinity receptors have two extracellular domains, the high-affinity receptor FcγRIa consists of
three domains. The interaction of antibodies with various FcγRs is influenced by the IgG subclass.
IgG1 and IgG3 bind efficiently to all Fc gamma receptors, contributing to their overall strong effector
function profile [28]. The affinity of IgG4 for FcγRIa is two-fold lower compared to IgG1 and IgG3
(KA 3.4 × 107 M−1) [28]. IgG4 binds very weakly to the other FcγRs, which only leads to activation in
situations where multivalency/avidity are involved [28]. IgG2 lacks a leucine at position 235 in the low
hinge of Fc that is critical for binding to the high affinity receptor FcγRIa. This may therefore be an
important reason why IgG2 does not bind FcγRIa [32]. Binding of IgG2 to FcγRIIa and FcγRIIIa is of
low affinity (KA of 10e6 and 10e5 M−1, respectively), which is functionally relevant in the recognition
of IgG2 immune complexes particularly through FcγRIIa [28,33]. Of note, IgG2, which is almost
exclusively found as fucosylated species in humans, does show elevated binding to FcγRIIIa when
afucosylated [33]. However, despite measurable binding to FcγRIIIa, afucosylated IgG2 only showed
a slight albeit not significant increase in ADCC by NK cells (<5% killing) using IgG2-anti-Rhesus D
opsonized RBC [33].

FcγR are highly polymorphic, thus their exact composition differs from person to person, and
the ethnic makeup is also variable [21]. Not all FcγR-allotypic variation seems to have functional
consequences, but a few polymorphisms are particularly noteworthy. Polymorphic variants of
FcγRIIa (131H/R) and FcγRIIIa (158F/V) have different binding affinities to IgG. Thus, in contrast to
monomeric IgG1 and IgG3, IgG2 has a particularly strong preference for FcγRIIa-131H compared
to the FcγRIIa-131R variant [28,33]. The polymorphic variant FcγRIIIa 158V binds IgG1 and IgG3
with a 5-fold stronger affinity compared to FcγRIIIa 158F [33]. One allotypic variation results in
the lack of expression of the FCGR2C gene, which is a pseudogene in most individuals and most
ethnic groups [34]. However, in ~7–15% of individuals of European origin, FcγRIIc (FCGR2C-ORF) is
expressed on some immune cells, including NK cells and perhaps B cells [35–37]. FcγRIIc expression
depends on the presence of a single nucleotide polymorphism in exon 3 of FCGR2C, which normally
encodes a stop codon (FCGR2C-Stop) [38]. Curiously, in some individuals with a FCGRIIC-STOP
allele, FcγRIIb expression has been found on NK cells, which is normally absent for this cell type.
Although the reason is unknown, this phenotype is accompanied by a genetic deletion of the FCGR2C
and FCGR3B genes adjacent to FCGR2B on one chromosome, perhaps because this results in a net
replacement of the FCGR2B promotor with the promotor of FCGR2C [36].

In line with the differences in interaction with the IgG subclasses, FcγR polymorphisms were
found to correlate with IgG-dependent diseases, such as in allo- and autoimmunity [39–41], and with
outcome of treatment in therapeutic antibody regimens that trigger FcγR for its therapeutic effect [21].
RA patients receiving rituximab treatment targeting CD20 on B cells generally respond better when
bearing the higher-affinity FcγRIIIa 158V variant [42,43]. This advantage of expressing polymorphic
variant FcγRIIIa 158V was less conclusive in other patient groups receiving rituximab, for example
patients with non-Hodgkin’s lymphoma [44,45]. In addition to single nucleotide polymorphisms in
the FCGR-gene locus that alter interaction with the IgG Fc domain, copy number variation (CNV) also
influences FcγR expression in a gene dosage fashion [36,46,47].

3.2. DC-SIGN and CD23

In addition to the type I Fc receptors that we discussed above, a second class of Fc receptors
(type II) has been described to bind to the CH2:CH3 interface of sialylated IgG Fc [48,49]. These are
the C-type lectin homologs DC-SIGN and CD23, of which the latter is the low-affinity receptor for
IgE, which has been proposed to embody another group of Fc engaging molecules. The sialylated Fc
fraction of IVIG was proposed to be responsible for the anti-inflammatory mechanism of IVIG, through
binding of these type II Fc receptors. Structural studies of sialylated Fc revealed that the overall
conformation is comparable to nonsialylated Fc, implying that the CH2:CH3 interface is not altered
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when the Fc-glycan is sialylated [50]. In fact, we and others found no detectable binding of human
DC-SIGN and CD23 to human IgG Fc by FACS or SPR [51,52]. There is thus discrepancy between
those reporting a biological effect of IgG through these receptors [48,49,53,54] and those finding no
effect [50–52,55]. However, the overall consensus seems now to indicate that DC-SIGN and CD23 are
not bona fide receptors for human IgG.

3.3. FcRn

The neonatal Fc receptor (FcRn) belongs to the family of MHC-related proteins and enables
transcytosis of IgG over the maternal placenta. In addition, it mediates the long half-life of IgG.
FcRn is rather ubiquitously expressed, including endothelial cells aligning our vessel walls, with a
particularly high expression on myeloid cells [56]. Binding of IgG by FcRn occurs exclusively at low pH
in endosomes (pH < 6.5) after IgG is engulfed into endosomes via pinocytosis. Thereafter, FcRn shuttles
IgG back to the cell membrane, where IgG dissociates from FcRn after fusion with the surface at a pH
of 7.4 in the extracellular fluid. This pH-dependent interaction results from the binding of FcRn with
two histidines at the CH2:CH3 interface (H310 and H435), which become protonated at low pH (pKa
around 7.4) [57,58]. This property of the IgG–FcRn interaction is critical to allow for pH-dependent
FcRn-mediated shuttling of IgG. This increases the half-life of IgG1, IgG2, and IgG4 to ~21 days.
Most IgG3 allotypes lack the histidine at position 435, and instead have an arginine (pKa ~12.5) at this
position, which is always positively charged, independent of the physiological pH found in endosomes
or extracellular medium. As a consequence, it is recycled to a much lesser extent than the other
subclasses, and therefore has a much shorter half-life of ~7 days [59] and has less transport across the
placenta [60,61]. However, some IgG3 allotypes express the histidine at position 435 (homologous to
the other subclasses) and therefore have an increased half-life and transcytosis [59–61]. Interestingly,
charge variations in the Fab domains of IgG have recently also been found to affect the half-life of IgG,
suggesting that domains outside the binding site affect pinocytosis levels and/or in vivo FcRn binding
kinetics [62,63]. In the proposed model, this effect may be due to the positively charged Fab domains
affecting the interaction with the negatively charged cell membranes through the primary interaction
site in the IgG-Fc.

3.4. TRIM21

Tripartite motif 21 (TRIM21) is an intracellular cytosolic IgG receptor which recognizes the
CH2:CH3 interface, a binding site partly overlapping with that of FcRn. TRIM21 is a dimeric molecule,
containing two PRYSPRY binding domains, which bind both CH2:CH3 elbow domains in a pincer-like
interaction [25]. One PRYSPRY domain binds IgG with a reported affinity of 130nM [64,65]. However,
the affinity of TRIM21 for IgG increases ~250-fold when dimeric TRIM21 binds both IgG heavy chain
CH2:CH3 domains simultaneously (reported affinity being 0.6nM) [66]. A histidine at position 433
in the Fc domain of IgG is critical for binding of TRIM21 to the IgG Fc domain [67]. Entry of an
IgG-opsonized non-enveloped virus or intracellular bacteria is recognized by TRIM21 and binding of
TRIM21 triggers polyubiquitinylation of the opsonized particles and proteasomal degradation, as well
as transcriptional activation of several immune regulator genes through the NF-κB, AP-1, and several
IRF genes [25,67,68]. This process is described as antibody-dependent intracellular neutralization
(ADIN), and extends the effector functions of antibodies to the intracellular compartment of cells.
Whether strong immune signaling is initiated via activation of transcription factors, depends on the
affinity of the antibody for the antigen/pathogen [67]. Viral particles opsonized with high affinity
antibodies trigger transcriptional activation of immune regulators and production of cytokines [67].
So far, the evidence seem to suggest that early immune responses against cytosolic pathogens, probably
non-enveloped viruses in particular, can be counteracted by the early immune response as TRIM21
also recognizes IgM and IgA [25]. Recognition of cytosolic immunoglobulins by TRIM21 may also
function as a back-up mechanism in secondary infection for regular extracellular antibody mediated
effector mechanisms when normal cellular compartmentalization has been compromised.
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3.5. FcRL

Fc receptor-like (FcRL) molecules are part of the immunoglobulin superfamily (IgSF). In the
human context, six transmembrane receptors—FcRL1–6—are described, consisting of three to nine
extracellular Ig-like domains and several ITIM and/or ITAM signaling molecules intracellularly. These
receptors are expressed on B cells, and the expression pattern of FcRLs varies during the different
stages of B cell development [69]. In addition, FcRL3 and FcRL6 are also expressed on certain NK
and T cell subsets [70–72]. The ligands of FcRL molecules and the processes in which signaling via
FcRL is involved are not completely understood. However, FcRL4 (four extracellular immunoglobulin
domains) and FcRL5 (eight extracellular immunoglobulins) were found to bind immunoglobulins
with low affinity. FcRL4 specifically binds IgA, IgG3, and IgG4, while FcRL5 is able to bind all IgG
subclasses [73,74]. The exact binding epitope of FcRL5 on IgG was not determined. However a complex
binding interaction was proposed, in which both the Fc and Fab domains of IgG are involved in the
interaction with FcRL5 [74]. Each receptor express several classical and atypical ITIM-motifs, as well
as a potential ITAM-motif [75]. Both receptors are found on B cells suggesting a role in regulation of
humoral immune responses [76]. One recent study suggested that FcRL5 can induce either inhibiting
or activating signals to B cell receptor signaling pathways, depending on coligation with complement
receptor 2 (CD21) [77]. This seems to suggest that complement C3 deposition may convert an inherent
inhibitory signal to an activating signal and positively stimulate the humoral immune response.
However, the exact mechanism and significance for human immune responses has not been elucidated.

3.6. Complement (C1q)

Binding of C1q to monomeric IgG requires clustering of IgG to establish a multivalent interaction
platform. This platform resembles that of an IgM molecule, which consists mostly of a pentameric
structure, but can also form a hexameric structure, in the absence of a Joining (J) chain, and binds C1q
in a 1:1 stoichiometry when bound to antigen [1,78]. Recently, it has been determined that IgG bound
to a membrane structure is able to assume a hexameric configuration in complex with C1 thereby
initiating complement activation. The structural characterization of an IgG1 hexamer in complex
with C1q unraveled some important features of this interaction [79]. Two major interaction sites
determine binding of the globular head domain of C1q to IgG Fc. The BC loop (residues 266–272)
and DE loop (294–300) of one CH2 domain are part of the first site and the FG loop (325–331) of
the other CH2 domain is the second site [79]. Hexamer formation does not take place in solution
to a measurable degree because the interactions between the individual IgG Fc tails are very weak.
However, upon binding a cellular surface, multiple antibodies are confined into a limited space,
favoring Fc–Fc interactions between these IgG molecules, which is expected to be even more favorable
in the presence of C1q. IgG hexamer formation is impaired when C-terminal lysines on IgG enforce
charge repulsion between IgG molecules. The C-terminal clipping of these lysines residues by plasma
carboxypeptidase is necessary to facilitate efficient hexamer formation and complement activation
by IgG [80]. IgG is produced in a proform and C1q binding is also modulated by the glycoform of
the N297 Fc glycan, with increasing galactosylation stimulating better C1q binding and downstream
activation (C3, C4 deposition, and CDC) [81–83]. Multivalent binding of IgG Fc condenses the C1q
arms, which drives the rearrangements of the C1r2s2 proteases allowing catalytic activity of these
complement components [79]. In this particular structure an IgG1 hexamer was studied, although a
structurally similar principle should apply to IgG3 despite its significantly longer hinge. Binding and
activation of C1q is in general believed to be more efficient with IgG3 compared to IgG1, although in
certain cases CDC with IgG1 sometimes seems to outperform IgG3 [84–86]. The molecular reasons for
this remain unresolved.
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4. IgG Allotypes

Similar to FcγR, allotypic variations also exist for antibody heavy chains, especially for IgG. These
polymorphisms form another layer of variation that may influence functional and structural features
on top of what we know for the IgG subclasses [12]. Multiple studies found IgG polymorphisms to
be associated with susceptibility to infectious diseases and autoimmune diseases, suggesting that
IgG allotypes affect the humoral antibody response [87–92]. However, the structural or functional
characteristics of IgG allotypes underlying these associations have not yet been elucidated.

The IgG allotypic background of an individual correlates with the individual IgG—subclass
plasma levels [93,94]. A possible explanation may be the result of the formation of noncoding
transcripts or RNA transcripts with unfavorable codon composition that impedes transcription and/or
translation. In addition, IgG polymorphisms may also be associated with altered class switching
efficiency, through variations within the noncoding switch regions, which would subsequently affect
serum concentrations [93,95,96]. In a recent study, Shattock and colleagues showed that IgG1 allotypic
variants were associated with the subclass distribution (IgG1/IgG2) of an HIV-specific antibody
response, illustrating the association of IgG polymorphisms with the tendency for particular IgG
subclass switching [97].

In addition to the association of IgG allotypes with antibody expression and IgG class switching
in B cells, the Fc-mediated effector functions may be different between IgG allotypes. Previous studies
already identified IgG3 allotypes with less stable CH3–CH3 interactions and an IgG4 allotype lacking
the capacity to exchange half-molecules [16,59,98,99]. Furthermore, a particular IgG3 isoallotype (IMGT:
IGHG3-17, -18, and -19) expressing a histidine at position 435 in the CH3 domain was found to improve
pH-dependent binding to the neonatal Fc receptor (FcRn) and therefore showed an half-life that
resembled that of IgG1 antibodies [59]. Also, infants of mothers carrying this IgG3 polymorphic variant
were found to have an increased protection against malaria, since the malaria specific IgG3 antibodies
crossed the placental membrane more efficiently as a result of increased binding to FcRn [60,61].

Future studies will shed light on the effector functions of the various IgG allotypes and the potential
implications in susceptibility to infectious diseases or translation to antibody-based therapeutics.
Interestingly, reactivity of monoclonal or polyclonal anti-IgG antibodies with all IgG allotypes indicated
that some monoclonal antibodies, either subclass- or isotype-specific do not recognize all allotypic
variants, a phenomenon described as ‘serological blind spots’ [100,101]. In addition, subclass-specific
polyclonal anti-IgG were found to react with isoallotypic variants of another subclass, which could
lead to misinterpretation of IgG subclass responses and can be of great importance, not only for
scientific interpretations of immune responses, but also for critical diagnostic conclusion that leads to
life-and-death decisions for patients [100].

5. IgG Glycosylation

Both heavy chains of the IgG express an N297-linked glycan in the CH2-domain in the Fc regions,
which have a role in stability of the Fc domain and in the interaction with FcγR and possibly C1q [102].
During antibody production in the plasmablasts, the presence and activity of glycan-processing
enzymes determines the composition of Fc-glycans, which results in a heterogeneous glycosylation
pattern on antibodies.

Fucosylated complex glycans, with low-to-intermediate levels of galactosylation and low
sialylation are most commonly found in serum IgG-Fc. Although not commonly found in plasma,
afucosylated glycan-species of the N297 glycan (found in ~6% of plasma IgG) were previously found
to increase the binding strength of IgG-Fc to FcγRIIIa [81,103,104]. This leads also to enhanced ADCC
and has already been exploited in some therapeutic antibodies to improve their effector functions [105].
The molecular reason for the enhanced binding to the FcγRIII-family of receptors has been enigmatic
and has still not fully been uncovered, although it is known to depend on a glycan found at position
162 only in human FcγRIII (a and b) (and conserved in other species, e.g., mice have FγRIV also
with N162) [106]. Recent work based on structural modeling provided evidence that the number of
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conformations sampled by the N162-glycan is reduced by the presence of the fucose in the IgG Fc
glycan [107,108]. This work suggests that the fucose moiety on the Fc glycan may be affecting the
N162-glycan mobility which partially inhibits FcγRIIIa/b to engage in binding. Thus, without the
fucose, the IgG-glycan can more effectively make room for effective FcγRIIIa/b binding. These notions
are also supported by the fact that removing the N162 glycan of FcγRIIIa also increases the affinity to
IgG which is no longer affected by the fucosylation status of the IgG [106–109].

In recent years glycoengineering has been utilized to develop next generation afucosylated
therapeutic antibodies with enhanced ADCC activity. For example, an afucosylated anti-CD20
antibody has been approved to treat patients with B cell lymphomas [105]. In addition to fucosylation,
galactosylation and sialylation of the N297 glycan were also described to modulate IgG effector
functions [33,81–83,110]. Whereas galactosylation of IgG seems to increase complement activation,
sialylation has both been reported to decrease CDC activity of rituximab-IgG anti-CD20, but in other
cases to increase RBC lysis of anti-D IgG1 [81,83]. As the architecture of the immune complex formed
by the anti-CD20 and anti-D may differ, this may offer an explanation for the differential outcome [111].
Both studies were carried out using normal human serum as complement source (albeit at different
concentrations 5% and 10%). This may also offer a potential explanation as difference in serum
composition (e.g., endogenous IgG glycosylation status and immune complex formation) may affect
C1q binding to the intended target as we recently suggested [112].

Increased complement activation by IgG Fc galactosylation may also seem at odds with findings
in several autoimmune diseases, where a low degree of galactosylation of total IgG-antibodies was
found to be associated with disease progression [112]. Recently, we put forward a model that may
explain how this is possible, taking into account the relative difference between the glycosylation of
the pathogenic antibodies (in most cases not determined) and total IgG that may affect the threshold of
immune activation [112]. This is because the bulk of aspecific IgG will always account for significant
occupation of both FcγR but also partly C1q.

In addition to the conserved N-linked glycan in the Fc-domain [113], potential N-glycosylation
sites are also present in the variable domain of antibodies. These Fab glycans have been described to
modulate antibody stability, but also antigen binding directly [114,115]. As such, we recently postulated
these sites to be a fundamental enhancement to the generation of antibody diversification—on top of
VDJ recombination and somatic hypermutation leading to amino acid changes [114]. Fab glycosylation
was found to be isotype and subclass-specific and associated with several autoimmune diseases
including rheumatoid arthritis (RA) and primary Sjögren’s syndrome [116–118]. Anticitrullinated
protein antibodies (ACPA) are formed in the majority of RA patients and ACPA positive patients
have an increased risk for rapid disease progression [119]. ACPA more frequently harbor Fab glycans
compared to total serum IgG, suggesting that B cells producing auto-antibodies with Fab glycans are
positively selected during affinity maturation [120]. In addition, the dominant Ig-producing cells in
parotid glands of Primary Sjögren’s syndrome were found to frequently express Fab glycans in the
variable domain of the heavy chain [121]. In addition, it is possible that the existence of Fab-glycans
may also affect regulation and affect the threshold for B cell activation through co-cross-linking of
lectins in either cis or trans [122]. All in all, it is clear that both B cell biology, the humoral repertoire
composition and the effector phase of antibodies is regulated through both Fab- and Fc-glycosylation.

6. Antibody Fc engineering

In recent years impressive progress has been made in the application of antibody-based therapeutics
in various fields including B cell lymphomas, solid tumors and in autoimmune diseases. A popular
strategy has been the generation of afucosylated antibody therapeutics to improve effector function of
therapeutic antibodies for tumor immunotherapy. Both glycoengineering and protein engineering
have rendered IgG Fc domains with enhanced binding to activating Fc receptors and reduced binding
to inhibitory receptor FcγRIIb [81,123–126].
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When the primary mode of action of a therapeutic antibody is to block the activity of a molecule,
such as a proinflammatory cytokine, antibodies lacking Fc-mediated effector functions, ‘Fc dead’, may
be desired to prevent activation and inflammation during treatment [126]. This can sometimes partly be
achieved by generating antibodies with an IgG4 Fc domain, IgG2 Fc domain, combination of both or an
N297-glycan deficient Fc domain. Even better is to engineer IgG-Fc variants that have no FcγR or C1q
binding activity at all [127–129]. It should be cautioned that engineered antibodies may also express
additional modes of action, e.g. afucosylated anti-TNF antibodies might have enhanced therapeutic
potential in inflammatory bowel diseases. Although the exact mechanism is not known, it seems
to require stimulation of wound healing macrophages through either TNF-anti-TNF- or membrane
bound TNF-anti-TNF-complexes interacting with FcγRIIIa on CD206+macrophages [130].

Another strategy to improve the efficacy of therapeutic antibodies is based on enhancing the
half-life of antibodies by increasing the affinity for FcRn at low pH. Structure-based design of Fc
fragments with improved affinity for FcRn at low pH was found to increase the half-life of therapeutic
antibodies in vivo [131–133]. To stimulate the clearance of harmful auto-antibodies, FcRn blocking
antibodies or Fc-fragments have been developed. Most of these antibodies bind with increased affinity
to FcRn and in an pH independent fashion, thereby blocking the receptor for recycling of serum
IgG [134–136]. Alternatively anti-FcRn antibodies are designed to bind to FcRn at the interaction site
with IgG, blocking IgG recycling [137,138].

In addition to the structural details that determine the interaction of IgG with Fc engaging effector
molecules, the context in which these interactions occur are similarly important and very relevant
for the implication of antibody-based therapeutics. For example antigen density and mobility on the
cell surface of target cells determine whether the bound antibodies can sufficiently trigger Fc gamma
receptor cross-linking, which is a prerequisite for ADCC and ADCP. Furthermore the distance of the
antigen from the cellular surface was found to be important in the initiation of effector mechanism
by antibodies [139,140]. Antigen positioned close to the membrane allows for a stronger interaction
between effector cell and target cell, which drives a more efficient ADCC or ADCP [139].

Beyond tweaking the interaction between IgG and Fc engaging molecules, Fc engineering has
also been extended to the generation of bispecific antibodies. This has been realized by swapping
one half (e.g., one pair of a heavy and a light chain) of a specific IgG antibody with another half of
an IgG molecule with a different specificity. This allows the resulting molecule to bind two different
antigens simultaneously and gives bispecific antibodies several advantages. This has for example
enabled the application for antibody therapeutics including dual epitope targeting and recruitment of
T cells to targeted malignant cells. Two examples of strategies to produce bispecific antibodies are
controlled Fab arm exchange (cFAE) and the knob-into-hole (KIH) design [141–143]. The latter strategy
is based on the coexpression of two antibodies, one with a knob (bulky amino acid) and one with a
hole in the CH3:CH3 interface. Coexpression of the knob and hole heavy chains with a common light
chain followed by protA affinity chromatography leads to 95% heterodimerization efficiency [141,142].
The other strategy (cFAE) is also known as the DuoBody platform [143]. For each application of
a bispecific antibody, whether that is cancer immunotherapy or neutralizing infectious agents, the
desired features are different. This is why many different bispecific antibodies are developed based on
full IgG (bsIgG) or single chain/variable domain only (scFv) [144,145].

In conclusion, antibodies come in all shapes and sizes and interact with a variety of ligands to
mediate effector functions. For potential protection or therapeutic applications, the appropriate format
that fits the target is likely to be of utmost importance. This is further complicated by the presence of
regulatory inhibitory molecules/receptor–ligand pairs found in the immunological synapse regulating
myeloid and NK cell activities [146]. For prophylactic immunotherapies with antibodies, there other
factors that are important to consider. This may be especially in the tumor microenvironment where
checkpoint receptor–ligand receptor pairs, which can be anti-inflammatory, must be overcome before
therapeutic antibodies can be of beneficial value. This can be achieved by applying more potent
engineered antibodies and/or by applying a combination of antibodies targeting both tumors and
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checkpoint inhibitors. This will affect both myeloid and lymphoid regulatory cells and secretion
profiles stimulating or inhibiting cytokines [147,148]. The variety in antibodies in terms of isotype,
allotype, subclass, glycosylation profile, and specificity, together with the number of Fc engaging
molecules expressed on immune cells through which effector functions are exerted, illustrate the
complexity and plasticity of the antibody response. Elucidating the interactions of antibodies with Fc
engaging molecules is of crucial importance in the development of antibody therapeutics.
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Abstract: Since the licensing of the first monoclonal antibody therapy in 1986, monoclonal antibodies
have become the largest class of biopharmaceuticals with over 80 antibodies currently approved for
a variety of disease indications. The development of smaller, antigen binding antibody fragments,
derived from conventional antibodies or produced recombinantly, has been growing at a fast pace.
Antibody fragments can be used on their own or linked to other molecules to generate numerous
possibilities for bispecific, multi-specific, multimeric, or multifunctional molecules, and to achieve
a variety of biological effects. They offer several advantages over full-length monoclonal antibodies,
particularly a lower cost of goods, and because of their small size they can penetrate tissues, access
challenging epitopes, and have potentially reduced immunogenicity. In this review, we will discuss
the structure, production, and mechanism of action of EMA/FDA-approved fragments and of
those in clinical and pre-clinical development. We will also discuss current topics of interest
surrounding the potential use of antibody fragments for intracellular targeting and blood–brain
barrier (BBB) penetration.

Keywords: ADC; antibody fragments; BiTE®; diabodies; domain antibodies; fab; ImmTAC®;
Nanobody®; scFv; TandAb; V-NAR

1. Introduction

Since the licensing of the first monoclonal antibody (mAb) therapy, OrthocloneTM (OKT3), in 1986,
the specificity, flexibility, and diversity of antibodies and antibody derivatives has led to their becoming
the largest class of biopharmaceuticals [1]. Monoclonal antibodies have a history of safe use, a strong
scientific basis, and a high degree of technical feasibility. As of October 2018, over 80 antibodies
were marketed or approved by the EMA/FDA for multiple disease indications including cancer,
inflammation/autoimmunity, transplantation, infectious and cardiovascular diseases, haematology,
allergy, and ophthalmology. Over 500 more, including 2nd generation products and novel antibody
formats, are currently in clinical trials around the world [1–3].

The modular nature of antibodies, both structurally and functionally, allows for the generation of
smaller antigen binding fragments, such as fragment antigen binding (Fab), the single chain fragment
variable (scFv), single-domain antibodies, and the fragment crystallizable (Fc) domain, through
molecular cloning, antibody engineering, and even enzymatic methods. Antibody fragments can then
be used on their own or linked to other molecules or fragments to generate bispecific, multi-specific,
multimeric, or multifunctional molecules to achieve a variety of biological effects [4].

Antibody fragments can offer several advantages over the use of conventional antibodies.
For example, they can be produced easily, generally using microbial expression systems, which
results in faster cultivation, higher yields, and lower production costs [5]. Their small size allows
access to challenging, cryptic epitopes, and tumour penetration, they have reduced immunogenicity,
and the lack of Fc limits bystander activation of the immune system [6]. On the other hand, their smaller
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size results in faster renal excretion, which may require higher doses and/or more frequent dosing
regimens in vivo unless mitigated by the addition of half-life extension moieties such as polyethylene
glycol or albumin binding fragments.

In this review, we describe the history, structure, formats, mechanisms of action, and production
of some of the most common antibody fragments. We also discuss some of the formats currently being
tested in clinical and non-clinical settings, as well as briefly touching on future applications of this
expanding class of biopharmaceuticals.

2. Antibody Fragment Formats

2.1. Fragment Variable (Fv)-Based Formats

2.1.1. Single Chain Fragment Variable (scFv)

The single chain fragment variable (scFv) was first described in 1988 by Bird et al. [7] and
comprises the variable regions of the light chain (VL) and heavy chain (VH) of an antibody linked
by a flexible peptide, which is most commonly glycine- and serine-rich with dispersed hydrophilic
residues (Figure 1), to produce a single chain protein with an affinity for its antigen comparable to that
of the parental mAb. The sequence and length of the ideal linker may differ between scFvs in order to
optimise affinity for the antigen and thermostability. It is believed that the linker must span a ~3.5 nm
distance between the VL and VH without disrupting the formation of the antigen binding site [8].

Figure 1. The single chain fragment variable format. The C-terminus of the light chain (VL) is linked
the N-terminus of the heavy chain (VH) by a flexible glycine- and serine- rich linker.

The scFv has several advantages over a conventional mAb. Firstly, their small size of
approximately 27 kDa makes them ideal for large-scale production in microbial systems [9].
Additionally, as the VL and VH coding sequences are genetically linked in a single transcript, there
is no need to balance the expression of the light chain (LC) and heavy chain (HC). This allows
fragments to be produced more quickly, in higher yields, and at lower costs than full-sized mAbs,
which generally require mammalian expression systems [10]. Their small size also facilitates tissue
penetration and access to cryptic epitopes, making them especially useful for tumour penetration in
cancer immunotherapy [11,12]. The lack of an Fc region removes the risk of bystander immune cell
activation and antibody effector functions such as antibody-dependent cellular cytotoxicity (ADCC),
antibody-dependent cellular phagocytosis (ADCP), or complement-dependent cytotoxicity (CDC),
allowing the molecule to bind its target without activation of the host’s immune system [6]. This may
be advantageous or disadvantageous depending on the context.

The lack of an Fc domain also brings about several disadvantages, mainly low thermostability
compared to the parental mAb, a greater propensity for aggregation, therefore increasing the risk of
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immunogenicity, and a shorter half-life due to a lack of FcRn-mediated recycling. This can lead to the
need for higher and more frequent dosing [4,13,14]. Fusion of the scFv to albumin or polyethylene
glycol (PEG) can be used to improve half-life. However, such fusions can offset the advantages
that an scFv holds over a mAb due to cost and the increase in size [15,16]. Examples of scFvs in
clinical development include gancotamab (Merrimack Pharma), pexelizumab (Alexion), and Novartis’s
brolucizumab [17].

2.1.2. Tandem scFvs

Tandem scFvs such as Micromet AG’s solitomab [17] are an adaptation of the scFv format.
When two different scFvs are linked, the tandem scFv is arguably the simplest bispecific antibody
platform [18]. A tandem scFv links two or more scFvs through helical peptide linkers in the
orientation NH2–VL1–VH1–(linker–VL2–VH2)n–COOH, resulting in a single chain bivalent and
bi-specific molecule encoded by a single gene [19] (Figure 2). These can be used to target one antigen
with increased avidity, to target two distinct antigens simultaneously, or even to target albumin, thus
increasing half-life [20].

Figure 2. The tandem scFv platform. (A) A monospecific bivalent tandem scFv composed of two
identical scFvs joined by a helical linker. (B) A bispecific bivalent scFv composed of two different scFvs
joined by a helical linker.

2.1.3. Diabodies, DART®s, and TandAbs

Diabodies are bivalent dimers formed from two chains, each containing a VH and a VL domain.
The two domains within a chain are separated by a pentameric glycine-rich linker (G4S) that is too short
to facilitate intrachain dimerization leading to two chains dimerising in a head-to-tail arrangement.
By using two different chains with the same orientation, the first containing the VH of Antibody 1 and
the VL of Antibody 2, and the second containing the VH of Antibody 2 and the VL of Antibody 1,
bispecific bivalent dimers are produced [21] (Figure 3). A study comparing different formats of
bispecific diabodies showed that not all possible diabody formats retain binding to both antigens,
highlighting the importance of domain arrangement and orientation [22].

Over time, additional modifications have been made to the diabody format to further improve
stability. Dual affinity re-targeting proteins (DART®s) (Figure 3) developed by MacroGenics, contain
an interdomain disulphide bond for increased stability that results in a structure that is rigid and
compact [23]. MacroGenics currently have four DART®s in phase I clinical trials for oncology,
autoimmune disease, and HIV infection [24].
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Tri- and tetra-valent molecules with a structure similar to that of a diabody can be produced by
linking three or four variable domains together in a single chain. Affimed specialise in the development
of TandAbs, tetravalent bispecific molecules composed of two diabodies fused in a linear fashion
(Figure 3), through their proprietary ROCK® platform. There are currently five ongoing clinical
trials involving a selection of T-cell and natural killer (NK) cell engagers for the treatment Hodgkin’s
lymphoma and acute lymphocytic leukaemia (ALL) [25].

Figure 3. The structures of diabody, DART®, and TandAb fragments. (A) A bispecific diabody
composed of two different chains, each containing a VL and VH from different antibodies, in a
head-to-tail arrangement. (B) A bispecific dual affinity re-targeting (DART®) protein containing
two distinct polypeptide chains held together by non-covalent interactions and a disulphide bond.
(C) A TandAb composed of two diabodies linked in a linear arrangement to produce a tetravalent
bispecific molecule.

A major advantage of diabodies and tandem scFvs is their bivalency and ability to bring two
targets into proximity. Furthermore, diabodies and tandem scFvs are bispecific-compatible formats,
which has made them promising molecular formats for cancer immunotherapy, e.g., bispecific T-cell
engagers (BiTE®s) [26,27].

2.1.4. Bispecific Fv Fusion Antibodies with an Fc Domain

Although not fragments in their own right, there are many bispecific formats such as the IgG-scFv,
which uses an scFv to target an additional epitope or antigen (Figure 4). As well as being a flexible
format that allows for the production of multivalent multi-specific molecules with a modifiable effector
function, these molecules can easily be produced recombinantly [18,28,29]. Istiratumab, an IgG-scFv
developed by Merrimack Pharmaceuticals, is currently in clinical trials for hepatocellular carcinoma
and pancreatic cancer [17]. Fab-scFv-Fc (Figure 4) is another bispecific format that uses an scFv to grant
specificity for a second epitope. The format is being used in molecules such as Zymeworks’ ZW25,
an anti-Her2/Her2 bispecific (biparatopic) antibody in phase I clinical trials for the treatment of Her2
expressing cancers. Xencor have four bispecific molecules with this format in phase I clinical trials for
the treatment of acute myeloid leukaemia (AML), B-cell tumours, and neuroendocrine tumours [30].
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Figure 4. scFv fusion bispecific formats with an Fc domain. (A) IgG-scFv. Canonical IgG with a scFv
fused to the C-terminus of the CH3 domain to produce a tetravalent bispecific molecule. (B) Fab-scFv-Fc
IgG with one IgG Fab arm exchanged for a scFv.

2.2. Fab Based Formats

Fab & F(ab’)2 Formats

The fragment of antigen binding (Fab) (Figure 5) was the first therapeutic antibody fragment
format and remains one of the most successful, laying claim to eight molecules entering clinical
trials pre-1995 and comprising ~49% of all antibody fragments that have entered clinical trials [4,31].
There are currently three FDA-approved Fabs: abciximab (Reopro®), idarucizumab (Praxbind®), and
ranibizumab (Leucentis®) [17].

Fab fragments are composed of an antibody light chain (VL + CL domains) linked by a disulphide
bond to the antibody heavy chain VH and CH1 domains; the molecular format is monovalent and
monospecific and retains the parental antibody’s ability to bind its antigen with high specificity and
affinity. Fabs share many of the characteristics of scFvs. Although Fabs are not as small, and therefore
presumably not as good at penetrating tissue as scFvs [12], with a mass of ~50 kDa they are much
smaller than mAbs (the MW of IgG is ~150 kDa). Fabs lack an Fc domain, reducing the risk of immune
cell bystander activation and non-specific binding [6] and allowing for easier production at the expense
of increased aggregation, lower stability, and reduced half-life [5,32]. Fab fragments are more stable
than their scFv counterparts due to the mutual stabilisation that occurs between the VH/VL and
CH1/CL interfaces [33]. They also have the advantage of being completely native structures and as
such they avoid the time and resources required to engineer an ideal linker and are therefore less likely
to be immunogenic.

F(ab’)2 fragments are composed of two Fab fragments held together by an Ig hinge region and
have a molecular mass of ~110 kDa (Figure 5). F(ab’)2 fragments are bivalent, giving them increased
avidity compared to Fabs [32], but their larger size may lead to reduced tissue penetration. However,
their tissue penetration is still superior to that of a full-sized mAb [12]. They can be generated by
the enzymatic digestion of full-length antibodies or by the expression of the recombinant F(ab’)2 in
mammalian cells.

Like scFvs, Fab fragments suffer from a reduced half-life compared to their parental mAbs due to
the lack of an Fc domain. This removes the possibility of FcRn-mediated recycling leading to rapid
degradation of the Fab-antigen complex after absorption by macropinocytosis [34–36]. The half-life
of Fab fragments can be extended in a similar manner to the half-life extension of scFvs, typically
by conjugation to PEG or fusion to an albumin binding protein [16,37,38]. These Fab conjugate
proteins have had some success with multiple molecules in clinical trials or having already received
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FDA approval such as certolizumab pegol (Cimzia®), a marketed PEGylated anti-TNFα Fab for
rheumatoid arthritis.

Figure 5. The structure of Fab and F(ab’)2 fragments. (A) Fab fragment composed of an LC (containing
VL and CL) linked to an Fd (containing VH and CH1) by a disulphide bond between the CL and CH1
domains. (B) F(ab’)2 fragment composed of two Fab fragments joined by an IgG hinge region.

2.3. Single-Domain Antibodies

2.3.1. Nanobodies

Nanobodies® (Nbs), a class of antibody fragment developed by Ablynx, are recombinantly
expressed antigen binding VHH domains from heavy-chain IgG, a type of immunoglobulin found
in camelids [39]. With an MW of 12–15 kDa, Nbs are one of the smallest naturally occurring antigen
binding fragments. Heavy-chain IgG (Figure 6) is devoid of light chain, lacks the CH1 domain found
in mammalian immunoglobulins, and therefore binds its antigen bivalently solely through two VHH
domains. Isolated VHH domains retain the ability to bind their antigen and are robust under stringent
conditions. Nbs can resist a wide pH range and high temperatures and have been shown to tolerate the
presence of organic solvents (although these characteristics are not present in all Nbs). They are also
highly soluble and, due to their small size and extended CDRH3 loop, can rapidly penetrate tissue and
access cryptic epitopes [40–42]. Such molecules are also easy to produce recombinantly without issues
relating to inter-domain interactions, such as those found in scFvs and Fab fragments [43]. Although
not of human origin and frequently ‘humanised’, Nbs are rarely immunogenic due to their small size
and similarities with the human VH3 gene family [43].

Figure 6. Camelid heavy-chain IgG and Nanobody® fragments. (A) The structure of heavy-chain
IgG, composed of two heavy chains, each containing a VHH domain, a CH2 domain, and a CH3
domain. (B) Mono-, bi-, and tri-valent Nb formats with each VHH having a different antigen specificity.
(C) A Nanobody® drug conjugate.
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Fusion of Nbs that bind different epitopes allows the creation of multivalent molecules with high
affinity or potency. The monomeric behaviour, good solubility, and modular nature of Nbs also allow
them to be easily fused to other Nbs with different antigen specificities or covalently linked to other
molecules [44].

Unfortunately, the small size of Nbs is below renal cut-off, leading to rapid renal clearance
with a half-life of approximately 2 h, making them particularly unsuitable for chronic use in many
therapeutic areas [43,45]. However, the fast clearance is a beneficial property for in vivo diagnostics
(see Section 5). Strategies to extend their half-life, including PEGylation, conjugation to the Fc domain
of conventional antibodies, and coupling to abundant serum proteins such as human serum albumin
(HSA), apolipoprotein L1, and β-Lactamase, have been explored. Fusion of Nbs to an anti-albumin
VHH has been validated in the clinic [43]. Fusion of a VHH to the Fc of IgG has also been investigated
as a means to produce bispecific tetravalent molecules [46].

The favourable characteristics of VHH domains has led to excitement over their potential. With
5 Nbs currently in clinical trials, and the recent approval of caplacizumab (CabliviTM), a bivalent VHH
targeting von Willebrand factor (vWF), by the EMA in October 2018 and the FDA in February 2019 for
thrombotic thrombocytopenic purpura and thrombosis, this excitement is not surprising [17].

Analogous to the camelid nanobodies is the single variable new antigen receptor (V-NAR), domain
antibody fragments obtained from cartilaginous fishes such as sharks (Figure 7) [47]. Whilst V-NARs
share some similarities in terms of their structure and properties with domain antibodies, they are
smaller (11 kDa) and more stable proteins. Contrary to mammalian variable domains, V-NAR domains
have only two complementarity determining regions, CDR1 and CDR3. However, they also contain
two mutation-prone regions named HV2 and HV4; the latter has been shown to contribute to antigen
binding [48,49]. As V-NARs are evolutionarily derived from a non-antibody lineage, this arguably
places them outside the complex and competitive antibody patent landscape. The V-NAR format is
being developed by Elasmogen (UK) under the name of soloMERsTM.

Figure 7. Shark heavy chain antibody (Ig-NAR), a dimer of heavy chains containing five constant
domains and the antigen binding variable nucleotide antigen receptor (V-NAR).

2.3.2. Domain Antibodies

Domain antibodies (dAbs) are fully human unpaired variable domains (either VH or VL), which
have been engineered to prevent dimerization whilst maintaining the specificity and affinity of
a canonical antigen binding site (VH and VL). This engineering commonly involves ‘camelisation’,
in which the hydrophobic residues usually found at the VH/VL interface are substituted for
hydrophilic residues found in camelid VHH and in the extension of the CDRH3 [50,51]. Similar
in size and structure, these molecules possess many of the advantageous properties of Nbs, including
high thermostability, high solubility, and a short half-life and are amenable to conjugation/fusion and
high-yield microbial expression [51]. Although naked dAbs may have some application as therapeutic
molecules (see Sections 4.1 and 4.2), dAbs have been most extensively investigated as fusion proteins
to other moieties, such as full-length antibodies to enable specificity for a second antigen [18,52], an
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Fc domain (e.g., Placulumab), or with an anti-albumin dAb (e.g., GSK/Domantis’ AlbudAb®s) [53]
(Figure 8).

Albudab®s (Figure 8) contain an anti-HSA binding domain which can increase the half-life of the
species to 19 days, the half-life of HSA. GSK2374697 was an AlbudAb® developed for type 2 diabetes
which phase I clinical trials were reached. It was composed of exendin-4, a GLP-1 mimetic peptide
isolated from Gila monster saliva, linked to an anti-HSA dAb as a single transcript. The anti-HSA dAb
extended the half-life of the peptide from 30 min to 6–10 days [53].

Figure 8. The uses of domain antibodies (dAbs). (A) IgG-dAb (also called a mAb-dAb). IgG with
a dAb fused to the C terminus of each heavy chain to produce a bispecific tetravalent molecule.
(B) Tandem dAb with an anti-HSA domain. The dAb against the target of interest is linked to an
anti-HSA dAb to improve half-life. (C) AlbuDab®. A peptide linked to an anti-HSA dAb to improve
the peptide’s half-life.

3. The Production of Antibody Fragments

3.1. Expression

Conventional full-length mAbs contain an N-linked glycosylation site in the CH2 domain of
the heavy chain which is important for stability, preventing aggregation, and effector function [54].
Aberrant glycosylation can cause unfavourable molecular properties and be highly immunogenic.
As such, the ability to produce post-translational modifications that closely resemble those that occur
naturally necessitates expression in mammalian cell lines such as Chinese hamster ovary (CHO) cells,
human embryonic kidney (HEK) cells, and to a lesser extent NS0 murine myeloma cells and human
PER.C6TM cells [55].

Unlike full-length mAbs, antibody fragments are not generally glycosylated. Fragments are
therefore amenable to production in microbial systems, allowing for faster, cheaper production in cell
lines that are easier to cultivate and manipulate [10].

3.1.1. Escherichia coli

Escherichia coli was the first microbial system used for the production of biopharmaceuticals and
is still used for the production of ~40% of biopharmaceuticals available today, including certolizumab
pegol and ranibizumab [10,17]. As a prokaryote, E. coli’s rapid growth in inexpensive media, well
understood genetics, and high manipulability make it an ideal expression system when glycosylation
is not required.

Traditionally, the gene(s) of interest was placed on a self-replicating, high copy number plasmid
under the control of a promoter such as the bacteriophage T7, lac operon (lac), or tryptophan (trp)
promoter alongside a selectable marker. However, the greater volumetric productivity that can
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be achieved using this method is offset by the inhibition of cell growth and cell death caused by
the metabolic burden of antibody fragment production. Recently, marker-free and plasmid-free
expression systems have been developed to reduce this metabolic burden and allow for greater overall
yields [10,56,57].

There are two main established approaches for the production of antibody fragments in E. coli, the
first of which is to express the protein of interest in E. coli’s reducing cytoplasm. This method allows for
high yields of protein, but the reducing conditions are not permissive for disulphide bond formation,
and inclusion bodies are regularly formed. The protein must then be re-folded after purification
which can be time-consuming, inefficient, and costly [10]. This issue can be somewhat alleviated
by the co-expression of chaperones to facilitate correct protein folding [58]. The second pathway
involves targeting, by fusion to an N-terminal leader peptide such as Pel B, the protein of interest to
the oxidising periplasm, where disulphide bonds can readily form [59,60]. This second method does
result in lower yields; therefore, if efficient re-folding of the antibody fragment is possible, cytoplasmic
expression may be preferable.

Finally, due to the ability of E. coli to grow at high cell densities, antibody fragments are commonly
produced in high cell density cultures grown in a stirred tank reactor using a fed-batch method [61].

3.1.2. Saccharomyces cerevisiae

Saccharomyces cerevisiae was the first yeast used as an expression system for recombinant proteins.
Its high genomic stability, manipulability, and ease of cultivation have made it a strong choice for the
expression of antibody fragments. Additionally, S. cerevisiae is used in a well-established production
method of llama VHH fragments, consistently giving yields of hundreds of milligrams per litre [62].

There are three commonly used vector systems with S. cerevisiae. Firstly, a yeast episomal plasmid
containing an origin of replication allows for gene expression with a high plasmid copy number
without genomic integration [10]. Secondly, yeast centromeric plasmids containing a self-replicating
sequence allow for gene expression with a single or low plasmid copy number without genomic
integration [10]. Finally, yeast integrative plasmids do not contain an origin of replication but rather
are incorporated into the yeast’s genome, leading to improved process quality and stability at the
cost of expression levels [10,63]. However, methods have been developed to circumvent this issue
such as targeted integration of the gene of interest at the ribosomal DNA locus, a highly-transcribed
region [64]. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), alcohol dehydrogenase 1 (ADH1),
and phosphoglycerate kinase 1 (PGK1) are promotors from S. cerevisiae’s native glycolytic pathway
that are commonly used to achieve high expression levels, and methods have been developed to allow
the co-expression of multiple genes on self-replicating plasmids making S. cerevisiae suitable for the
expression of multi-gene fragments such as Fabs [65,66].

A major issue that plagues S. cerevisiae is endoplasmic reticulum (ER) misfolding and inefficient
trafficking of the protein of interest leading to the accumulation of misfolded protein in the ER or
vacuolar-like structures [10]. Although S. cerevisiae has proven to be an excellent expression system
for VHH domains [41], this issue is particularly apparent with the more hydrophobic scFvs [67];
however, simultaneous overexpression of chaperones and foldases has been shown to facilitate scFv
secretion [68].

Similar to E. coli, S. cerevisiae is usually grown in glucose-limited fed-batch culture [62]. The
limited glucose helps prevent the depletion of oxygen and switch to fermentative metabolism, which
leads to the undesirable production of toxic metabolites [69].

3.1.3. Pichia pastoris

Pichia pastoris can be used as an alternative to S. cerevisiae and uses an integrated vector to achieve
stable expression of the protein of interest.
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P. pastoris metabolises methanol as its sole source of carbon and, as such, expresses large amounts
of alcohol oxidase. The alcohol oxidase promoter was commonly used to express proteins of interest,
but expression was hard to control. More adjustable promotors are now being investigated [70].

The genome of several strains of P. pastoris have been published online along with a genome scale
metabolic model allowing for straightforward engineering and strain optimisation [71].

The preference of P. pastoris for respiratory over fermentative growth allows it to be grown to much
higher cell densities than S. cerevisiae using inexpensive media, usually using a fed-batch method [72].
A P. pastoris system has been used to produce ALX-0171, a trimeric nanobody being developed for RSV
infection [73], scFv-h3D6, an anti Aβ antibody fragment which is being developed for Alzheimer’s
disease [9], and scFvTEG4-2c against platelet anti-αIIbβ3, for potential use as an imaging agent for
atherosclerosis [74].

3.1.4. Cell-Free Expression Systems

There has recently been significant interest in cell-free production of antibody fragments.
Approaches using E. coli cell lysates [75], CHO cell lysates [76], and insect cell lysates [77] have
been successfully used to produce antibody fragments. Cell-free expression systems have been shown
to be fast, reliable, flexible, and scalable [78]. Of note is the ability todirectly input linear DNA encoding
the protein of interest rather than constructing a complex plasmid for transformation and the selection
of transformed cells. Additionally, the lack of a phospholipid bilayer barrier allows forthe simple
addition of resources required for the production of polypeptides, such as amino acids and ATP, and
supplements, such as chaperones, the prokaryotic disulphide bond isomerase disulphide bond c (Dsbc),
and oxidised/reduced glutathione rather than the co-expression or simultaneous over-expression
required with cell-based systems.

Although not usually suitable for the commercial scale production of recombinant proteins,
cell-free systems have been successfully used to produce functional scFvs [79] and more recently,
using both prokaryotic and eukaryotic systems, functional Fabs [78,80]. Pioneered by companies like
Sutro Biopharma, cell-free systems have been used to produce scFvs conjugated to moieties, such as
granulocyte-monocyte colony stimulating factor (GM-CSF) and interleukin 1β-derived peptide [81]
in a scalable manner, and can be used for the incorporation of non-canonical amino acids for
site-directed conjugation, making cell-free expression an optimal system for protein engineering [82].
Such non-canonical amino acids are often toxic to cells or are unable to cross the cell membrane, making
them difficult to incorporate whilst using cell-based systems. Although not currently a preferred
method, the rise of antibody drug conjugates and improvements to cell-free expression systems may
soon increase the desirability of cell-free expression systems for antibody fragment production. Sutro’s
cell-free antibody production system was used to make STRO-001, a novel CD74 targeting antibody
drug conjugate in phase I clinical trials for B-cell malignancies including multiple myeloma and
non-Hodgkin’s lymphoma [83].

3.2. Enzymatic Cleavage

Although recombinant expression is the method most commonly used for the production of
antibody fragments, fragments such as Fab, F(ab’)2, and Fc can be easily produced from their parent
mAb by enzymatic cleavage using commercially available enzymes. Enzymatic cleavage can be
preferable to recombinant expression for the production of certain fragment formats, such as F(ab’)2,
which has a propensity to aggregate when expressed recombinantly due to the hinge region. This
was originally done using papain, which cleaves just above of the hinge region to produce two Fab
fragments and a hinge-CH2-CH3 fragment [84], or pepsin, which cleaves just below the hinge region to
produce an F(ab’)2 and an Fc fragment [85]. Companies like Genovis now produce improved versions
of these enzymes, allowing for a more efficient production of antibody fragments from the parental
mAb [86].

90



Antibodies 2019, 8, 28

3.3. Purification

The purification of antibody fragments is somewhat more complicated than the purification of
full-sized mAbs, owing to the lack of an Fc domain which facilitates efficient purification by Protein
A or Protein G affinity chromatography [87,88]. However, VH 3 family containing fragments can be
purified using Protein A [89]. Currently, there are no ‘toolbox’ or generic approaches to the production
of pharmaceutical antibody fragments, with the current approved fragment therapies being purified
using different combinations of chromatographic and non-chromatographic techniques [90]. In theory,
an antibody fragment could be captured selectively using its antigen fixed to a resin. Whilst this may
be used in some cases, antigens are not always readily available and prior production, purification,
and fixation of said antigen would have a significant impact on the cost of goods.

The unique nature of fragments and the lack of large conserved regions pose an additional
challenge to the development of generic purification approaches. To this end, micro-fluidic approaches
have been tested to quickly determine the ideal binding conditions of specific fragments to inform
future purification attempts [91].

If the expression system used expresses the fragment in the cytoplasm or periplasm rather than
secreting it, the fragments are first freed by lysing the cells, and proteins are then refolded if necessary.
Once this has been completed, the fragment can be purified using one or more of the methods described
in the following sections.

A simplified workflow for the purification of applicable fragments by affinity chromatography is
shown in Figure 9.

Figure 9. Simplified purification workflow for different fragment formats. A series of stages that
can be used to purify common antibody fragments based on the presence of certain domains. The
workflow typically includes affinity chromatography (where applicable) followed by multi-modal
polishing stages, which may include size exclusion chromatography (SEC), cation (CIEX) or anion
(AIEX) exchange, and hydrophobic interaction chromatography (HIC). Antibody fragments can also be
purified using cation exchange chromatography (CIEX) or immobilised metal affinity chromatography
(IMAC) as the initial capture step.

3.3.1. Protein L Affinity Chromatography

Protein L is a cell wall-associated protein isolated from Peptostreptococcus magnus [92], which binds
strongly to human Ig LCs, scFv, and Fab fragments [93]. Protein L targets a site that lies within the
variable region of κ 1, 3, or 4 light chains, allowing it to capture a wide range of mAbs and fragment
formats. However, should the fragment of interest be derived from a λ mAb or from the κ 2 sub-family,
protein L would be unable to capture the fragment [93]. In cases such as these, commercially available
κ- and λ-select resins may be suitable alternatives.

3.3.2. Affinity Tags

As antibody fragments are most commonly produced recombinantly, they can easily be
generated with affinity tags such as hexa-histidine (6HIS), glutathione-S transferase (GST), or mannose
binding protein (MBP) using a cleavable linker to allow purification by immobilised metal affinity
chromatography (IMAC) or other affinity-based methods [94]. Such techniques would allow for the
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selective capture of the desired fragment regardless of the Ig germline family. However, affinity tags
are not a blanket solution. Removal of the affinity tag by proteolytic cleavage may leave residual amino
acids, which may cause issues with aggregation, misfolding, and immunogenicity. It is also important
to consider the host’s cellular proteases when designing the linker to avoid premature cleavage and
production of irrecoverable material [95,96]. Additionally, a study carried out by Das et al. showed
that Protein L affinity chromatography, where applicable, was a more robust and versatile method for
the purification of scFvs than IMAC using a (6HIS) tag [97].

3.3.3. Other Chromatographic Methods

As well as the affinity-based methods described above, other chromatographic methods such as
size exclusion chromatography, ion exchange chromatography, and multi-modal chromatography are
used to separate the desired fragment from contaminants based on size and isoelectric point [98,99]. Ion
exchange chromatography usually takes the form of cation-exchange chromatography (CIEX) and has
the added advantage of being able to separate charge variants [100]. In order to achieve the high purity
required for pharmaceutical applications, these chromatographic methods are used in conjunction
with each other, with affinity-based methods, and/or with non-chromatographic methods [90]. More
recently, multi-modal approaches have been used in the purification of Fab fragments and have been
shown to be superior to traditional CIEX resins due to increased salt tolerance and Fab binding [91,101].

4. Antibody Fragments in the Clinic

4.1. Oncology

The majority of antibody fragments currently being developed in the clinic are for oncological
applications. In addition to the generic characteristics of antibody fragments that make them attractive
as immunotherapies, e.g., their small size, which grants them superior tissue and tumour penetration
compared to a conventional mAb [12], and the lack of an Fc domain that reduces non-specific activation
of innate immune cells, there are many mechanisms of action that are unique to a specific format. The
diversity of formats being investigated for their therapeutic potential in oncology is astounding, but
the majority of fragments are reformatted as bispecific molecules combining an anti-CD3 binding
moiety with an anti-tumour binding domain. For more detailed information, the reader is referred to
two recent excellent reviews by Wu et al. and Velasquez et al. [102,103]. Here we will only cover the
more established formats and describe the over-arching pathways that they exploit.

4.1.1. BiTE®s

Bispecific T-cell engagers (BiTE®s) originally developed by Micromet, are a specific class of
tandem scFv used to redirect cytotoxic T-cells to tumours. The induced response is highly selective for
the target tumour cells, more so than can be achieved by radio- or chemotherapy. The hope is that this
selectivity will lead to reduced off-target effects (Figure 10) [26].

BiTE®s contain two antigen binding sites. The first is directed against a tumour antigen, whilst
the second is directed against the T-cell receptor (TCR) signalling complex CD3. Simultaneous binding
of the BiTE® to CD3 and the tumour antigen (e.g., CD19) bypasses pMHC restriction and induces
T-cell activation, cytokine production, the formation of cytolytic immunological synapses leading to
a tumour-directed cytotoxic response, and the activation of other host immune responses [26,104]. The
use of a monovalent anti-CD3 is thought to be important in limiting off-target immune activating
functions that can lead to cytokine release syndrome and cytokine storm, a problem seen with
some of the early anti-CD3 mAbs in the clinic such as muromonab (OKT3), which eventually led to
its withdrawal.

There is currently one licenced BiTE® which received FDA approval in 2017. Blinatumomab
(Blincyto®), developed by Amgen and Astellas Pharma Inc., is an anti-CD19/CD3 BiTE®, used for the
treatment of Non-Hodgkin’s lymphoma and Philadelphia chromosome negative acute lymphoblastic
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leukaemia. It is also in clinical trials for a number of additional indications. Other tumour antigens
are currently being trialled as targets for anti-CD3 containing BiTE®s including BCMA, CD33, CEA,
HER2, EGFR, and EpCAM [26,102].

Figure 10. The structure and mechanism of action of MT103, an α-CD3/α-CD19 bispecific T-cell engager
(BiTE®). The antigen binding site of each parental antibody is isolated and converted into an scFv
format. The two scFvs are then joined by a flexible peptide linker to produce a bispecific moiety. The
anti-CD19 scFv binds to tumour cells whilst the anti-CD3 scFv will bind passing T-cells, re-directing
them to attack the tumour cell.

4.1.2. BiKEs & TriKEs

Bispecific killer cell engagers (BiKEs) and trispecific killer cell engagers (TriKEs) are bi- or tri-
specific tandem scFvs used to redirect natural killer (NK) cells via an anti-CD16 scFv. They work in
a similar fashion to BiTE®s. Although there are currently no BiKEs or TriKEs in clinical trials, BiKEs
are currently being developed by Sanofi in collaboration with Innate Pharma using Innate Pharma’s
anti-CD335 (NKp46) antibody to redirect NK cells [105].

Anti-CD16/CD33 BiKEs showed promise in an in vitro study treating myelodysplastic syndrome
(MDS) [106]. Here, the anti-CD16 scFv was used to activate depleted NK cells which were redirected
against myeloid-derived suppressor cells (MDSCs) expressing CD33 by the anti-CD33 scFv. The
treatment was shown to reduce the immunosuppression of NK cells by MDSCs, induce MDSC cell
lysis, and induce optimal MDS-NK cell function regardless of disease stage.

More recently, an anti-CD16-IL-15-anti-CD33 TriKE was also shown to overcome the cancer
induced immunosuppression observed in MDS and AML [107].

4.1.3. DART®s

Developed by MacroGenics, the DART® platform has been used to produce five anti-cancer
molecules, four of which entered phase I clinical trials for the treatment of AML/MDS, solid tumours,
or colorectal cancer [24].

The DART® platform is compatible with several modalities. Of the five anti-cancer DARTs listed,
three include an anti-CD3 binding moiety to re-direct T-cells towards cells expressing the cancer
antigen complimentary to the second binding site in the same fashion as a BiTE®. The other two
DARTs, which target PD-1/LAG3 or PD-1/CTLA-4, block pathways involved in T-cell inhibition
leading to an enhanced T-cell response against tumour cells [108].
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Although BiTE®s and DART®s can exploit the same pathways, a 2011 study comparing
a CD19/CD3 bispecific molecule in DART® and BiTE® formats showed increased potency of the
DART® compared to the BiTE®, which was not accompanied by an increase in non-specific T-cell
activation of CD19- cell lysis in vitro [109]. The study also trialled an anti- CD19/TCR DART®,
which showed activity in an in vivo xenograft mouse model and was virtually identical in vitro to the
anti-CD19/CD3 DART®, describing another potential mechanism of action for the DART® platform.

4.1.4. ImmTAC®s

The immune mobilising monoclonal T-cell receptors against cancer (ImmTAC®) is a novel
scFv-TCR chimeric format developed by Immunocore. ImmTAC®s are peptide-HLA-specific, dimeric
affinity-enhanced soluble TCRs containing an artificial disulphide bond, joined by a peptide linker to an
anti-CD3 scFv (Figure 11). The TCR portion binds with picomolar affinity to the target cell expressing
the peptide antigen in the context of MHC. The anti-CD3 portion then binds with nanomolar affinity to
passing T-cells that are recruited to kill the target cell. The binding of multiple CD3 surface proteins by
multiple ImmTAC®s on a single T-cell causes T-cell activation leading to an immune response against
the target cell/tissue [110]. Importantly, ImmTAC®s hold the potential to overcome T-cell tolerance
and the low affinity of native TCRs for cancer antigen/MHC complexes and mediate an enduring
immune response [111]. An ImmTAC® targeting gp100 is being tested in two phase I trials for uveal
melanoma. An ImmTAC® against NY ESO entered phase I clinical trials in 2018 for a variety of cancer
indications, and IMC-C101C against melanoma associated antigen 4 is planned to enter phase I in
2019 [112].

As a side note, immune-mobilising monoclonal T-cell receptors against virus antigens (ImmTAV®s)
are similar to ImmTAC®s in that they are composed of an affinity-enhanced soluble TCR linked to
an anti-CD3 scFv. However, as the name would suggest, the TCR is designed to bind specific viral
antigens as opposed to cancer antigens. These molecules are being investigated as a novel class of HIV
therapy [113].

Figure 11. Cont.
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Figure 11. The structure and mechanism of action of ImmTAC®s. (A) The structure of an ImmTAC®,
comprising an α-CD3 scFv linked to a disulphide-stabilised, affinity-enhanced soluble T-cell receptor.
(B) The T-cell receptor binds its target with picomolar affinity causing the ImmTAC® to cluster on the
target cell. The anti-CD3 scFv then recruits passing T-cells by binding CD3 with nanomolar affinity. The
clustering of CD3 on the T-cell leads to activation and re-direction of the T-cell to produce an immune
response against the target cell.

4.1.5. Nanobodies®

Two nanobodies reached phase I clinical trials for oncology indications: ALX-0651, which
targets CXCR4 for multiple myeloma and non-Hodgkin’s lymphoma, and TAS266 (Ablynx/Novartis),
which targets the death receptor DR5 for solid tumours. However, their development has not been
pursued [44]. On the contrary, there are a large number of nanobodies in preclinical development for
a variety of other cancers. The reader is referred to the excellent review by Steeland et al. (2016) [44].

4.1.6. Antibody Fragment-Drug Conjugates

In addition to PEGylation or fusion to albumin binding antibody fragments to improve half-life
and pharmacokinetics, a wide range of effector moieties, including cellular toxins, radioisotopes,
cytokines, and enzymes, have been conjugated to Fab, scFv, and Nb fragments. In 2010, there were
12 scFv and 12 Fab conjugates in clinical trials worldwide [4,40,114,115]. Citatuzumab bogatox,
an anti-epithelial cell adhesion molecule (EpCAM) Fab conjugated to bouganin, developed by
Viventia Biotechnologies Inc., is currently in phase I clinical trials for the treatment of solid tumours.
Naptumomab estafenatox, an anti-trophoblast glycoprotein 5T4 (TBGP) that Fab fused to Staphylococcus
aureus enterotoxin E, developed by Active Biotech, is currently in phase III clinical trials for renal cell
carcinoma and non-small cell lung carcinoma [17].

Conjugation to cytokines is also an effective way of enhancing anti-tumour efficacy. Philogen
(Switzerland) are developing a number of immunocytokines for oncology indications including
Fibromun, a scFv (L19) against the tumour antigen EDB fused to TNF, Darleukin, which contains L19
scFv fused to IL-2, Teleukin, which contains a vascular targeting antibody F16 linked to IL-2, and
Dodekin which contains two subunits of the immunomodulatory payload IL-12 fused to a human
vascular targeting antibody in tandem diabody format [116].

Radioimmunotherapy (RIT) is the combination of radiation therapy with Ab immunotherapy and
has become an attractive strategy in cancer treatment because it allows for the selective destruction

95



Antibodies 2019, 8, 28

of cancer cells and is less pervasive than radiotherapy. The Ab recognises and binds the surface of
the primary tumour site and disseminated disease tissue and thereby delivers high doses of radiation
directly to the tumour without significant damage to healthy tissue. Recent examples are the generation
of radiolabelled antibodies for the radioimmunotherapy of multiple myeloma [117] and radio-iodinated
anti-HER2 Nanobody® for breast cancer [118].

Although the effector moieties add another mechanism through which the antibody fragments
can mediate a therapeutic effect, antibody drug conjugates are not easy to develop and optimise. Many
factors need to be considered, including what antibody/fragment is used, what to conjugate, what
linker/chemistry to use, and the ratio of naked to conjugated antibodies [119,120].

4.2. Autoimmune and Inflammatory Diseases

Autoimmune diseases are chronic and potentially life-threatening, and antibody therapies are
extremely expensive because they usually require intensive, life-long treatment. The lower production
costs of antibody fragments and potential reduced immunogenicity due to their small size renders
the use of antibody fragments with half-life extension moieties as a viable alternative to full-length
antibodies. Furthermore, like for cancer immunotherapies, the development of antibody fragments
for the treatment of autoimmune diseases has been growing at a fast pace and there are numerous
possibilities for bispecific targeting.

One of the first antibody fragments to be marketed for an autoimmune disease indication was
Certolizumab pegol (Cimzia®), a pegylated Fab targeting TNF developed by UCB (Belgium), approved
by the FDA for the treatment of Crohn’s disease in 2008. It has subsequently been approved for
rheumatoid arthritis, psoriatic arthritis, and ankylosing spondylitis. Two other Fabs are in clinical
trials: FR104 (OSE/Janssen) against CD28 in phase II for RA, and Dapirolizumab, an anti-CD40L Fab
developed by UCB in phase II for SLE.

There are four nanobodies reported to be in clinical development: ALX-0061 (Vobarilizumab) is
a monovalent Nanobody® against IL6R linked to a half-life extending Nb against HSA from Ablynx
in phase II trials for RA and SLE [121,122]. ALX-0761 (Merck/Ablynx) is a bispecific Nanobody®

targeting IL17A/IL17F linked to an HSA Nb in phase Ib for psoriasis [123], and Ozoralizumab or
ATN-103 (Taisho) is a Nanobody® against TNF. Some success has been reported for ATN-103 in a phase
II interventional long-term safety study in subjects with RA at week 48 [124]. ATN-192 is a pegylated
version of ATN-103, which is in phase I clinical trials [125]. Several Nbs are also reported in pre-clinical
development for autoimmune disease indications [44].

One scFv format currently being evaluated in a phase II clinical study for the treatment of RA is
Dekavil or F8IL10 (Philogen). It is a fully human fusion protein composed of the vascular targeting
scFv antibody F8 fused to the cytokine interleukin-10. A number of other immunocytokines fused to
scFvs are also in preclinical development—the reader is referred to the Philogen website for further
information [126].

MacroGenics are developing MGD-010, a DART® targeting CD32B and CD79B on B-cells for the
treatment of autoimmune disorders. CD32B is a checkpoint molecule expressed on B lymphocytes
that, when co-ligated with CD79B (a component of the B-cell antigen receptor complex), delivers
a co-inhibitory signal that dampens B-cell activation. The intended mechanism of MGD010 is to
modulate the function of human B-cells while avoiding their depletion. MGD010 completed phase I
clinical trials in 2016 and has now been licensed to PreventionBio, who will evaluate the safety and
efficacy of MGD-010, now called PRV-3279, in a phase Ib trial, expected to commence in the second
half of 2019.

Another fragment in development for a wide variety of autoimmune disease indications is
ARGX-113. This is an IgG1 Fc-fragment developed by ArGenX for the treatment of patients with
high levels of circulating pathogenic IgG, found in acquired thrombotic thrombocytopenic purpura
(aTTP), SLE, MS, or myasthenia gravis (MG). ARGX-113 binds to the neonatal Fc receptor (FcRn) and
blocks IgG recycling, resulting in clearance of autoreactive antibodies through lysosomal degradation.
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ARGX-113 showed statistically significant improvement in a phase II clinical trial on patients with
MG [127] and is currently being evaluated for efficacy, safety, and tolerability in a randomised,
double-blind, placebo-controlled, multicentre phase III trial in patients with MG having generalised
muscle weakness [128].

The last category of antibody fragments tested in clinical trials for autoimmune and inflammatory
diseases are dAbs. Lulizumab pegol, a pegylated Domain Antibody® targeting CD28 developed
by Bristol-Myers Squibb, was evaluated in a phase II trial in subjects with active systemic lupus
erythematosus (SLE). There was no significant difference between lulizumab and placebo for the
primary (BICLA response rate) or secondary endpoints at week 24, although PD activity was
observed [129].

GSK has developed two inhalable anti-TNFR1 VH domain antibodies for selective antagonism of
TNF in the lung interstitium for acute respiratory distress syndrome (ARDS)/acute lung inflammation
(ALI). Delivery of antibody fragments directly into the lung by inhalation has great potential for
treatment of inflammatory lung diseases, the advantages being rapid onset of action, reduced
systemic exposure, lower doses, as well as needle-less administration. GSK1995057 was tested in
a phase I clinical trial in healthy volunteers. It was not developed further because of the presence of
naturally occurring, pre-existing anti-drug antibodies (ADAs) which could lead to early neutralising
anti-drug-antibody responses [130]. GSK1995057 was subsequently engineered by adding a C-terminal
alanine residue to render it less susceptible to ADAs. The resultant GSK2862277 was tested in a phase
I trial and was well tolerated when administered both as an orally inhaled aerosol and by iv route.
A phase II placebo-controlled randomised trial in patients that were undergoing esophagectomy
surgery and were at risk to develop ARDS has been completed [131] with results expected in 2019.

4.3. Other Clinical Applications

While oncology and autoimmune disease are two major areas in which antibody fragments have
become a prominent class of therapeutic molecules, there are several other disease areas in which,
although not as dominant, fragments are being evaluated.

4.3.1. Ophthalmic Indications

Antibody fragments such as Fabs and scFvs, unlike full-length antibodies, have been shown to be
able to penetrate the cornea and pass into the eye and achieve clinically useful concentrations in the
anterior chamber over a reasonable time-span following topical administration [132] but to date there
are no reports of this route of administration being tested in the clinic. Most are administered by direct
injection into the eye (intravitreal route).

The most common eye disorder treated with antibodies or antibody fragments is age-related
macular degeneration (AMD), which is the leading cause of irreversible blindness in people aged
50 years or older, in the developed world. For AMD, the antibody fragments are applied directly to
the eye via the intravitreal route. Extremely high local drug concentrations can be achieved in the eye
with minimal risk of systemic side effects.

Ranibizumab (Lucentis®) is an anti-angiogenic monoclonal antibody fragment targeting VEGF-A,
derived from the same parental mouse antibody as bevacizumab. It was approved in 2006 for wet AMD
and subsequently in 2012 and 2015 for diabetic macular oedema and diabetic retinopathy, respectively.

Lampalizumab (Roche), a Fab against complement factor D, entered phase III clinical trials for
geographic atrophy, an advanced form of age-related macular degeneration [133,134] in 2014 but failed
to meet primary endpoints [135].

Brolucizumab (Alcon/Novartis) is a scFv targeting VEGF that is currently in phase III for wet
AMD [136,137].

A number of antibody fragments are also in preclinical development for eye indications [138,139].
Elasmogen is developing V-NARs such as ELN/21, an ICOSL G-binding soloMERTM, in preclinical
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development for posterior uveitis and corneal graft rejection, and ELN/12, an anti-VEGF soloMERTM

for AMD [140]. Abzyme has a bivalent nanobody targeting VEGF and TfR for wet AMD.

4.3.2. Infectious Diseases

Only three full-length mAbs have been approved for the treatment of infectious diseases:
Synagis® (Palivizumab) for RSV infection, Abthrax® (Raxibacumab) against anthrax, and ZinplavaTM

(Bezlotoxumab) against C. difficile (although technically the latter two mAbs neutralise bacterial
toxins—see below) and there are currently over 60 mAbs in various stages of clinical trials for the
treatment of infectious diseases including Ebola, hepatitis B, and respiratory syncytial virus (RSV).
The development of antibody fragments in infectious diseases is under-exploited, likely due to their
lack of effector function. To our knowledge, there are only three molecules currently in clinical trials
and no approved therapies. Afelimomab is an F(ab’)2 in phase III trials for sepsis toxic shock [17].
Rivabazumab pegol is a pegylated Fab in phase II for the treatment of chronic Pseudomonas aeruginosa
infection [17]. The third is ALX-0171, a trivalent Nanobody® (VHH3) in phase III for the treatment of
RSV infection [17]. ALX-0171 binds to RSV F protein. The potency of the trivalent ALX-0171 against
RSV-A and RSV-B strains was found to be several thousand-fold higher than that of the monovalent
nanobody. It is also the first Nanobody® treatment developed for delivery directly into the lungs,
the site of RSV infection, by nebulisation [141]. Unfortunately, Sanofi decided to stop development
ALX-0171 in Feb 2019 [142].

Although ALX-0171 remains the only Nb to reach clinical trials in this therapy area, there have
been many in vivo and in vitro studies investigating the use of nanobodies against a wide range
of bacteria, viruses, parasites, and fungi, including rotavirus, norovirus, HIV-1, Helicobacter pylori,
Trypanosoma brucei, and Plasmodium falciparum. The reader is directed to two recent reviews by Steeland
et al. and Wilken and McPherson [44,141].

4.3.3. Anti-Toxins and Anti-Venoms

Traditionally, the treatment for envenoming has been the transfusion of serum from immunised
animals. Primarily containing IgG, Fab and F(ab’)2 fragments, much of which will not be specific
for the venom, serotherapy can have several undesirable affects including IgE-mediated and
non-IgE-mediated early adverse reactions, anaphylaxis and serum sickness [143]. The ability of
antibody fragments to rapidly penetrate tissue, their lack of effector function, and their retained
specificity and affinity for their antigen makes them promising candidates for anti-venoms. In addition,
they can easily be produced recombinantly in a homogeneous form.

Although none have progressed to the clinic as yet, many Nbs have been generated that have
shown the ability to neutralise toxins/venoms in in vitro and in vivo models. Venoms from Androctonus
australis (Fat tailed scorpion), Hemiscorpius lepturus (Iranian scorpion), and Naja kaouthia (monocled
cobra) and toxins from Clostridium difficile, Vibrio cholera, Bacillus anthracis, and E. coli, including Shiga
toxins 1 and 2, have all been neutralised [44,144].

5. Non-Therapeutic Uses

Imaging & Diagnostics

The use of antibodies for molecular imaging is well established. In essence, their high affinity
and specificity make them ideal for the detection of a specific surface protein in vivo or in vitro.
Additionally, their large size allows for their conjugation to radioisotopes, fluorescent molecules, or
even enzymes without inhibiting binding to their target [145].

However, conventional antibodies are by no means perfect for in vivo imaging. Their long
half-lives and low rates of clearance necessitates a several-day waiting period to obtain an acceptable
signal-to-noise ratio, exposing patients to excessive radiation from radioisotopes. In addition, potential
off-target immune effects, conferred by the Fc domain, are undesirable. Antibody fragments, either
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produced recombinantly or by enzymatic cleavage, provide a solution to these downsides. Fragments
lack an Fc domain, thus removing their immune activating potential and reducing their half-life
simultaneously. This reduces the risk of disturbing the system being visualised, allows for rapid
high-contrast imaging, and reduces radiation exposure [145]. In addition, their small size allows for
better tissue distribution and provides more options with regard to epitope choice [12]. Nanobodies
targeting CAIX and HER2 have been used for optical imaging of pre-invasive breast cancer, which
requires a high tumour to background ratio [146,147].

Diabodies, tribodies, and tetrabodies also have potential uses in applications such as
radioimmunotherapy and diagnostic in vivo imaging [148,149]. In addition, fluorescently labelled
nanobodies have been used for real-time analysis of epithelial mesenchymal transition [150].

The applications of single-domain antibodies in in vivo imaging and diagnostics are not restricted
to oncology. In 2014, an anti-VCAM1 single-domain antibody fragment was shown to be an accurate
and reproducible tool for the imaging of atherosclerotic lesions [151,152].

6. Future Opportunities

6.1. Neurodegenerative Diseases

Antibody therapies have traditionally been thought to be of limited relevance in the treatment of
neurodegenerative disease due to the miniscule proportion of antibodies in circulation that can cross
the blood–brain barrier (BBB) [153]. The four monoclonal antibodies approved for the treatment of
multiple sclerosis—natalizumab (Tysabri®), alemtuzumab (Lemtrada®), daclizumab (Zinbryta®), and
ocrelizumab (Ocrevus®)—are thought to mediate their effects primarily in the periphery [154]. There
are also two antibodies against alpha synuclein (PRX002/RO7046015 from Roche and BIIB-054 from
Biogen) entering clinical trials for Parkinson’s disease. No antibody fragments have yet progressed
into the clinic.

The causal mechanism of many neurodegenerative diseases, including Alzheimer’s and
Huntington’s disease, involves aggregation of misfolded protein [155], and it has been shown that
it is possible to raise antibodies that can neutralise these toxic aggregates. One possible approach to
circumvent the BBB challenge is to express antibody fragments, termed intrabodies, within the cells of
the brain. Although this approach may be far from reaching clinical trials, partially due to its invasive
nature, it has been shown to be efficacious in some in vivo models [156]. Penetration of the BBB is
discussed in Section 6.2.

6.2. Cell and Tissue Specific Antibody Delivery

Bispecific antibodies where one specificity is used to target the antibody to a specific tissue or
cellular compartment and the second specificity is used to target the antigen of interest would have
great advantages in limiting off-target effects due to systemic administration. Conditions in which
the target of interest is located in the central nervous system (CNS) are particularly challenging,
however, as most antibodies are generally unable to penetrate the BBB. Receptor-mediated transcytosis
(RMT) is an example of a macromolecule transport system that is employed by cells of the BBB to
supply essential proteins to the brain. This system can be utilised to deliver biologic payloads, such
as antibodies, across the BBB. Increased brain penetration of therapeutic antibodies can be achieved
by engineering bispecific antibodies in which one antibody binding specificity recognises a BBB
receptor that undergoes RMT from the circulatory compartment into brain parenchyma, and the
second binding specificity recognises a therapeutic target within the CNS. Anti-transferrin receptor
(TfR)-based bispecific antibodies have previously shown promise for boosting antibody uptake in
the brain [157]. Abzyme Therapeutics are now exploiting modular anti-TfR antibodies (nanobodies)
and TFR-directed bispecifics capable of overcoming the blood–brain barrier for treatment of CNS
disorders [158].
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Some fragment formats, including F(ab’)2 and basic VHHs, have been demonstrated to cross the
BBB with relative efficiency, although they may not necessarily accumulate to therapeutic concentration
due to rapid clearance [159–161]. Engineering these formats to bind key proteins in the causal
mechanism of neurodegenerative diseases will likely be challenging, but their existence shows the
significant progress that has been made in recent years. In 2001, Muruganandam et al. identified two
single-domain antibody fragments of camelid origin capable of crossing the BBB endothelium, FC5
and FC44, by phenotypic panning of a naive llama single-domain antibody phage display library [162].
Recently, Farrington et al. engineered FC5 as a mono- and bivalent fusion with the human Fc domain
and showed up to a 30-fold enhanced apparent brain exposure (derived from serum and cerebrospinal
fluid pharmacokinetic profiles) compared with control domain antibody-Fc fusions after systemic
dosing in rats [163]. This study demonstrates that modular incorporation of FC5 as the BBB carrier
arm in bispecific antibodies or antibody-drug conjugates may have potential use in the development of
pharmacologically active biotherapeutics for CNS indications. As an alternative, Caljon et al. suggested
grafting CDR loops of BBB penetrating Nbs onto an as-yet undiscovered scaffold to combine BBB
penetration and high antigen specificity with the desired pharmacokinetic properties [161].

6.3. Intracellular Targeting

Antibodies have proven to be effective at modulating a wide variety of disease associated
molecules belonging to different target classes, but there are still hundreds of disease-associated
intracellular targets that are inaccessible to antibodies and undruggable with small molecules and
that include phosphatases, E3 ubiquitin ligases, GTPases, and transcription factors. The majority of
antibodies are unable to penetrate into cells. Thus, while small molecules drugs can easily penetrate cell
membranes to hit intracellular targets, they often lack specificity, in particular when multiple targets
have similar binding pockets. Furthermore, their small size makes them ineffective at blocking certain
protein–protein interactions where large interfaces are involved. Antibodies or antibody fragments
can solve the specificity problem and effectively block protein–protein interactions, but they have
been largely restricted to targets in the extracellular milieu because they cannot cross the lipid bilayer.
It has therefore been the ‘holy grail’ of many pharmaceutical companies to combine the targeting
power of monoclonal antibodies with the cell-penetrating abilities of small molecules. Even if cell
penetration can be achieved, a further complication is the need for tissue and cellular specificity to limit
off-target effects, although one could argue that cell-specific action can be reached on the intracellular
antigen level.

A number of different approaches have been described in the literature including transfection, cell
penetrating peptides (CPPs), fragments of bacterial toxins, nanocarriers (lipid-based, polymer-based,
and virus- and virus-like particle-based), and physical methods such as microinjection and
electroporation and have recently been extensively reviewed [164]. Below we briefly describe
some of the most promising approaches that could be applicable for the systemic delivery of
antibody fragments.

A cell-penetrating, intracellular targeting antibody needs to bind to a receptor on the cell surface
and trigger internalization, for example, by receptor-mediated endocytosis. Once internalised, the
antibody needs to be able to escape from the endosome in order to bind to/neutralise its intracellular
target in the cytosol, where the majority of potential therapeutic targets are concentrated, or in
the nucleus.

A frequently used approach for intracellular delivery is the fusion of an antibody or antibody
fragments including scFv, Fab, and nanobody to a CPP. Early studies showed that HIV tat and
other CPPs such as the membrane translocating sequence from Kaposi fibroblast growth factor,
the Antennapedia protein transduction domain, the Penetration of the Drosophila homeodomain,
nona-arginine, and certain oligonucleotides could cross the plasma membrane to enter cells. However,
their mechanism of intracellular delivery was unclear, and it is unknown if/how CPPs and
CPP-conjugated antibody fragments are released from endocytotic vesicles, making efficient endosomal
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escape one of the limitations of this approach. Other limitations include the lack of optimisation for
intracellular localization and the lack of cell or tissue-specific targeting. The latter may be solved by
addition of a cell-targeting ligand to the antibody fragment. This was elegantly demonstrated by the
authors in [165], who fused a cancer-cell specific, 17-amino acid peptide (BR2) to anti-mutated K-ras
scFv, and demonstrated significant and cancer-cell-selective effects in vitro.

Most currently used CPPs seem to contain a disproportionately high number of positively
charged lysine and/or arginine residues and have a high theoretical net charge. These positively
charged residues facilitate interaction with negatively charged cell surface proteoglycans, such as
sulfated proteoglycans like HSPG, ultimately enabling cellular uptake. These findings suggested
that polycationic protein resurfacing could endow cell penetration properties, the downside being
that extensive mutation of most proteins would lead to a loss of functional activity. To this end,
Bruce et al. recently showed that nanobodies are amenable to cationic resurfacing [166]. Structural
analysis of a GFP-binding nanobody revealed a number of solvent exposed residues that were not
within the CDRs. Polycationic resurfacing of these solvent exposed residues resulted in a new protein
that expressed well in E. coli, retained affinity for GFP, and penetrates mammalian cells. Analogous
mutation of HER2-or β-lactamase-binding nanobodies also resulted in well-expressed nanobodies that
exhibited potent cell-penetrating properties, and the majority of the internalised proteins were found
to reside in the cytosol, although the mechanism of uptake remains unclear.

Probably one of the most exciting recent technology developments in the field of intracellular
targeting has come from Orum Therapeutics (South Korea). Orum have developed a cell-penetrating
antibody technology that uses a cell surface receptor-specific cyclic peptide fused to an antibody
targeting activated K-ras that has been engineered from a naturally occurring autoimmune antibody
able to penetrate into cells. The peptide, which confers cell-type specificity, is genetically linked to
the light chain variable domain of the antibody. The light chain contains a sequence motif in L-CDR3,
which enables the antibody to escape from acidified endosomes into the cytosol, where the heavy
chain of the antibody is able to engage with and neutralise its intracellular target, activated K-ras [167].
Using this strategy, a humanised IgG1 format antibody named iMab RT11-i fused to a tumour-homing
αv integrin binding RGD10 cyclic peptide was developed, and this had significant anti-tumour effects
in vivo in a tumour xenograft model in mice, demonstrating the feasibility of this approach for the
cytosolic delivery of antibodies. Based on this approach, it is conceivable that antibody fragments, e.g.,
nanobodies or domain antibodies with different targeting specificities, could be combined to achieve
a similar effect.

7. Conclusions

In this review we have covered the structure of a range of antibody fragments, from the isolated
domains of canonical IgG to nanobodies, their production in microbial prokaryotic and eukaryotic,
cell-free systems, and their application in and outside of the clinic. We have discussed the main
advantages of each fragment format with a focus on size and effector function and have highlighted
the main mechanisms of action through which these fragments mediate their therapeutic effects.

Since the approval of muromonab in 1986, antibodies have rapidly expanded to become a major
class of therapeutic molecule and are essential to the way we treat many diseases. Therapies have also
diversified from the canonical mAb to a wide range of fragments and antibody-drug conjugate formats,
which can offer context-dependent improvements to full-sized mAbs, the most common of which are
discussed here. There is nothing to suggest that this trend will not continue with new formats and
artificial frameworks (not discussed in this review) constantly being developed and gradually making
their way into the clinic.

New formats offer exciting opportunities to expand the uses of antibodies into previously
uncharted territory. For example, an orally taken antibody for the treatment of neurological diseases
or antibodies against intracellular targets were once thought impossible due to an antibody’s large
size and susceptibility to acidic proteases. Small, highly stable, even at low pH, nanobodies that are
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easy to link in series may potentially offer a way to access previously undruggable targets and tissues
whilst being completely un-invasive. Fragments allow us to break central tolerance and re-target
a host’s immune cells against cells displaying previously unrecognised cancer antigens in tissues too
far removed from circulation for conventional antibodies to access. Fragments allow us to discover
new antibodies at an astounding rate, create a vast array of multi-specific molecules, and rapidly
search for indicators of disease almost anywhere in the body.

Although still not without their limitations and complications, the future of antibody-derived
fragments undoubtedly looks bright. The diverse range of formats and modifications available
combined with yet to be explored sequence space may allow us to overcome the challenges that we
face in this modern era, from diseases of the wealthy and old aged, to the infectious and transmissible.
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6HIS hexa-histidine
ADA anti-drug antibody
ADCC antibody dependant cellular cytotoxicity
ADCP antibody dependant cellular phagocytosis
ADH1 alcohol dehydrogenase 1
AIEX anion exchange chromatography
ALI acute lung inflammation
ARDS acute respiratory distress syndrome
aTTP acquired thrombotic thrombocytopenic purpura
ALL acute lymphoblastic leukaemia
AMD age-related macular degeneration
AML acute myeloid leukaemia
BBB blood–brain barrier
BCMA B-cell maturation antigen
BiKE bispecific natural killer cell engager
BiTE® bispecific T-cell engager
CDC complement-dependent cytotoxicity
CDR complementarity determining region
CEA carcinoembryonic antigen
CHO Chinese hamster ovary
CIEX cation exchange chromatography
CL constant domain of immunoglobulin light chain
CNS central nervous system
CPP cell penetrating peptide
dAb Domain antibody®

DART® dual affinity re-targeting protein
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EpCAM epithelial cell adhesion molecule
ER endoplasmic reticulum
Fab fragment of antigen binding
Fc fragment crystallizable
FcRn neonatal fragment crystallizable receptor
Fv fragment variable
GAPDH glyceraldehyde-3-phosphate dehydrogenase
GFP green fluorescent protein
GM-CSF granulocyte-monocyte colony stimulating factor
GST glutathione-S transferase
HAVH human anti-VH
HEK human embryonic kidney
HER2 human epidermal growth factor 2
HIC hydrophobic interaction chromatography
HIV human immunodeficiency virus
HLA human leukocyte antigen
IgG immunoglobulin gamma
IMAC immobilised metal affinity chromatography
ImmTAC® immune mobilising monoclonal t-cell receptors against cancer
ImmTAV® immune mobilising monoclonal t-cell receptors against virus antigens
mAb monoclonal antibody
MBP mannose binding protein
MDS myelodysplastic syndrome
MDSC myeloid derived suppressor cell
MG myasthenia gravis
MHC major histocompatibility complex
MS multiple sclerosis
Nb Nanobody®

NK cell Natural killer cell
NY ESO New York esophageal squamous cell carcinoma
PD pharmacodynamic
PEG polyethylene glycol
PGK1 phosphoglycerate kinase 1
RMT receptor-mediated endocytosis
RSV respiratory syncytial virus
scFv single chain fragment variable
SEC size exclusion chromatography
SLE systemic lupus erythematosus
TBGP anti-trophoblast glycoprotein 5T4
TCR T-cell receptor
TfR transferrin receptor
TNF tumour necrosis factor
IL interleukin
TNFR1 tumour necrosis factor receptor 1
TriKE trispecific natural killer cell engager
VEGF vascular endothelial growth factor
VH variable domain of immunoglobulin heavy chain
VL variable domain of immunoglobulin light chain
V-NAR variable new antigen receptor
vWF von Willebrand factor
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Abstract: Antibodies and antibody-derived macromolecules have established themselves as the
mainstay in protein-based therapeutic molecules (biologics). Our knowledge of the structure–function
relationships of antibodies provides a platform for protein engineering that has been exploited
to generate a wide range of biologics for a host of therapeutic indications. In this review, our
basic understanding of the antibody structure is described along with how that knowledge has
leveraged the engineering of antibody and antibody-related therapeutics having the appropriate
antigen affinity, effector function, and biophysical properties. The platforms examined include the
development of antibodies, antibody fragments, bispecific antibody, and antibody fusion products,
whose efficacy and manufacturability can be improved via humanization, affinity modulation,
and stability enhancement. We also review the design and selection of binding arms, and avidity
modulation. Different strategies of preparing bispecific and multispecific molecules for an array of
therapeutic applications are included.

Keywords: antibody engineering; therapeutic biologics

1. Introduction

Currently, all antibodies and antibody-derived macromolecules being developed for a wide
spectrum of therapeutic indications [1,2] require protein engineering. The engineering approaches
being used are based on our knowledge of protein structure and, in particular, our knowledge
of how the structures are linked to their function [3]. Our knowledge of the three-dimensional
structure of antibodies has emerged from crystallographic studies reported from numerous laboratories
beginning in the 1970s. At present, the Protein Data Bank (PDB) [4] contains over 3500 structures of
antibody fragments (Fabs, Fvs, scFvs, and Fcs), as well as a small number of intact antibody structures.
The structural data includes complexes of these molecules with proteins, other macromolecules,
peptides, and haptens. The overall structure of antibodies, including the folding pattern of the
individual domains and basic features of the antigen-combining sites, has been the subject of several
reviews [3,5–8].

Human immunoglobulins are Y-shaped proteins composed of two identical light chains (LCs) and
two identical heavy chains (HCs). In natural systems, the pairing of one LC with one HC associates with
another identical heterodimer to form the intact immunoglobulin. The HC and LC of the heterodimer
are linked through disulfide bonds. The two HCs of the heterotetramer are also linked by disulfide
bridges. Human LCs can be one of two functionally similar classes, κ or λ. Both LC classes have two
domains, a constant domain (CL) and a variable domain (VL). In comparison, human antibody HCs
can be one of five isotypes, IgA, IgD, IgE, IgG, and IgM, each with an independent role in the adaptive
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immune system. IgAs, IgDs, and IgGs have three constant (C) and one variable (V) domains. IgEs and
IgMs have one variable and four constant domains. The IgA and IgM isotopes have an additional
J-chain, which allows the formation of dimers and pentamers, respectively. The other isotypes are
monomeric (a monomer is defined here as a pair of HC-LCs.).

The general features of antibodies described below will focus on the IgG1 framework.
Our knowledge of how antibody structure relates to function is being exploited to create antibodies
and antibody-related biologics with the appropriate functional and biophysical properties to address
specific therapeutic needs. The engineering approaches applied to antibodies, antibody fragments,
antibody, and antibody fusion products include effector function engineering, antibody humanization,
affinity modulation, and stability enhancement to improve efficacy and manufacturability.

1.1. Overall Features of the Immunoglobulin

The intact antibody molecule shown in Figure 1 has three functional components, two Fragment
antigen binding domains (Fabs) and the fragment crystallizable (Fc), with the two Fabs linked to the
Fc by a hinge region that allows the Fabs a large degree of conformation flexibility relative to the Fc.
Each of the Fabs have identical antigen-binding sites (or what is often called antigen-combining sites)
for binding to a specific target antigen. The Fv region of the Fab is composed of a pair of variable
domains (VH and VL) contributed by the HC and LC. In contrast, the glycosylated Fc region binds to a
variety of receptor molecules providing the effector function profile that dictates how the antibody
interacts with other components of the adaptive and humoral immune system.

All the domains of heavy and light chains are approximately 110 amino acid residues in length
whose conformations have been termed the “immunoglobulin fold” (Figure 2) [9,10]. The fold is
comprised of two tightly packed anti-parallel β-sheets. One of the two β-sheets of the C domains
has four β-strands, ↓A ↑B ↓E ↑D, and the other three β-strands, ↓C ↑F ↓G. The overall fold is often
referred to as a Greek key barrel. The two β-sheets are covalently linked together by an intra-domain
disulfide bridge formed between two cysteine residues in the ↑B and ↑F β-strands. The C domains are
in general compact, with short loops connecting the β-strands. The two β-sheets pack together using
the non-covalent interactions of the side chains of amino acid residues on the complementary faces.

Figure 1. A ribbon representation of an intact IgG, Protein Data Bank (PDB) id: 1igt [11], which is a
mouse IgG2a isotype. The light chains are green, the heavy chains are cyan and blue, the glycan is
orange sticks, and the interchain disulfides are yellow sticks.
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Figure 2. The immunoglobulin fold. The left ribbon image (cyan and red) of the heavy-chain variable
(VH) domain illustrates the V domain immunoglobulin folding pattern (VH of Fab 388, PDBid 5i1a) [12].
The V domain complementarity-determining regions (CDRs) are shown in red. The right ribbon image
(green) illustrates the similar folding pattern of a typical C domain (CL of Fab 5844, PDBid: 5i18 [12].

The V domains of the immunoglobulin structure, which interact with the target antigen, are at the
N-termini of the HCs and LCs. These domain structures are like that of the C domains but with some
differences. The two β-sheets have a configuration like that found in the C domain. The four-stranded
β-sheet, formed from four β-strands, ↓A ↑B ↓E ↑D is like the corresponding β-sheet in the C domain.
The other β-sheet has five β-strands, ↓C” ↑C’ ↓C ↑F ↓B, instead of the three found in the C domain.
An insertion of two β-strands, ↓C” ↑C’ is present between β-strands ↓C and ↑D. Just as in the C domain,
an intra-domain disulfide bridge is formed between β-strands ↑B and ↑F. The less-compact V domains
in general have longer loops connecting the β-strands.

1.2. Fab Region

1.2.1. Fab Overall Features

The Fab regions of an immunoglobulin are formed by the pairing of VL and CL of the LCs with
VH and CH1 of the HCs. The pairing of VL and VH, form the antigen-binding site. The two β-sheets
formed with β-strands ↓C” ↑C’ ↓C ↑F ↓B pack together, forming a barrel-like structure that aligns
the connecting loops (complementarity determining regions or CDRs, see below) and forming the
antigen-binding site. In contrast, the CH1 and CL domains pack tightly in an almost perpendicular
mode using the complementary faces of the opposite ↓A ↑B ↓E ↑D β-sheet.

The overall arrangement of the HC and LC domains of the Fab are characterized by what is
called the elbow bend or elbow angle. This is defined by the angle between the pseudo-two-fold axes
relating the two pairs of domains (VH, VL and CH1, CL) [10,13]. The switch region, an extended
polypeptide chain, connects the V and C domains. The orientation of the V domains with respect to
the C domains is referred to as the elbow angle or elbow bend, which can vary significantly. In an early
survey of Fabs with kappa (κ) light chains, the angle was shown to vary from 116◦ to 226◦ [14]. Fabs
with lambda (λ) light chains have a wider range of angles, indicating higher levels of flexibility. This
may result from the presence of an extra amino acid residue (usually a glycine) present in the switch
region of λ LCs. An early analysis of the elbow motion in Fabs discovered a conserved feature that is
referred to as a molecular ball-and-socket joint [15]. This occurs in the HC at the interface between
VH and CH1. The ball consists of conserved amino acid residues Phe148 and Pro149 in VH and the
socket is formed by conserved amino acid residues Leu/Val11, Thr110, and Ser112 in the CH1 domain.
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This interaction could restrict the elbow angle to a maximum of 180◦. However, larger angles were
reported for subsequent Fab structures (e.g., [16]) in which the ball and socket move apart, allowing
elbow angles >180◦ [14].

1.2.2. The Fab Antigen-Binding Site

The antigen-binding site is formed by the pairing of the Fab VH and VL with the N-terminal
region designated as the Fv region. As shown in Figure 3, each domain contributes three
complementarity-determining regions CDR-L1, CDR-L2, and CDR-L3 for VL and CDR-H1, CDR-H2,
and CDR-H3 for VH. These hypervariable regions were identified by early amino acid sequence
variability analyses [17,18] that pre-dated our knowledge of the structure of the antibodies. The six
CDR loops are in proximity to each other, resulting from the orientation of VL and VH after the
formation of the Fv. This is a result of the packing of the β-sheets composed of the ↓C” ↑C’ ↓C ↑F ↓B
from the two domains. This configuration brings the three CDRs of the VL and VH domains together
to form the antigen-binding site. The strands of the two β-sheets and the non-hypervariable loops are
referred as to framework regions (FRs).

Figure 3. The Ab Fv region with the VH in cyan and the VL in green. The Martin CDRs are highlighted
in red (Fv of Fab 388, PDBid: 5i1a) [12].

Both the number of amino acid residues and the sequences can vary for the CDRs. Genetic
recombination of the V, D, and J gene segments for VH and V and J gene segments for VL with
subsequent somatic hypermutation in mature B cells accounts for antibody CDR sequence diversity.
In the two domains, the CDRs are composed of amino acid residues in the loops connecting the
framework β-strands ↑B and ↓C for CDR-L1 and CDR-H1, ↑C’ and ↓C” for CDR-L2 and CDR-H2, and
↑F and ↓G for CDR-L3 and CDR-H3.

The Fv amino acid residues in contact with the antigen have been called specificity-determining
residues (SDRs) [19]. Antibodies in complex with haptens, proteins, or peptides show distinctive SDR
patterns [19,20]. Anti-hapten antibodies have small and deep binding pockets at the VH–VL interface.
The antigen-binding sites specific for peptides are groove-shaped depressions between VH and VL,
while anti-protein antibodies tend to have extended and larger binding sites compared to those of the
other two classes of antibodies. These structural features of antibody recognition sites for different
classes of antigens have been employed in the development of productive synthetic antibody libraries
for the specific recognition of haptens [21], peptides [22], and proteins [23].
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1.2.3. Relationship between Binding and Affinity

The antigen binding of antibodies often results in conformational changes in the contact surface
areas of both the antibody and the antigen. These events have been studied in detail by many
laboratories in the structure determinations of both an antibody fragment (Fabs or Fvs) alone and in
complex with its antigen (for reviews, see [8,24]. When discussing antigen–antibody interactions, the
general modes of binding are cited: Lock and key, induced fit, and conformational selection. In the lock
and key model, the two molecules interact in a manner that minimizes changes in the conformations of
the two protein surfaces from that observed in the unbound and bound states. Thus, the backbone
conformations of the antibody and antigen are essentially the same in both the unbound and bound
states. In contrast, the conformational changes for the antibody and antigen in the induced-fit mode
can be quite extensive. Both the side chain and backbone atoms in the contact region can undergo
conformational changes after the binding takes place, especially in the CDR regions. Of all the CDRs,
the CDR-H3 most often has changes in conformations when the unbound and bound structures are
compared. In addition, differences in the orientation of VL with respect to VH are often seen. Lastly,
the Fab elbow angle may differ in the two forms. It has been suggested that the induced-fit mode of
binding introduces plasticity into the antigen-binding site, expanding antibody diversity beyond that
resulting from amino acid residue changes [25]. In the conformational selection model, the antigen
samples a population of different conformational states prior to binding [26,27]. Antibody binding can
then depend on pre-activation states of the antigen, which can be affected by the microenvironment
around the antigen [28]. Sorting out the kinetics of target engagement also provides a guideline of how
to optimize pharmacology. Understanding this aspect of binding can drive the development of better
in situ antibody therapeutic design [29]. This also serves as a reminder that binding affinity may not be
directly linked with pharmacology [30].

1.2.4. Canonical Structures of the CDRs

An early structural analysis of antigen-binding sites of the small set of structures of immunoglobulin
fragments available at the time revealed that the conformations of five out of the six hypervariable loops
or CDRs had a limited set of main-chain conformations or ‘canonical structures’ [31,32]. The canonical
structure model implied a paradigm shift in the field, replacing the notion that each antibody has
unique hypervariable loop conformations. A canonical structure is defined by the loop length, the
conformation of the loop, and the conserved amino acid residues within the hypervariable loop and
FRs. Based on this model, studies of antibody sequences indicated that from the total number of
possible combinations of canonical structures only a few occur [33–35]. This suggested that structural
restrictions at the antigen-binding site may affect antigen recognition. Subsequent work [36] reported
that the hypervariable loop lengths are the primary determining factor of the antigen-binding site
topography, as they are the primary factor determining the canonical structures [31,37].

This early work was extended to include conformational analysis of the CDRs of 17 high-resolution
antibody fragments [37]. The CDRs of the light chain CDR-L1, CDR-L2, and CDR-L3 were all
found to have preferred sets of canonical structures based on the length and amino acid sequence
composition. This was also found for CDRs of the heavy chain CDR-H1 and CDR-H2, but not for
heavy chain CDR-H3, which is the most variable in length and amino acid sequence. This limited
set of CDR canonical structures was included in macromolecular modeling strategies for antibody
structures [31,32]. The early assignments of canonical structures have been extended using an
algorithm that clusters the CDRs from a set of antibody fragments with low temperature factors
and low conformational energies [38]. The results are frequently updated and available online
(http://dunbrack2.fccc.edu/PyIgClassify/default.aspx) from the Dunbrack Laboratory.
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1.2.5. CDR-H3

One of the CDRs, CDR-H3, has a large range of lengths and amino acid sequence diversity and
usually plays a primary role in the antibody–antigen interactions. The CDR-H3 conformation is quite
variable in nature and canonical structures were not defined in the early cataloging efforts. In later
studies, the residues in the loop nearest the framework (torso) and residues in the extended region of
the loop (head) have been found to have defined conformations [39–41]. One interesting discovery
by this work was that the backbone of the CDR-H3 base region can have either an ‘extended’ or
‘kinked’ conformation. The kinked conformation is a beta-bulge in the backbone of the stem region.
In early studies of CDR-H3 structures, the kinked form was more prevalent than the extended one [41].
A recent study reported 16 representative Fab structures of a germline library, all having the same
CDR-H3 amino acid sequence [12]. In fourteen of these structures, CDR-H3s were found in the kinked
conformation, whereas in two structures CDR-H3s were in the extended conformation. This finding
supports the hypothesis that the CDR-H3 conformation is controlled both by its sequence and its
environment [42].

1.2.6. Antibody Modeling

The knowledge of canonical structures enabled the development of antibody modeling (Fv
region) [43]. In therapeutic antibody development programs, where the number of candidates being
considered far exceeds the capacity of the crystallographic structure determination process, antibody
modeling has become increasingly more important. Because of this need, approaches for antibody
modeling continue to evolve along with the field of protein structure prediction. Recently, antibody
modeling assessment studies have been undertaken to gain insight into the quality of the results
of antibody structure prediction software. These blinded studies [44,45] involved providing the
antibody structure prediction software groups with the sequence of Fv regions for which structures
had been determined but were not yet publicly available. Once the predictions were completed by the
participants, the results were submitted to the organizers and the models were assessed and compared
with the unpublished structures. In the second study [45], after the prediction of the structures of
the entire Fv were completed, the participants were provided with the Fv structures without their
CDR-H3s. The structures of the CDR-H3s were then predicted and submitted. This was done to
assess whether more accurate structures of CDR-H3 could be predicted if the context (the Fv structural
environment) was provided. The participants included Accelrys, Inc. [46], Chemical Computer Group
(CCG) [47], Schrödinger [48], JeffGray’s lab at John Hopkins University [49] Macromoltek [50], Astellas
Pharma/Osaka University [51], and Prediction of ImmunoGlobulin Structure (PIGS) [52,53]. While only
Accerlys, Inc. and Chemical Computer Group (CCG), and PIGS participated in the first assessment, all
other aforementioned parties participated in the second assessment. In both studies, all the antibody
modeling methods produced similar and reliable models for the FR, but with some exceptions in the
CDRs. Each of the methods applied in these studies had different strengths and weaknesses. Overall,
the second antibody assessment revealed an improved quality of the models with an incremental
improvement in the accuracy of the predictions from the first assessment, but further development to
improve these methods is clearly warranted [54].

1.3. Fc Region

In the 1950s, it was discovered that proteolysis of intact IgGs with papain produced large fragments
about a third of the size of the intact molecule [55,56], and it was eventually discovered that one of the
fragments could bind antigen and act as an inhibitor to the binding of the intact antibody. This turned
out to be what we call today the Fab fragment. Another fragment approximately the same size turned
out not to inhibit binding, and it was easily crystallized [57]. This crystallizable fragment is what we
call the Fc. The structural features of this region of the antibody were defined in the initial structure
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determination of the human IgG1 Fc [58] and they have remained constant as the structures of many
other Fcs have been determined (see a partial list of Fc structures in Teplyakov et al., 2013 [59]).

The three-dimensional structure of the Fc [58] revealed how the two constant domains, CH2
and CH3, of the each of the HCs interact with one another (see Figure 4). The CH3s pack tightly
with each other while the CH2s have no observable protein–protein contacts with one another.
Rather, the space separating the CH2s is filled in part by the carbohydrate attached at Asn297.
In some structures, the two carbohydrate chains interact through hydrogen bonds, either directly
or through bridging water molecules. The flexibility imparted to the CH2s contributes to their role
in the interaction with C1q and the FcγRs. The Fc region of an IgG can engage with Fc gamma
receptors (FcγR) and the first subcomponent of the C1 complex (C1q) to mediate antibody-dependent
cellular cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), antibody-dependent cellular
phagocytosis (ADCP), trogocytosis, induction of secretion of mediators, and endocytosis of opsonized
particles, as well as modulation of tissue and serum half-life through interaction with the FcRn [60–62].
The Fc has been the focus of significant engineering to modulate effector function activities found
on monocytes, macrophages, dendritic cells, neutrophils, T and B lymphocytes, and natural killer
cells [63]. Since there is often an interchange of mAbs coming from different mammalian forms, a
systematic comparison of human Fc binding to mouse, cynomolgus, and human FcγRs have been
made to correlate in vitro and in vivo Fc activity [64].

Figure 4. The structural features of the human IgG1 Fc and how they impact functionality. The Fc is
represented by a ribbon image of the Fc structure (PDBid: 3ave [65]). The two heavy chains are shown
in blue and cyan; the carbohydrate is represented by orange sticks.

1.3.1. The Fc CH2–CH3 Interface

The Fc CH2–CH3 interface has been recently characterized in a report of the structures of two
crystal forms of the IgG2 Fc [59]. The interface is dominated by non-covalent interactions between
the two domains supplemented by the presence of ordered water molecules. When the structures
were compared with the structures of homologous IgG1 Fcs [65–67], it was observed that the CH2s
change position relative to the CH3s. Further analysis revealed an Fc ball-and-socket joint between
CH2 and CH3 that allows the CH2 domain to pivot around its Leu251 side chain, which is buried in a
pocket formed by CH3 residues Met428, His429, Glu430, and His435. The movement of the CH2s is
constrained by residues from both domains found at the CH2–CH3 interface and the hinge region.
This Fc ball-and-socket joint is analogous to the one that is found in the Fab structures mentioned
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above [14,15,68], but in the Fc case, it is reversed relative to that found in Fab regions with the ball in
the CH2 domain and the socket in CH3. The subset of CH2–CH3 interface residues associated with the
Fc ball-and-socket are highly conserved among human IgG1, IgG2, IgG3, and IgG4 [59], indicating
that it is a general structural feature that facilitates the motion of CH2 relative to CH3 in human IgGs.
The positions of the amino acid residues at the interface vary as the domains change their relative
orientation to one another, increasing or decreasing the gap between the domains. As the domains
move, the water structure associated with the CH2–CH3 interface also adjusts. Future Fc engineering
efforts can consider altering residues associated with the Fc ball and socket that could impact the
flexibility of the Fc, potentially altering effector function activity.

1.3.2. The Fc CH2 Carbohydrate

The Fc CH2 carbohydrate covers a hydrophobic face of the domain and helps to fill the void
between the two HC CH2s. Each of the domains has covalently bound carbohydrate with the structure
described in Figure 5. This structure may vary considerably by the addition of other sugar residues,
such as sialic acids, N-acetylglucosamines, and galactoses, and in some cases, the absence of fucose [69].
The presence of the glycans contributes to the biophysical stability of the protein structure [70]. Several
Fc crystal structures with different glycoform variants [65,71,72] and aglycosylated forms [73,74] have
been reported. In these structures, the composition of the carbohydrate dictates the separation distance
between the CH2s. The composition of the carbohydrate of the Fc can substantially influence the
effector functionality of the antibody as well as the pharmacokinetic profile [75].

(A) 

Figure 5. Cont.
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(B) 

 
(C) 

Figure 5. (A) Schematic representation of the most abundant recombinant N-linked oligosaccharide
from human IgG Asn 297 (G2S2F) with glycosidic linkages. A similar representation of recombinant
human IgG1 G2S2F is shown. The monomeric saccharides are shown as blue squares as N acetyl
glucosamine; green circles as mannose; yellow circles as galactose; red squares as fucose; and purple
rhombi as sialic acid or N acetyl neuraminic acid. (B) The glycosidic linkage numbers for representative
oligosaccharides. The numbering of the glycosidic linkages are shown for oligosaccharides found
in IgG molecules. The 1-4 N acetyl glucosamine can be found in human IgG structures. (C) Major
species of N-linked oligosaccharides found in recombinant IgGs expressed in Chinese hamster ovary
(CHO) cells may vary considerably by the addition of other sugar residues, such as sialic acids,
N-acetylglucosamines, and galactose.

1.4. Hinge

The HC polypeptide region bridging CH1 and CH2 is called the hinge region and functionally
allows the Fabs a large degree of conformational flexibility relative to the Fc. This facilitates the Fabs
binding to multiple targets and allows the Fc to interact independently with other components of the
immune system [76]. Structural knowledge of the IgG hinges is based upon the structures of intact
mAbs, of Fcs, and of Fc:FcγR complexes. A review of structures deposited in the PDB [4] now reveals
that there are 7 intact antibody structures, 87 Fc structures, and 15 FcγR complexes. There are ongoing
efforts to utilize individual particle electron tomography to determine the diversity of conformational
changes [77].
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The antibody hinge can be divided into three regions, the upper hinge, core hinge, and lower
hinge, each with a different functional role [66] (see Figure 6). On the N-terminal side, the upper hinge
allows the movement and rotation of the Fabs. The central core hinge contains a variable number of
cysteine residues depending on the IgG subtype that forms disulfide bonds, stabilizing the association
of the HCs. On the C-terminal side is the lower hinge that allows movement of the Fc relative to the
Fabs and whose amino acid residues can be involved in FcγR binding.

Figure 6. The hinge sequences of human IgG isotopes illustrating the upper, core, and lower hinge
regions. Sequence numbers are given for the IgG1 hinge.

The hinges of Human IgG subtypes vary significantly in the number of residues and the number
of possible disulfide bridges between the two heavy chains. This contributes to the overall stability of
the antibody. For example, of all the IgGs, IgG4 is the only subtype that undergoes natural Fab-arm
exchange producing antibody molecules that are bispecific [78]. In addition, this variability, including
the differences in amino acid sequence, contributes in part to the strength of the interactions of IgGs
with FcγRs.

An aspect of stability for antibodies and the hinge region is protease sensitivity. Papain [57] and
other proteases [79] are used to cleave the upper hinge of IgGs, generating Fab and Fc fragments.
Cleavage of the lower hinge single leads to single-clipped IgG or a double-clipped IgG with F(ab’)2 and Fc
fragments. In humans, this cleavage can take place during inflammation, in tumor micro-environments
or during bacterial infection by matrix metalloproteases, such as MMP-3, MMP-12, and MMP-7(matrix
metalloproteases), and others like cathepsin G, GluV8, pepsin, and IdeS [80]. Mutations in the IgG1 [81],
IgG2 [82], and IgA [83,84] hinge regions can mediate some levels of resistance to such enzymes. Such
mutations can prevent hinge clipping to preserve the Fc effector function of therapeutic Abs in the
inflamed tissue environment.

2. Structure-Based Antibody Engineering

Nobody is perfect, and the same applies to antibodies. Molecular engineering aims to improve the
biochemical and biophysical properties of the antibodies of interest to make them good therapeutics
and convenient research tools. Methodologically, there are two strategies to achieve this goal.
Rational methods are based on structural knowledge derived from X-ray crystallography, Nuclear
Magnetic Resonance (NMR) spectroscopy, and in silico modeling, and typically lead to the generation
of a small set of variants. In contrast to rational, empirical methods are based on generating large
libraries by employing phage, ribosome, or yeast display and rely on screening to select the desired
variants [85]. This section of the review is focused on rational methods to engineer the antigen-binding
function of the Fab arm of the antibody. The enormous progress that has been achieved in modifying
the Fc-related effector function of the antibody has been reviewed recently [86–88] and will be discussed
later in this review.

The availability of the three-dimensional structure of the antibody–antigen complex or even Fab
alone greatly facilitates the design of the antibody variants with improved characteristics. Advances of
X-ray crystallography over the last two decades coupled with the modern molecular biology and
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protein purification techniques have transformed structure determination into a routine procedure that
requires minimal time and effort. Continual adaptations of the downstream process have included
alternative purification schemes [89]. The benefits of the structural knowledge are manifold. For
humanization, it helps to identify the critical positions outside of the complementarity-determining
regions (CDRs) that must be preserved and positions within CDRs that may be replaced. For affinity
maturation, it may point to a residue, which is otherwise unlikely to be considered as a game changer.
For solubility improvement, modifications of the hydrophobic patches on the antibody surface (often
not apparent in the linear sequence) are required.

In addition to crystallography, NMR and recently cryogenic electron microscopy (cryo-EM) have
evolved as complementary techniques to obtain 3-D structures especially of Fab–Ag and Ab–Ag
complexes. In the absence of experimental structural information, homology models are often
considered as a decent alternative. However, despite the obvious development in algorithms and
computer power, the quality of antibody structure prediction, particularly regarding CDR-H3, remains
inadequate, and the results of antibody–antigen docking are also disappointing [90]. While homology
models cannot fully substitute the experimental data, they can initiate the process for in silico design
and evaluation of antibody mutants. We review such applications below.

2.1. Humanization

Historically the first and perhaps the most frequent application of antibody engineering was to
reduce the immunogenicity of therapeutic antibodies of murine origin [91]. A variety of non-human
species, including rodents, chicken, and rabbits, are employed today escape tolerance to obtain
antibodies against human targets. All such non-human antibodies require humanization. The simplest
approach was to make a chimera by combining the variable domains of non-human antibodies with
human constant domains to generate molecules with 70% human content [92]. In many cases, chimeric
antibodies demonstrated reduced immunogenicity but still elicited some human anti-therapeutic
antibody response [93]. To further minimize immunogenicity, a CDR-grafting approach was proposed
by G. Winter and coauthors [94]. The procedure involves the transfer of CDRs from a non-human
(very often murine) “parental” antibody to the scaffold of a human antibody. The method was initially
applied to a murine anti-hapten antibody. The CDRs from the heavy-chain variable region of the mouse
antibody were substituted for the corresponding CDRs of a human anti-myeloma antibody. Following
this experiment, a similar procedure produced a humanized anti-lysozyme antibody D1.3 [95], proving
that CDR grafting can be used for antibodies that recognize protein antigens.

Besides CDR grafting, alternative humanization methods based on different paradigms, such
as resurfacing [96], super-humanization [97], or human string content optimization [98], have been
developed. All of them require the analysis of the amino acid sequence to evaluate the potential
impact of the amino acid substitutions on the antibody structure and function. Typically, a relatively
small number of humanized variants are produced and tested for antigen binding and functional
activity. If the variants fail to meet the functional criteria, a new cycle of design, modification, and
characterization is carried out to improve binding.

First, we consider CDR grafting as the principle method of antibody humanization. The procedure
involves three tasks: (1) Defining the boundaries of the CDRs for grafting, (2) selecting human
sequences to be utilized as framework (FR) donors, and (3) identifying residues within human FRs
that may need to be replaced to maintain antibody binding. Although the tasks may seem consecutive,
they are interrelated, and in practice should be carried out together.

2.1.1. CDR Definitions

Amino acid residues that constitute the CDRs were identified by Kabat [99] based on their
high variability as compared to the other regions of the antibody (Figure 3). By analyzing the first
crystal structures of Fabs, Chothia and Lesk [31] proposed a definition based on the conserved
conformations of the antigen-binding loops named canonical structures. Accumulation of the
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structures of antibody–antigen complexes has led to the Martin CDR definition [100], which considers
the involvement of residues in antigen binding. Symmetrical CDRs, where the N- and C-terminal
residues are opposite each other in the structure, were used for the purpose of canonical structure
classification [38] as implemented in the PyIgClassify database [101]. In comparison to the Martin
definition, CDRs L2, H3, and H1 include an extra one, two, and three residues, respectively, at the
N-terminal end of the CDRs. Universal schemes that are applicable to immunoglobulins, T-cell receptors,
and major histocompatibility complex (MHC) molecules have also gained popularity [102–104].
A comparison of different CDR definitions is presented in Table 1.

Table 1. CDR definitions in Chothia numbering.

CDR Kabat Chothia Martin * PyIgClassify ** IMGT **

L1 24–34 24–34 24–34 24–34 27–32 (M − 5)
L2 50–56 50–56 50–56 49–56 (M + 1) 50–52 (M − 4)
L3 89–97 89–97 89–97 89–97 89–97
H1 31–35 26–32 26–35 (K + C) 23–35 (M + 3) 26–33 (M − 2)
H2 50–65 52–56 50–58 (K − 7) 50–58 51–57 (M − 2)
H3 95–102 95–102 95–102 93–102 (M + 2) 93–102 (M + 2)

* Martin CDRs in comparison to Kabat (K) and Chothia (C). ** PyIgClassify and IMGT CDRs in comparison to
Martin (M).

For the purposes of CDR grafting, the choice of the CDR boundaries is free and not limited by the
common definitions. However, two factors should be considered. First, the CDRs should be as short as
possible to minimize the number of non-human residues. Second, the CDRs should include at least
all residues in direct contact with the antigen. All definitions have advantages and disadvantages in
terms of CDR grafting. The ImMunoGeneTics information system (IMGT) [104,105] rightfully includes
residues 93 and 94 in CDR-H3 as they are very important for the CDR conformation. On the other
hand, the IMGT convention excludes residues 35 and 50 from CDRs H1 and H2, respectively, although
they are often involved in antigen binding. Considering all the pros and cons, the Martin definition
is a good compromise (Table 1). Basically, it combines the Kabat and Chothia definitions and differs
from them only in the heavy chain, where CDR-H1 includes all residues of Kabat and Chothia while
CDR-H2 is seven residues shorter than that defined by Kabat. Those seven residues are in the loop
between β-strands C” and D and are never directly involved in contact with the antigen. In the light
chain, there are no deviations between Kabat, Chothia, and Martin CDR definitions.

Regardless of the choice of CDRs, about 20% of the residues that bind the antigen fall outside
the CDRs [106,107]. Moreover, these residues are at least as important to antigen binding as residues
within the CDRs, and in some cases, they are even more important energetically. Therefore, for CDR
grafting, the CDR definition is a good starting point, but the framework residues interacting with the
antigen must be considered. Typically, for shorter CDRs, more FR residues, and for longer CDRs, fewer
FR residues will need to be considered for back mutations.

Residue numbering schemes evolved in parallel with the CDR identification and aimed at
the correct positioning of insertions and deletions in the antigen-binding loops. Since the Chothia
numbering scheme [32] was based on structural considerations, it represents the best choice and is
widely used in many applications. An advantage of a universal numbering versus sequential is that
all structurally identical positions are numbered identically, which is convenient for alignments and
comparisons. The Chothia numbering of residues is used throughout this review.

2.1.2. Human Germline Selection

The second step in the humanization process is to identify human FR donors. Initially, human
antibodies of a known structure were used regardless of their homology to the non-human antibody in
the so-called fixed FR approach [94,95,108]. Moreover, both VH and VL donors were often selected
from a single antibody to ensure optimal pairing. However, this approach often resulted in a significant
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or even complete loss of affinity and was replaced with a method termed “best fit” [109], where
human VH and VL sequences with the highest homology to the non-human antibody were selected.
Comparison of the fixed FR and best fit strategies showed that the latter yields humanized antibodies
with a higher affinity than variants obtained by the fixed FR method [110]. Another strategy of selecting
human FRs as a template for humanization is by generating consensus sequences [111,112].

Regardless of the method chosen to select human FRs, there are two sources of human
sequences: Mature and Germline. Mature sequences generated by the immune response carry
somatic mutations [113] and therefore are potentially immunogenic. In contrast, human germline
sequences are considered least immunogenic and have been recently used as FR donors almost
exclusively [114].

The human repertoire consists of several dozen germline genes coding VH regions and
approximately an equal number of VL genes, which are divided between κ and λ types [105].
Both heavy and light chain germlines are grouped into families according to sequence similarity.
Among VH germlines, families 1, 3, and 4 are the most ubiquitous. The majority of λ VL germlines fall
into families 1, 2, and 3, whereas the rest are distributed among families 4 to 10. Kappa VL germlines
are almost entirely distributed over three families (1, 2, and 3) except for two genes, IGKV4-1 and
IGKV5-2, which represent families 4 and 5. The sequence identity within families is close to 90% while
it can be as low as 50% for two germlines from different families.

Methods of human germline selection for CDR grafting are varied. One option is to base the choice
on the overall sequence similarity between the non-human antibody and human germline within the
variable domains. A more focused and more common approach considers sequence similarity only in
the FR while neglecting the CDRs. The idea behind this is that homologous FRs provide the same
scaffold for the CDRs and ensure their conformation, while the CDRs themselves are not changed at all
(they are grafted). An alternative approach considers sequence similarity within the CDRs and relies
on the canonical structures that are defined largely, although not exclusively, by the CDR sequence.
The latter method is called super-humanization and will be discussed below.

Typically, a single germline is selected for the entire variable domain, one for VH and one for VL.
However, one may apply a hybrid approach when a donor for each FR is selected independently, so that
the resulting sequence will be assembled from different germlines [115]. This method has an obvious
advantage of more flexibility and a potential for selecting human germlines with higher similarity
score. It is believed, however, that mosaic constructs may exhibit impaired stability when compared to
intact germline sequences owing to suboptimal VH-VL pairing and potential clashes in the core of the
variable domain. Residues that come from different FRs may appear mutually incompatible when
composed from different germlines.

A combination of sequence and structural criteria in the selection of human germlines was
utilized in the humanization of mouse anti-glycoprotein VI Fab ACT017 developed for the treatment
of arterial thrombosis [116]. The choice of templates for VH and VL was based upon the following four
independent criteria: (1) Human germline sequences most similar to mouse germlines of the parental
antibody; (2) high sequence identity and identical canonical structures of the CDRs; (3) high sequence
identity and closely related CDR canonical structure; and (4) the same antibody template for both
V-domains even at the cost of a less optimal template for one of the chains. Additionally, the human
myeloma antibodies NEW (for VH) and REI (for VL) were selected because they are well-characterized
in terms of stability and expression and they are frequently used in a fixed-FR strategy of humanization.
Owing to some overlapping among the best candidates selected by applying these criteria, there were
only 4 variants for each chain, resulting in a total of 16 VH-VL pairs. The 16 Fabs were expressed and
evaluated for antigen binding, and only four of them showed the desired level of binding. One of the
binders was based on bevacizumab, the FR donor for both VH and VL according to the selection criteria
(4). The requirement of the identical canonical structure worked well only for VH and produced the
best variant, which had the light chain FR from human antibody REI. Curiously, none of the variants
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using the VH template with the human germline most like the mouse parent retained significant
binding activity.

2.1.3. VH–VL Pairing

When selecting suitable human germlines for the heavy and light chains, considerations of the
VH–VL pairing is important from two points of view. Firstly, selected germlines should form a
stable Fv, and secondly, the mutual orientation of the VH and VL domains should correspond to that
observed in the parental antibody. While the first requirement seems obvious, the second is debatable.
A completely opposite reasoning, namely that the VH–VL interface should preserve the interactions of
the donor FRs, was indeed utilized (without success) in some studies [117].

The importance of maintaining the VH–VL orientation during the humanization process was
demonstrated in the study of anti-lysozyme murine antibody HyHEL-10 [118]. Following humanization,
the affinity dropped 10-fold. Structural analysis indicated that all interactions between antibody and
antigen were conserved; however, the relative orientation of VH and VL had changed. Amino acid
differences between the mouse and humanized mAbs were then mapped onto the structure. In two
positions in the FR of the heavy chain, there were rather unusual residues K39 and Y47 in the parental
antibody that were replaced during humanization by the conserved Q and W, respectively. A single
back mutation W47Y in the humanized mAb completely recovered the affinity. The double mutant
W47Y/Q39K showed a further two-fold improved affinity. The crystal structure of the final variant
confirmed the VH–VL orientation to be exactly as in the parental antibody.

Early studies have established the promiscuous nature of VH and VL pairing [119–121].
The remarkable ability of the human antibody repertoire to adapt to a specific target by generating a
highly diverse panel of antibodies was recently demonstrated by analyzing antibodies raised against
a single protein, B-lymphocyte stimulator [122]. Over 1000 antibodies, all different in amino acid
sequence, have utilized 42 functional VH, 19 λ, and 13 κ VL germlines. Analysis of the sequences
revealed that a given VH sequence can pair with many light chain sequences of both λ and κ types.

Another and much broader study included over 800 different antibodies generated against 28
clinically relevant antigens and isolated from human B cells from 160 donors [123]. Nearly all possible
functional germlines (45 VH, 28 λ VL, and 30 κ VL) were represented in the experimental set. The V
gene usage indicated no strong bias toward any VH–VL pairing. However, the VH1-λ VL1 germline
family pairings were preferentially enriched and represented a remarkable 25% of the antigen-specific
selected repertoire.

Somewhat contradictory to previous observations was the conclusion from the analysis of a large
dataset of paired light and heavy chains from the Kabat database (Kabat et al., 1991) that VH–VL
pairing does not occur at random [124]. Apparently, germline pairing preferences do occur in human
antibodies, but only for a small proportion of germlines. The VH1 family shows a strong preference
for VK3. On the other hand, no correlation was found between the germline pairing and the VH–VL
packing angle.

Although the total number of human germlines and hence the VH–VL pairs is quite limited,
relative affinities for each possible pair have not been tabulated. A major reason is that CDR-H3 forms
a significant part of the VH–VL interface and therefore affects the pairing potential. In other words,
the pairing propensity of any two given germlines depends to a large extent on the sequence and
conformation of CDR-H3, which is highly variable. However, for a given CDR-H3 (as is the case in
humanization), the differences between various pairings may be substantial.

An interesting, albeit limited, study of VH–VL pairing has reported thermostability values of
a panel of 16 Fabs that were produced by all combinations of four VH germlines and four VL (κ)
germlines with a fixed CDR-H3 [12]. It was found that the melting temperatures (Tm) of the Fabs
differed by more than 20 degrees. For each given light chain, the Fabs with germlines IGHV1-69 and
IGHV3-23 are substantially more stable than those with germlines IGHV3-53 and IGHV5-51. Germline
IGKV1-39 provides a much higher degree of stabilization than the other three light chain germlines
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when combined with any of the heavy chains. These results indicate that the selection of the right
VH–VL pair is of prime importance during humanization.

For a given CDR-H3, the task of selecting the optimal VH–VL germline pair is reduced to the
preservation of residues at the VH–VL interface. This is an additional consideration for human germline
selection besides the sequence similarity to the parental antibody. Since the CDRs are grafted as they
are, only a small set of FR positions should be considered. These positions may be deduced from a
simple analysis of the VH–VL interface in crystal structures. The minimal set of VH–VL interface
residues includes seven residues from VH and eight residues from VL (Figures 7 and 8). Besides two
residues flanking CDR3, all other residues are in FR2 in both VH and VL. Most of these residues are
conserved between human and mouse germlines and across human germlines. However, in those cases
when they are different, either because of human vs. mouse differences or due to somatic mutations,
the so-called back mutation may be required, as discussed below.

Figure 7. Collier de Perles presentation [105] of VH showing CDRs (red), Vernier zone residues (gray),
and VH–VL interface residues (green). Amino acids correspond to human germline IGHV1-69*01 with
the Chothia numbering of residues.

Computer programs predicting the VH–VL packing may provide some guidance in finding
the best pair of germlines. Several tools have been developed recently along with the realization
of the VH–VL orientation as a key parameter in antibody humanization and antibody modeling in
general. A straightforward but effective approach has been implemented by Narayanan et al. [125],
who used side-chain rotamer sampling for the interface residues followed by molecular mechanics
energy calculations. The original main-chain conformations were from the crystal structures. A similar
approach was implemented in the Rosetta Antibody modeling software [126].

A machine-learning approach to predict the VH–VL packing angle has been developed and trained
on sets of interface residues taken from 567 crystal structures [127]. Rather than selecting interface
residues for predicting the packing angle, a genetic algorithm was used to perform feature selection.
It was designed to select a maximum of 20 interface positions that were optimal in training the neural
network. Thirteen positions were identified as the most influential in determining the packing angle.
The results showed an approximately normal distribution of errors with a half width at half maximum
of about 2◦, which is within the error observed in the crystal structures of antibodies [54].

Yet another approach for determining the VH–VL orientation [128] is also based on the identification
of important residues. To describe the VH–VL orientation, six measures (five angles and a distance)
were used. Correspondingly, six sets of key positions were identified, with few overlaps between them,
35 positions in total (24 in VL and 11 in VH). To consider so many positions in germline selection is
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impractical. Instead, the VH–VL packing orientation in the humanized variant may be predicted with
one of the computational tools and compared to that of the parental antibody.

Figure 8. Collier de Perles presentation [105] of VL showing CDRs (red), Vernier zone residues (gray),
and VH–VL interface residues (green). Amino acids correspond to human germline IGKV4-1*01 with
the Chothia numbering of residues.

2.1.4. Back Mutations

Straightforward CDR grafting may result in reduced target binding even if the VH–VL interface
residues are preserved. This problem often arises when non-human CDRs and human FRs are mutually
incompatible. Therefore, any CDR grafting protocol must include a step to identify FR positions that
are critical for maintaining the CDR conformation. In germline selection, these critical positions should
have higher priority than the overall sequence similarity because of their direct impact on the CDR
conformation. If a non-human residue in a critical position cannot be preserved because there are no
such human sequences, one usually applies the so-called back mutation, i.e., a mutation of a residue in
the human FR to the amino acid that occurs in the non-human parent. Such a mutation reduces the
humanness score of the resulting variant, but the change should improve the binding affinity.

Foote and Winter [129] identified 30 residues underlying and in direct contact with the CDRs
that potentially influence CDR conformations. These residues constitute the so-called Vernier zone.
Four of them, heavy chain residues 27–30, are considered part of CDR-H1 in the Chothia, Martin,
and IMGT definitions (Table 1). The remaining 26 residues are divided equally between VH and
VL (Figures 7 and 8). One of the most recognized examples of a Vernier zone residue is position
71 of the heavy chain that defines the canonical structure of CDR-H2 [130]. Humanization of a few
mouse antibodies, including anti-lysozyme mAb D1.3 [95], anti-acetylcholine receptor mAb 198 [131],
and anti-tumor-associated glycoprotein mAb B72.3 [132], illustrates the importance of preserving the
original residue in this position. However, this is not always the case. For instance, residue 71 was
not a major factor in the humanization of anti-cytomegalovirus mAb 37 [133]. Similarly, substitution
of Arg for Ala71 during humanization of anti-tissue factor mAb 10H10 was also well tolerated [134].
Hence, one may conclude that the importance of each critical residue depends on the involvement of
different CDRs in antigen binding.

Unfortunately, it became a common practice to back mutate most of Vernier zone residues, just to
reduce the possibility of a negative impact of human residues on binding [135,136]. However, this will
inevitably add several ‘non-human’ residues to the humanized antibody. Together with CDRs, this
may amount to 40% of residues in the variable domains of the antibody, which can hardly be called
human. Therefore, a careful analysis of the importance of each Vernier zone position in the context
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of given CDRs and antibody–antigen interactions is the cornerstone of the humanization process.
The availability of the crystal structure of the antibody–antigen complex greatly facilitates the design
of humanized variants as it instructs on the FR positions that are indeed critical for antigen binding.

Computer modeling may to a certain extent replace the experimental structure, particularly in
the regions at the periphery of the binding site where germline sequences and canonical structures
dominate the landscape. The central zone around CDR-H3 remains problematic for accurate modeling,
which was confirmed by the latest antibody modeling exercise [54]. Besides the limitations of antibody
models, the lack of information on the CDR involvement in antigen binding often leads to an excessive
number of back mutations in the humanized antibodies. To avoid such outcomes, each potentially
critical position should be tested for back mutation and only those mutations that affect binding should
be incorporated into the final antibody.

Back mutations may be applied not only to restore the binding affinity but also to improve the
expression of the humanized variants. In the course of humanization of anti-lysozyme scFv F8, it was
noticed that FR substitution of Y90F in the VH domain dramatically reduced the bacterial expression of
all variants [137]. The back mutation in this position restored the expression and yielded a stable and
fully functional antibody. Alternatively, there have been efforts to minimize the affinity of certain Fab
domains by introducing more germline sequences [138]. This has been used to increase the potential
toxicity of some binding arms.

2.1.5. Deimmunization

While some positions in FRs may require back mutation, several positions within CDRs may
be converted to human germline residues when they are not involved in the interactions with
antigen or they do not influence the CDR conformation. There is no need to keep non-human
residues in such neutral positions. This approach was used for the humanization of three mouse
antibodies targeting CD25, vascular endothelial growth factor (VEGF), and tumor necrosis factor
alpha (TNFα) [139]. Successive and iterative explorations of the human germline repertoire using
semi-automated computational methods allowed the selection of functional humanized mAbs with the
highest level of humanness. The resulting antibodies retain the potency of the corresponding chimeric
mAbs and have in vitro activity comparable to that of their respective marketed drugs, daclizumab,
bevacizumab, and infliximab.

The idea of incorporating human germline residues into the CDRs is related to the finding
that CDRs are likely the only segments in humanized and fully human antibodies to contain CD4+

T-cell epitopes [140]. Analysis of a set of eight humanized antibodies representing different VH
and VL regions from different genomic segments and affinity maturation processes indicated that
prominent CD4+ T-cell epitopes are found only in CDRs and never in FRs. The immunogenic potential
of the antibodies could be reduced while retaining their binding properties by incorporating just
one or two amino acid substitutions within each T-cell epitope. The approach, which is termed
deimmunization, may be considered as complementary to back mutations. It was successfully applied
during humanization of an anti-prostate-specific membrane antigen mAb J591 [141], a therapeutic
mAb specific for the protective antigen from Bacillus anthracis [142], and an antibody against the αv
subunit of human integrin [143].

A structure-guided deimmunization method, called EpiSweep, was developed by Parker et al. [144].
The algorithm identifies sets of mutations in potentially immunogenic peptide fragments making
optimal trade-offs between structure and immunogenicity, embodied by a molecular mechanics energy
function and a T-cell epitope predictor, respectively. Although the program was developed for any
therapeutic protein, apparently it may be used specifically for deimmunization of antibodies.

Regarding terminology, some authors consider chimeric antibodies with human constant domains
as deimmunized antibodies [145]. We use this term here for a humanized antibody that was additionally
modified to enhance the human content.
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2.1.6. Resurfacing

An alternative way of reducing immunogenicity risk of the humanized antibody is to replace only
the surface residues in the non-human antibody with the residues present in human germlines [146].
Contrary to CDR grafting, resurfacing retains the non-exposed residues of the non-human antibody.
This procedure is expected to eliminate potential B-cell epitopes while minimizing the perturbation of
residues determining the antigen-binding properties of the antibody.

A systematic analysis of antibody structures was performed to determine the relative solvent
accessibility distribution of residues in murine and human antibodies [96]. It appeared that residues
in identical positions on the surface of human and murine variable domains are conserved with 98%
fidelity across species. Thus, very few amino acid changes are needed to convert a murine Fv surface
pattern to that of a human Fv surface.

The method was applied to two murine mAbs targeting CD56 and CD19 [147]. Two different
procedures for selecting a human sequence were compared. For one mAb, a database of clonally
derived human VL-VH sequence pairs was used while for the other, sequences for VL and VH were
independently selected from the Kabat database [148]. Both resurfaced antibodies retained the affinities
for their cell surface ligands.

Although most humanization projects in recent years have employed some version of the
CDR-grafting method, resurfacing is still in use. For example, to reduce immunogenicity for
clinical applications, mouse anti-CD34 mAb was humanized using the resurfacing approach [149].
The structural model was built using templates from the PDB to identify solvent-exposed positions
for amino acid replacements with the threshold set at 30%. There were 28 solvent-accessible residues
in VH and 35 in VL. Human germline sequences with the highest identity to mouse variable regions
were identified, which led to amino acid substitutions in only four FR positions in VH and in five FR
positions in VL. The resulting mAb retained the biological functions of the mouse mAb.

Similarly, a murine mAb, which specifically recognizes the pathogenic form of the prion protein,
was resurfaced [150]. The design was based on sequence alignments and computer modeling and
resulted in an scFv version bearing 13 mutations as compared to the murine parent. The deimmunized
antibody demonstrated unaltered binding affinity and specificity. This is not surprising since resurfacing
introduces a minimal number of mutations that are located on the surface of the molecule and are
unlikely to cause conformational changes in the variable domains. Therefore, retaining affinity is
virtually guaranteed, which is not the case in the CDR-grafting humanization. However, the amino
acid sequence of the variable domains remains essentially non-human and may present potential
epitopes for MHC class II molecules regardless of their surface exposure. Presentation of the epitope
peptides to T cells may cause their activation, leading to the induction of signaling pathways [151].

2.1.7. Super-Humanization

Human FRs for CDR grafting may be selected in two different ways, by the highest sequence
similarity in the FRs or within CDRs. In the second approach, the FR homology is irrelevant. This method
was applied to the humanization of murine anti-CD28 antibody and was called super-humanization [97].
The donor FRs were selected from the human germline gene repertoire based on CDR canonical
structures. The super-humanized antibody exhibited a 30-fold loss in affinity.

Another example involving the super-humanization of the murine anti-lysozyme mAb D1.3
was relatively successful. The affinity loss of super-humanized D1.3 was only six-fold [152]. In a
final example, the application of the method to the murine mAb 1A4A1, which was raised against
Venezuelan equine encephalitis virus, yielded an antibody that retained antigen-binding specificity
and neutralizing activity [153]. However, given the mediocre results of the method, it has not
gained popularity.

It should be noted that the term super-humanization has also been used in a different sense,
particularly when human or simian antibodies contained somatic mutations in FRs and were modified
to increase their humanness, as measured by, e.g., the germinality index [154]. Obviously, no CDR
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grafting was needed in those cases, and super-humanization simply reflected a higher human content
of the engineered antibody.

2.1.8. Humanness Optimization

The humanness of the antibody can be assessed by any indicator that is able to distinguish human
from non-human sequences. The human string content (HSC) score evaluates the proportion of human
germline residues within a given sequence [98]. It can be calculated for a peptide in the target sequence
by counting the number of residues identical to their counterparts in the most similar aligned peptide
from a human germline. The validity of the HSC score was confirmed by analyzing 513 murine, 32
chimeric, 61 humanized, and 279 human antibody sequences from the IMGT database [155]. Human
and humanized sequences produced significantly higher HSC scores when compared to murine
and chimeric antibodies. Interestingly, the light chain scores were higher, perhaps due to relatively
less diversity among light chains than among heavy chains. The HSC may be used for antibody
humanization by maximizing the score rather than using a global identity measure to generate multiple
diverse humanized variants. The method was successfully applied to the humanization of four
antibodies with different antigen specificities [98]. The resulting variable domains differ fundamentally
from those of CDR-grafted antibodies since they are immunologically more human because of being
derived from several discrete germline sequences.

Because HSC optimization derives local information from multiple germlines, consideration of
three-dimensional information is prudent to avoid clashes. A computational filter that screens for
mutual compatibility of different fragments, called analogous contact environments (ACE), evaluates
structural patches of amino acids for precedence in a database of antibody sequences [155]. For a given
position, the structural precedence score measures the degree of match, weighted for distance and
similarity, to the most homologous patch in the database. Averaging over all residues provides the
global structural precedence for the sequence. Although a low precedence value does not necessarily
mean low structural viability, a higher precedence value indicates that similar structural environments
are sampled in the database, suggesting that the test sequence is more likely to behave favorably.

The humanness scores that are based on pairwise sequence identity between the sample and a set
of germline human sequences may consider the average similarity [156], or the average among the
top 20 sequences [157], or the highest similarity over windows of 9 residues [98,155]. In a different
approach [158], the score function accounts both for local preferences and for pair correlations between
residues at different positions. The method does not distinguish CDRs from FRs, which may be a
plus since the latter may contain antigen-binding residues. Moreover, the relationship between the
humanness score and the observed immunogenicity in patients was also considered [159].

With the growing wealth of sequence databases, statistical-inference methods could become an
increasingly relevant tool, with a range of applications well beyond antibody humanization. Within a
humanization protocol, the advantage of this approach over CDR grafting is that it proposes a set of
candidate sequences, at increasing distance from the non-human parent toward the highest humanness
score, instead of requiring the introduction of arbitrary back mutations.

2.2. Lambda to Kappa Chain Switching

Upon humanization, the type of the light chain of the parental antibody is usually not changed,
i.e., if it was λ in the non-human antibody, the FR for a humanized variant is selected from the human λ

repertoire. In some situations, switching the light-chain type may provide certain benefits. For instance,
the production of bispecific antibodies from two mAbs might involve a purification step, which could
be easily optimized if the mAbs contain light chains of different classes.

Technically, there are several significant differences between κ and λ chains that complicate the
task. One is a deletion of a residue at position 10 in λ that is present in κ. Another is a different set
of canonical structures for CDR L3, which are longer in λ chains and lack a conserved cis-proline at
position 95. Also, λ CDR L1s differ from those of κ by being longer and fold into a helical structure.
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The overall sequence similarity between κ and λ germlines is below 50%. However, the FRs sequence
similarity of around 60% of identical residues is higher than between some κ sequences (e.g., IGKV4-1
and IGKV5-2, which share only 51% identity in FRs). More importantly, all eight residues at the VH–VL
interface are conserved between κ and λ types (Figure 8). Therefore, light-chain type switching seems
feasible, and this has been confirmed in a few reports.

As part of a bispecific antibody, the Fab arm directed against FcγRIII was humanized by CDR
grafting [117]. In a first attempt, the murine λ VL was converted to a humanized λ chain, which led
to a complete loss of antigen binding and extremely poor folding efficiency. Initial humanization
applied a fixed-FR approach using the human myeloma protein KOL as the FR donor, which had
only 51% to 54% identity to the mouse antibody. Despite several back mutations in the Vernier zone,
the strategy failed. Hence, the CDRs were transplanted onto a human κ light chain using the same
strategy. Humanized anti-HER2 mAb 4D5, characterized by the VH subgroup III and VL subgroup I,
was selected as an FR donor. Residues in positions 46, 49, 66, and 71 in VL and 71, 73, and 78 in VH
were back mutated for various reasons. This resulted in a functional Fab, yet with a 100-fold decreased
antigen affinity, which was subjected to affinity maturation through random mutations in both VH
and VL. The optimized Fab exhibits an affinity within a factor of two from that of the original murine
antibody. This required nine mutations, six of which are in VH and three in VL. Interestingly, most of
the mutations occur at the VH–VL interface. Even if the humanization strategy was not optimal, it
demonstrated that switching λ to κ may be successful.

Another attempt of the λ-to-κ switch occurred during optimization of an anti-GCN4 murine
scFv [160]. The CDRs were grafted onto the FR of another murine scFv, which was selected due to its
high stability. In this process, the CDRs of the parental λ VL were transferred to the FR of the donor κ
VL. Homology modeling of the designed variant revealed some structural inconsistencies, particularly
a potential clash between CDR L1 and loop 66–71 (sometimes referred to as the DE loop or CDR4).
Therefore, this loop was back mutated to the original sequence. Additionally, eight residues in VH
were also back mutated. The resulting scFv was significantly more stable than the original, but lost
binding by three orders of magnitude. Back mutation of seven residues at the VH–VL interface to
restore the proper orientation of the domains further enhanced the stability of the construct, which still
had an order of magnitude reduction in the original scFv affinity.

A successful case of λ-to-κ conversion to improve the thermodynamic properties of scFv was
reported recently [161]. The heavy chain of this scFv originated from the IGHV1-69*01 germline,
whereas the light chain appeared to contain a fusion of two genes, IGLV3-19*01 and IGLV1-44*01,
likely resulting from PCR aberration during library construction. The idea to replace the λ light chain
by κ IGKV3-20 was based on the observation that this germline commonly pairs with IGHV1-69 to
give highly expressed stable antibodies [162]. To guide the design process, a homology model of
the converted scFv was constructed that revealed a potential clash between CDR L1 and loop 66–71.
Analysis of a large set of PDB structures confirmed that this problem is typical for a λ-to-κ conversion.
To facilitate CDR grafting, the DE loop from the original antibody was retained. No back mutations
were necessary in VH. The resulting scFv showed increased thermostability and expression levels
while retaining the binding affinity to the target. The scFv variant with the κ DE loop was less stable
while also retaining binding.

These results indicate that λ and κ chains may be swapped without compromising the functional
properties of the antibody. This strategy may be applied in antibody humanization or may prove
useful for optimizing the biophysical properties of therapeutic candidates.

2.3. Affinity Maturation

Natural antibodies, both human and non-human, often do not possess the binding properties
required for their therapeutic applications. This appears to be a consequence of the affinity ceiling that
characterizes the mammalian immune system and B-cell responses [163,164]. Increasing the binding
affinity is an important and almost inevitable step in the development of the lead candidate since it is

132



Antibodies 2019, 8, 55

related to the dose needed for treatment and the therapeutic efficacy. Different approaches, tools, and
strategies are available and have been validated through the engineering of antibodies directed against
various antigens. All of them can be divided into two groups according to the process of generating
antibody variants. One is the rational design of the variants, followed by their expression in the system
of choice. The other is the construction of a library of variants where several positions are diversified,
followed by their display in a system of choice with the appropriate selection method. Owing to the
large number of variants in a library covering the entire combinatorial space, the latter method is most
commonly used for affinity maturation. In cases when only a few positions and a few amino acids are
to be tested, perhaps the former approach may fulfill the task as it is fast and inexpensive. Whichever
method is used, structure-based computational design may facilitate the process by in silico evaluation
of the candidates to minimize either the library size or the number of mutants to be expressed.

A high-resolution structure of the antibody–antigen complex allows detailed analysis of the
antibody–antigen interactions and greatly facilitates the design of affinity-enhanced variants. Even the
structure of the Fab alone may instruct the selection of the most promising positions for mutagenesis.
There are new developments of using NMR relaxation dispersion and hydroge-deuterium exchange
experiments to map out regions for optimization of the affinity [165]. In the absence of any experimental
information, computer modeling may fill the gap to a certain extent, and several successful examples
based on theoretical models are discussed below.

First, we consider affinity maturation by structure-based rational design of the antibody variants
with improved side chain packing and electrostatic interactions. A case in point is the improvement
of the binding affinity of the anti-integrin antibody VLA1. Engineering increased the affinity by an
order of magnitude primarily through a decrease in the dissociation rate [166]. Inspired by the crystal
structure, a diverse set of single mutations (>80 variants) at the antibody–antigen interface were
generated. Mutations were made to nearly every antigen-contacting residue using suggestions from
computational methods. The most promising mutations were combined into a quadruple mutant with
two mutations in the light chain and two in the heavy chain, and its crystal structure confirmed the
predicted interactions.

A similar approach that focused on electrostatic interactions was employed to design single
mutant variants with improved affinity. Selection criteria based on calculations of the improved
binding electrostatics resulted in a success rate for single mutations of over 60%. By combining multiple
designed mutations, the affinity of antibodies specific for various antigens was improved 10-fold for
the anti-epidermal growth factor receptor antibody, cetuximab, and 140-fold for an anti-lysozyme
antibody D44.1, achieving 52 and 30 pM affinity, respectively [167,168].

While antigen-contacting residues at the center of the binding interface may be an intuitive choice
for mutations, many studies indicate that targeting peripheral residues may be more promising for
affinity maturation. The key residues at the center of binding sites are usually hydrophobic and tightly
packed and already well optimized for specific antigen interactions. In contrast, the surrounding
residues are often hydrophilic and solvent exposed. Incorporating charged residues at the periphery
of the interface may improve long-range interactions.

In the following example, the design strategy was based on two assumptions: (1) Mutation
positions should be at the periphery of the antibody–antigen interface, and (2) substitutions should
be those that frequently occur during affinity maturation in vivo. To improve the affinity of the
therapeutic mAbs trastuzumab and rituximab, in silico models for a series of mutants were generated
using crystal structures of the complexes, Monte Carlo-simulated annealing, and molecular dynamics
simulation [169]. Single mutations at each of the 60 CDR positions to the 20 common amino acids were
ranked by the total calculated binding free energy. The top 11 mutants were tested experimentally and
only two of them showed improved binding. Alternatively, when only amino acids with a high usage
in the binding sites of matured antibodies were considered for mutations, the success rate was 60%
to 70%.
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One of the most striking findings in this study was that affinity-enhancing mutations tend to
cluster around positions where in vivo somatic mutations often occur. It is known that somatic
hypermutation does not occur randomly within immunoglobulin V genes but is preferentially targeted
to certain nucleotide positions, termed hotspots [170]. This process mainly results in the introduction
of mutations that are located at or very near A/G|G|T/C|A/T and TAA sequences [171,172]. The results
of the study indicate that germline hotspot sequences may point to the mutation sites in the affinity
maturation process.

The combination of in silico calculations and thermodynamic analysis proved to be an effective
strategy to improve the affinity of an anti-MCP-1 mAb 11K2 [173]. Amino acid substitutions
were evaluated in each of the 62 CDR positions of 11K2, and all 20 amino acids were employed.
Based on the crystal structure of 11K2 in complex with MCP-1, a virtual library of mutations to
identify antibody variants of potentially higher affinity was generated. Each model of the mutated
antibody–antigen complex was optimized by a combination of simulated annealing and molecular
mechanics minimization. The variants were ranked by their electrostatic and van der Waals interaction
energies and the most promising candidates were tested in vitro. Only mutations in the light chain of
the antibody were effective at enhancing its affinity, suggesting that in this case, the interaction surface
of the HC is not amenable to optimization. The single mutation with the highest affinity, N31R in CDR
L1, yielded a variant with a five-fold higher affinity with respect to that of the wild-type antibody.

All these studies are examples of the fixed-backbone approach of computational design, where
the backbones are not altered beyond energy minimization. Incorporating backbone flexibility in
computational design allows conformational adjustments that may broaden the range of predicted
low-energy sequences. In some cases, backbone movements are critical, for instance, when dealing
with allosteric effects resulting from the changes in non-contacting residues. A comparison of different
protocols for modeling backbone flexibility was performed in the affinity maturation study of the
therapeutic mAb, trastuzumab [174]. An in silico approach based on the crystal structure of the
trastuzumab complex with its target human epidermal growth factor receptor 2 (HER2) identified a key
mutation D98W, which led to a three-fold affinity improvement of the already subnanomolar antibody.

Although the amino acid composition of protein–protein interfaces is quite diverse, there is
a significant bias toward specific residues [175]. It was demonstrated that high-affinity antibodies
could be obtained from restricted combinatorial libraries in which CDR positions are diversified
to a combination of as few as two amino acids, Tyr and Ser [176]. Encouraged by these results,
Inoue et al. [176] applied this binary code to the affinity maturation of an anti-lysozyme camelid
single-domain antibody. They also used in silico screening for the selection of potential amino
acid replacements. The scoring function was based on the interaction energy (IE) and electrostatic
complementarity (EC) criteria [177]. When introducing mutations into CDR1 and CDR2, conserved
amino acids were preserved, so that only about half of the residues were mutated to Tyr or Ser, giving
a total of 512 (29) theoretically possible mutants. Several variants that showed improved IE and EC
parameters were tested for binding. The best of them exhibited a five-fold improvement in KD values
from 2.8 to 0.5 μM. Then, based on the crystal structure of the antibody–antigen complex, two residues
in CDR2 in contact with the Ag were mutated to either Arg or Asp and tested for binding. This round
yielded a variant with a KD value of 0.14 μM, i.e., 20 times lower than in the parent mAb.

The design of mutants with improved affinities relies on the 3-D structure of antibody–antigen
complexes. A variety of structure-modeling tools can help in the absence of experimental data.
The following examples emphasize the value of computer modeling for affinity maturation of antibodies.
They emphasize the use of computational docking, the process of predicting the conformation of a
complex from its separated components.

In the first example, the binding of two antibodies to the stalk region of influenza hemagglutinin
was modeled by using only the structure of the target protein and compared to the known experimental
structures of the complexes [178]. This study demonstrated that some of the computational
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docking predictions can be very accurate, but the algorithm often fails to discriminate them from
inaccurate solutions.

In a second example, the binding affinity of an anti-hepatitis B virus antibody was improved.
For this study, both the antibody itself and the antibody–antigen complex were modeled (by docking
the 17-residue peptide) [179]. Inspection of the model instructed the design of point mutations in the
putative paratope, and two mutations, Y96S in VL and D98S in VH, were predicted to have the largest
drop in free energy. The double mutant indeed exhibited a 10-fold increase of affinity.

While in silico design of antibody mutants may be successful, combinatorial libraries provide a
common method to improve affinity. The selection of positions for diversification and the choice of
amino acids for mutations are two principal tasks in a library design. As evidenced in the literature,
the best results may be achieved if these tasks are fulfilled by a structure-guided approach.

A very convincing example of a stepwise structure-guided affinity maturation procedure was
reported for anti-gastrin scFv TA4 [180,181]. An impressive 454-fold improvement in affinity was
obtained by a combination of walking randomization [182] and a model-based approach that was
achieved without experimental 3-D information. A structural model of the antibody–antigen complex
was generated by docking a seven-residue peptide representing a linear epitope into the model of the
antibody. The docked complex was refined by molecular dynamics, which indicated that the peptide
adopts a helical conformation. Based on this model, four positions in CDR-H3 and five positions in
CDR L3 were selected for randomization. The first of the libraries, that based on CDR-H3, produced
a double mutant with an almost 10-fold improved affinity. The second library based on this mutant
and CDR L3 mutagenesis produced two variants with about a two-fold affinity improvement over the
double mutant. Again, the 3-D model guided the selection of positions in other CDRs for further affinity
improvement. This procedure yielded several variants, with the affinity in the low nanomolar range.

Analysis of the binding surface of the antibody and assessment of the relative involvement of
CDRs in target binding facilitates the strategy for library design. Depending on the CDR length and the
number of interactions with the antigen, central CDRs H3 and L3 may provide the best opportunities
for affinity maturation. This was the case in the development of an anti-VEGF scFv isolated from a
phage-displayed human antibody repertoire [183]. Two phage display libraries were constructed by
diversification of CDR-H3 and CDR L3. A competitive phage-selection strategy in the presence of the
parental scFv as a competitor was used to eliminate low-affinity binders. High-affinity variants were
retrieved from both libraries. An optimized VL variant was designed and constructed by combining
recurrent replacements found among selected variants into a single molecule, resulting in an additional
affinity increase. Further affinity improvements were achieved by combining this optimized VL with
the best VH variants. The final variant showed an 18-fold affinity improvement over the parental scFv
and exhibited an enhanced potency to block the binding of VEGF to its receptor.

An impressive example of affinity improvement was carried out for the anti-complement protein
receptors C5aR1/2 mAb [184]. The affinity of the parental antibody was improved by randomizing
amino acids in CDR-H3 and CDR L3 using a phage library displaying scFv fragments. Following
recombination of the two libraries and screening to identify additional synergistic increases in affinity,
the best variant was selected with four mutations in CDR-H3 and two mutations in CDR L3. This
variant binds its target with an affinity in the low pM range, demonstrating a gain of three orders of
magnitude with respect to the parental antibody affinity.

Quite often, central CDRs, particularly CDR-H3, are too heavily involved in the interactions with
the antigen, so that CDR-H2, and to a lesser extent CDRs H1 and L1, may be the focus of library design.
Increasing the number of diversified positions in each library and expanding the selection to all CDRs
inevitably results in a lower coverage. However, in certain cases, this approach may also be successful.
Simultaneous mutagenesis of all six CDRs in a non-human primate antibody that neutralizes anthrax
toxin was carried out using phage display technology [185]. The library contained 5 × 108 variants,
with each variant containing an average of four mutations. The best variant selected from the library
showed a 19-fold affinity improvement to 180 pM.
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While selecting the positions for mutagenesis to improve binding, one may consider not only
the paratope residues or surrounding residues in the Vernier zone but also positions in the core of
the variable domains or even at the elbow between the variable and constant domains. Exactly this
approach was realized during the development of the anti-tumor growth factor beta subunit 1 (TGF-β1)
antibody metelimumab [186]. Upon conversion from the parental single-chain variable fragment (scFv)
to IgG4, the binding affinity dropped by 50-fold. Following a hypothesis that this was due to decreased
conformational flexibility of the IgG, insertion mutants in the elbow region were designed and screened
for binding and potency. The insertion of two glycines in both the heavy chain and light chain elbow
regions restored the binding affinity. The crystal structure of the mutant confirmed that the insertions
provided enough flexibility for the variable domains to extend further apart than in the wild-type Fab,
allowing the CDRs to make additional interactions not seen in the wild-type Fab structure.

2.4. Specificity

Conventional antibodies are monospecific and typically recognize a single antigen exclusively,
owing to the binding of non-linear epitopes. Some antibodies do exhibit multi-specificity, particularly
if a very similar epitope is present on more than one antigen. Typical examples include species
cross-reactive antibodies that recognize orthologous proteins in different species [187,188] or antibodies
that interact with different members of a conserved protein family [189,190]. The species specificity has
often been a setback in assessing antibody utility as a therapeutic agent in various animal models. The
same combinatorial techniques that are used to improve antibody affinity have been used to modify
their cross-reactivity [191,192]. Specificity engineering also heavily relies on in silico design strategies
and the availability of experimental structural information [193].

Using the crystal structure and molecular mechanics-based energy function, cross-species
specificity was introduced into the antibody that inhibits cancer-associated serine protease MT-SP1 [194].
The mAb exhibits a KD value of 12 pM towards human antigen but only 4 nM towards the mouse
ortholog. There are only three residues on the protease surface that both make contact with the antibody
and that are different between the human and mouse versions of the enzyme, but these residues are
not critical for inhibition. Computational design was used to predict a suite of mutations that could
improve the affinity to the mouse antigen. Mutations were introduced at six positions within 5 Å from
these three epitope residues. Each of the selected residues, two in CDR-H1 and four in CDR-H3, was
mutated in silico to all possible amino acids, and for each substitution, the change in binding energy
was calculated. Most of the mutations were predicted to be neutral. Out of eight candidates tested
experimentally, one variant, T98R, improved the affinity by an order of magnitude without any effect
on the binding of the human ortholog.

The development of a promising therapeutic mAb targeting quiescin sulfhydryl oxidase-1 (QSOX1)
was hampered by the lack of reactivity against the mouse QSOX1 ortholog [195]. To understand the
molecular basis for species restriction, the crystal structures of mouse QSOX1 alone and human QSOX1
in complex with the Fab fragment were determined. Structural differences responsible for the species
specificity of the antibody were identified and used for the construction of small libraries, in which
up to four positions near key epitope positions were diversified. After several rounds of panning
and the combination of mutations from different libraries, the affinity toward mouse QSOX1 was
improved by at least four orders of magnitude, reaching the low nanomolar range and matching the
affinity toward human QSOX1. The crystal structure of the re-engineered variant complexed with its
mouse antigen revealed that the antibody accomplished dual-species targeting through altered VH–VL
domain orientation and, most importantly, through rearrangement of the CDR-H3 backbone because
of a quadruple mutation YYGS to SMDP.

In another study, a structure-based strategy was implemented to develop an anti-CD81 mAb
to enable animal model testing in cynomolgus monkeys [196]. The antibody would bind tightly to
human CD81 (KD vakue of 0.9 nM) but exhibited no detectable binding to cynomolgus (cyno) CD81.
The crystal structure of the scFv was determined in complex with human CD81 and used for guiding
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the library design. A phage-display library was constructed to diversify CDR-H2, which seemed to be
a major specificity determinant. Alternating rounds of binding selections with immobilized cyno and
human antigens yielded an antibody that was used as a template for the second round of selection
with libraries around CDR L1 and CDR-H1. The best variant exhibited robust binding to cyno CD81
and only showed a two-fold reduction in affinity for human CD81.

Whereas species cross-reactivity or broad neutralizing potential may be beneficial for a therapeutic
antibody, sometimes, the insufficient selectivity may be regarded as a liability. Although mAbs
are generally very selective, close analogs of the target molecule may pose a risk of side effects.
The development of anti-progesterone mAb C12G11 was hampered by its poor selectivity [197]. The
mAb has a picomolar affinity for progesterone but also strongly binds 5β- and 5α-dihydroprogesterone.
To reduce the cross-reaction with these analogs, a phage library randomizing five antigen-binding
positions in CDR-H2 and CDR L3 was constructed. The design was based on the homology model
of the antibody complemented by docking of the target molecules. Variants selected in the initial
screening were further optimized by the addition of second-sphere positions to the library. The best
variant demonstrates high specificity toward progesterone as compared with the 15- to 20-fold lower
cross-reactivity for the analogs. The improvements are linked to a change in the canonical class of
CDR L3.

Koenig et al. faced a similar task to fine-tune the specificity of an angiopoietin-2 (Ang2)/VEGF
dual-action Fab [198]. This antibody utilizes overlapping CDR sites for dual antigen interaction, with
affinities in the sub-nanomolar range. However, it also exhibits significant (KD value of 4 nM) binding
to Ang1, which has high sequence similarity to Ang2. An approach to specificity engineering that does
not require prior knowledge of the antibody–antigen interaction was employed in this study. A large
phage-displayed library of the Fab variants with all possible single mutations in all six CDRs provided
information on the effect of binding for each mutation. In silico analysis identified 35 mutations
predicted to decrease the affinity for Ang1 while maintaining the affinity for Ang2 and VEGF. Structural
analysis showed that some of the mutations cluster near a potential Ang1/2 specificity-determining
residue, while others are up to 15 Å away from the antigen-binding site and apparently influence
the binding interaction indirectly. The lack of information on antibody–antigen interactions in this
approach was compensated for by the size of the library.

The mechanisms of antigen recognition by antibodies vary significantly from the structurally
rigid key-and-lock mechanism to the adaptable induced-fit mechanism. Correspondingly, one of the
mechanisms of multispecificity lies in the plasticity of the antigen-binding site, which allows for the
recognition of structurally unrelated epitopes by the same antibody [199,200]. This principle was
utilized in a stepwise engineering strategy for generating dual-specific antibodies de novo, called
two-in-one antibody with dual-action Fab (DAF). The first proof-of-concept DAF was targeting VEGF
and HER2 [201,202]. The strategy was also successfully applied for the generation of duligotuzumab,
which targets EGFR and HER3 [203].

2.5. Chemistry, Manufacturing, and Control (CMC) Considerations

Recombinant mammalian cells are the dominant production system for antibody-based
therapeutics because of their ability to perform complex post-translational modifications (PTMs)
that are often required for efficient secretion, drug efficacy, and stability [204]. Because of the
nature of heterologous expression, there are modifications to the biologics, which include misfolding
and aggregation, oxidation of methionine, deamidation of asparagine and glutamine, variable
glycosylation, and proteolysis (see Table 2) [205,206]. Such unintended PTMs can pose challenges
for consistent bioprocessing and can affect the molecular physicochemical properties (such as shape,
size, hydrophobicity, and charge) that in turn can affect pharmacokinetic (PK) and pharmacodynamics
(PD) properties. For instance, electrostatic interactions between anionic cell membranes and the
predominantly positive surface charge of most antibodies can influence the blood concentration and
tissue disposition kinetics in a manner that is independent of antigen recognition. Thus, charge
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variation can result in shifts in isoelectric point values, which can change the tissue distribution and
kinetics; increases in net positive charge generally result in increased tissue retention and increased
blood clearance [207–209]. Protein and peptide deamidation can occur spontaneously in vitro under
relatively mild conditions that can be used to predict in vivo chemistries [210]. For antibodies and
other therapeutic proteins, great effort is placed in the manufacturing process and storage conditions
to minimize this form of degradation. Glycosylation control is typically controlled by the selection
of the manufacturing cell line and control of cell metabolism during bioreactor conditions [211,212].
The specific glycan attachments (fucosylation, sialylation, galactosylation, high-mannose, and bisecting
glycans) have great importance to the antibody properties [213,214] (See Figure 5). Simulations of the
dynamic interface between the glycans and the Fc domains have been described [215]. However, it
is also important to remember that under physiological temperature and pH conditions, antibody
deamidation, c terminal cleavage, and glycation kinetics do occur and can affect the serum lifetime of
antibodies [209,216,217].

During the process of discovery, the selection of candidate molecules should employ technologies
that increase the odds of identifying potent biologics that bind the desired biologically relevant
epitope. Concomitant with potency optimization, the biologics should be counter-screened to have
drug-like properties early in the process. Although the germline amino acid sequences are typically left
unchanged, mutagenesis of amino acids’ liabilities (sites of oxidation, deamidation, clipping, glycation,
glycosylation) in the CDRs should be considered. Such changes should be completed prior to the
manufacturing cell line development to minimize the risks of having a less-than-robust chemistry,
manufacturing, and control (CMC) process. Upstream consideration of developability metrics should
reduce the frequency of failures in later downstream development stages. Optimization of stability
in the early stages of discovery can reduce complications in upstream and downstream process
optimization as well as increase the potential for successful drug product formulations [218,219].
Nonetheless, downstream processing can minimize some levels of oxidation via the presence of free
radical scavengers, elimination of redox metal ions, addition of chelation agents, protection from light,
decrease in storage temperature, and reduction of exposure to oxygen.

Table 2. Common post-translational modifications to amino acids in monoclonal antibody
framework molecules.

Amino Acid Changes Chemistry Effect on Protein Effect on Biology

Asn-(Gly/Ser);
Asp-(Gly/Ser)

Asn deamidation,
Aspartic acid
isomerization

Protein degradation [220–222]; Tertiary
changes to Ab structure [223]; Isoaspartic

acid [224]; Aggregation [225]

Isomerization can affect IgG avidity
[226]; Deamidation affects binding
[227]; Deamidation affects PK [216]

Gln Gln deamidation Slower deamidation than Asn,
heterogeneity and stability [228] Biological activity on Fab and Fc *

Met Oxidation

Presence of oxidized methionine affects
charged state of proteins [229–231];

Methionine oxidation decreases affinity to
protein A and FcRn [232]

Methionine oxidation on Fc region
can modulate FcγRIIa engagement
[233]; FcRn and Fcγ receptors [234];

PK [235,236]

Trp Oxidation

Changes in Trp aromaticity [237]; color
changes [238]; Effects on detergent
excipients for Ab formulation [239];

Higher order structure [240]

Biological activity on Fab and Fc
[241,242]

Cys Oxidation

Cysteinylation;
Hinge disulfide chemistry with Cu2+ ion
results in hydrolysis or oxidation that can

lead to cleavage of the mAb [243–245]

Cysteinylation in CDRs leads to loss
of potency [246,247]; Changing

disulfide patterns in IgG subtypes
[248]

His Oxidation

Oxidized histidine react with intact
histidine, lysine, and free cysteine to

crosslink IgG [249].
Oxidized histidine [250,251]

Biological activity on Fab and Fc *

Asp-(Pro/Gly) Amide bond
hydrolysis

Cleavage at aspartic acid under acidic
conditions [252,253]; Clipping at CH2

domain leads to aggregation [254]
Biological activity on Fab and Fc *
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Table 2. Cont.

Amino Acid Changes Chemistry Effect on Protein Effect on Biology

N terminal Glu/Gln Pyroglutamate
formation

Cyclized N terminal glutamine [255];
Challenges with molecule comparability

[256]
Biological activity [256]

C terminal truncation Carboxypeptidase
substrate

Human IgG is produced with C-terminal
Lysines that are cleaved off in circulation.
There can be changes in charge variation

C terminal lysine loss can enhance
complement activation [257]

Glycation Reducing sugar
reaction with Lysines

Charge variants [218]; Structural
heterogeneity [258] Biological activity on Fab and Fc *

Glycosylation changes Changes in
glycosylation profiles

Glycan structure [67,69,259–263]; High
mannose and afucosylation affect stability
[264]; Sialylation [265]; Fucosylation [266]

Biological activity [267]; PK and PD
[268]; Clearance [269]

* Changes to critical amino acids linked to Fab-antigen or Fc-Fc receptor binding and functions.

2.5.1. Solubility

Low solubility or high viscosity of antibody formulations at concentrations over 100 mg/mL can
impede their development as products suitable for subcutaneous delivery. Antibody engineering,
especially when applied at the discovery stage, may be instrumental in overcoming the challenges
of the product development and pave the path to the clinic. The following examples highlight some
approaches that proved to be helpful in improving the solubility of antibodies. Several studies were
based on homology modeling rather than on experimental crystal structures, and in many cases,
this may be enough for developability purposes. Of course, this excludes the cases when antibodies
present unusual CDR in either HC or LC loops either in sequence or in length. Antigen-bound
co-crystals are also very useful for identifying mutants that are more likely to retain target binding
while optimizing solubility.

Structure-guided design of point mutations was carried out for the development of a therapeutic
mAb candidate that was unacceptably viscous at high concentrations [270]. The idea was to test the
effects of hydrophobic and electrostatic intermolecular interactions on the solution behavior of the
mAb by disrupting either aggregation prone regions or clusters of charged residues. The variable
region contained two hydrophobic surface patches and a negatively charged cluster. The disruption of
a hydrophobic patch at the interface of VH and VL via L46K mutation in VL destabilized the mAb
and abolished antigen binding. However, mutation at the preceding residue (V45K) in the same
patch increased the apparent solubility and reduced viscosity without sacrificing antigen binding
or thermal stability. Neutralizing the negatively charged surface patch by E60Y mutation in VL
also increased apparent solubility and reduced viscosity of the mAb, whereas charge reversal at the
same position (E60K/R) caused destabilization, decreased solubility, and led to difficulties in sample
manipulation that precluded their viscosity measurements at high concentrations. Both V45K and
E60Y mutations showed similar increases in apparent solubility. However, the viscosity profile of E60Y
was considerably better than that of the V45K, providing evidence that intermolecular interactions in
this mAb are electrostatically driven.

Aggregation of single-domain VH antibodies specific for Alzheimer’s amyloid β-peptide was
examined from the structural perspective [271–273]. These antibodies contained clusters of hydrophobic
residues within the HC and LC CDR3. Inserting two or more negative charges at each edge of the CDR3
domains potently suppressed antibody aggregation without altering binding affinity. Inserting charged
mutations at one edge of CDR3, either the N- or C-terminal, also prevented aggregation, but only if
such mutations were located at the edge closest to the most hydrophobic portion of CDR3. In contrast,
charged mutations outside of CDR3 failed to suppress aggregation. These findings demonstrate that
the CDR loops can be engineered in a systematic manner to improve antibody solubility without
altering binding affinity.
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The case of anti-IL-13 mAb CNTO607 presents three structure-based engineering approaches to
improved the solubility of a therapeutic candidate [274]. First, the isoelectric point was modified by
the incorporation of charged residues in the positions remote from the binding site. A mutant with a
modified pI showed a two-fold improvement in solubility while retaining full binding to IL-13. Second,
the overall surface hydrophobicity was targeted by mutating residues in a hydrophobic patch found
in CDR-H3. According to the crystal structure, the patch included residues F99-H100-W100a from
CDR-H3 flanked by hydrophobic residues from the light chain. The triad in CDR-H3 appeared to be
essential for the high affinity of the antibody to IL-13. Various mutations in these residues improved
solubility but negatively impacted affinity. Mutations in CDR L3 were more promising since this
CDR is less involved in antigen binding. The best variant with W91Y and M93S mutations gained
a two-fold improvement in solubility and exhibited a shorter retention time on HIC, while binding
to IL-13 remained in the low picomolar range. In a third approach, an N-linked glycosylation site
was introduced in CDR-H2 (D53N) to shield the aggregation patch in CDR-H3. This variant indeed
showed greatly improved solubility while maintaining affinity to IL-13 and proved to be the most
effective route for enhancing the solubility of CNTO607. Recently, there has been a description of
how optimization of the V domain framework can improve the biophysical qualities of a therapeutic
antibody candidate [275].

Another example of solubility improvement through computer modeling was reported for an
integrinα11-binding antibody [276]. A homology model of the parental Fv region revealed hydrophobic
patches on the antigen-binding surface. A series of 97 computationally designed variants focused
on the residues in the hydrophobic patches that were expressed, and their HIC retention times were
measured. As intended, many of the variants reduced the overall hydrophobicity as compared to the
parental antibody. Contrary to the previous study (CNTO607), replacement of aromatic residues W96,
Y97, and Y98 in CDR-H3 did not cause a loss of binding, apparently because they are not in contact
with integrin. Interestingly, adding charged residues in place of polar residues in the CDRs near the
hydrophobic patches did not reduce the retention time.

Three-dimensional protein property descriptors were developed and evaluated for their ability
to predict the hydrophobicity profiles of antibodies [276]. Analysis of recently published data for
137 clinical mAb candidates [277] indicated that the surface area of hydrophobic patches consistently
correlated to the experimental HIC data across a diverse set of biotherapeutics.

A general approach to predicting aggregation-prone regions on the basis of three-dimensional
structures has been realized in the algorithm termed AggScore [278]. The method uses the distribution
of hydrophobic and electrostatic patches on the surface of the protein, factoring in the intensity and
relative orientation of the respective surface patches into an aggregation propensity function that
has been trained on a benchmark set of 31 adnectin proteins. When applied to the experimentally
characterized antibodies in the clinical stage [277], AggScore accurately identified aggregation-prone
regions and predicted changes in aggregation behavior upon residue mutation.

As more biotherapeutics are entering pharmaceutical pipelines, more weight is put on the
early-stage developability assessment and optimization strategies. Computational methods for
assessing solubility, hydrophobic interactions, and other liabilities are in high demand. Successful
efforts have also been made to use rational design to reduce aggregation and improve solubility by
mutating key surface residues identified from a crystal structure or a homology model.

2.5.2. Stability

After the selection based on functional properties, antibodies may be modified to improve
developability or scale-up processes involving stability, expression, purification, and formulation.
The stability of an antibody is influenced by a number of factors that can include: (1) core packing of
individual domains that affects their intrinsic stability; (2) protein–protein interface interactions that
have impact upon the HC and LC pairing; (3) burial of polar and charged residues; (4) hydrogen-bonding
network for polar and charged residues; and (5) surface charge and polar residue distribution among
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other intra- and inter-molecular forces [279]. Potential structure-destabilizing residues may be identified
based upon the crystal structure of the antibody or by molecular modeling in certain cases, and the effect
of the residues on antibody stability may be tested by generating and evaluating variants harboring
mutations in the identified residues. One of the ways to increase antibody stability is to raise the thermal
transition midpoint (Tm) as measured by differential scanning calorimetry (DSC), differential scanning
fluorimetry (DSF), or thermal transitions [280–284]. In general, the protein Tm is correlated with its
stability and inversely correlated with its susceptibility to unfolding and denaturation in solution and
the degradation processes that depend on the tendency of the protein to unfold [285]. A few studies
have found a correlation between the ranking of the physical stability of formulations measured as
thermal stability by DSC and physical stability measured by other methods [169,286–289]. Formulation
studies suggest that a Fab Tm value can have implications for the long-term physical stability of a
corresponding mAb. Thus, the CDR sequence selection can impact the stability of the VH–VL domain,
and sequence–stability tradeoffs must be considered during the design of such libraries [290].

3. Engineering Antibody Activity

While mAbs are successful for many distinct applications, there are still limitations. First, the
surface area of the IgG variable region may not bind to the small extracellular loops of transmembrane
proteins, such as G-protein-coupled receptors (GPCRs). Secondly, animal models show that most
administered mAbs have limited distribution into the diseased tissue. A favorable pharmacokinetic
profile does require sufficient target occupancy in the diseased tissue, which ultimately requires
efficient tissue penetration and retention time in the diseased tissue. Thirdly, single agent mAb efficacy
can be limited because the disease phenotype can have more than one pathway that can mediate
resistance. Often, the in vitro properties of the candidate antibody that probe a limited array of
responses do not corroborate with in vivo profiles that can involve more complex mechanisms of
action. These limitations have prompted research in generating new antibody-based therapeutics that
can meet these aforementioned challenges by adopting antibody engineering approaches that can
include: Binding domain engineering; avidity modulation; antibody–drug conjugation; Fc activity
engineering; and bispecific antibody generation.

3.1. Binding Domain Engineering

The average surface area of an antibody epitope-containing surface is around 1600 to 2300 Å2 [291].
Although this surface area is ideal for modulation of most protein–protein interactions, there can be
target molecules with epitope surface exposures that are more restricted. For instance, there are limited
examples of the obtainment of functional antibodies against GPCRs. Recent crystal structures have
shown that there is limited access to epitopes due to the presence of N-terminal domain glycosylation
and limited surface exposure to the extracellular membrane protein loops [292]. For applications
that require smaller binding surfaces, single domain (12–15 kDa) antibodies (sdAbs, also known as
VHH Abs or nanobodies) can be more suitable as targeting proteins. For such applications, VHH
Abs, derived from camelid family heavy chain Abs, have smaller binding surfaces that could bind to
smaller cryptic regions of GPCRs. These single domain binding proteins show promise for stabilizing
active GPCR conformations and serve as chaperones for co-crystallization [293–297]. The VHH domain
structure lacks the human or mouse mAb HC-LC structure (which are hydrophobic at their pairing
interface), resulting in a surface that is much more hydrophilic than that of an IgG Fab region [298,299].
Therefore, camelid-derived VHH nanobodies tend to have favorable biophysical characteristics, like
high solubility and low aggregation, compared to human sdAbs [300]. The smaller molecular weight
can expand the range of drug-dosing modalities to include inhalation, needle free, oral, topical, and
ocular delivery [298,299,301,302].

In addition, the VHH CDR3 is often longer than the IgG VH CDR3, potentially allowing it to
form more favorable contacts with its binding epitope [300]. Recently, Caplacizumab (ALX-0081), an
anti-von Willebrand factor humanized VHH, was launched in 2018 for the treatment of thrombotic
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thrombocytopenic purpura and thrombosis [303]. Since in silico analysis showed that camelid VHH
sequences could be aligned to human IGKV and IGLV families based on canonical structure and
sequence homology, optimization of primary sequence is possible to minimize the potential of the
development of anti-drug antibodies (ADAs) [304].

Besides camelids, cartilaginous fishes produce a distinct heavy chain Ab subtype containing a
single variable region immunoglobulin new antigen receptors (VNARs), These 11- to 14-kDa domains
comprise two heavy chains with an antigen-binding region with no associated light chains [305]
and can bind with high affinity and specificity to target molecules [306,307]. These molecules have
8 beta strands instead of the 10 beta strands found in VHH and mammalian IgGs. In addition,
VNARs lack the CDR2 domains and longer hinge regions found in mammalian IgG molecules. Thus,
the diversity of VNARs depends primarily on the CDR3 domain. With their small size and single
domain format, VNARs are highly stable and can be produced at high levels using different expression
systems [308]. Because of their size, there are recognition niches that are unique for such therapeutic
sdAbs [309–311]. The development of libraries for selection has expanded the utility of generating
potent molecules [312,313]. As with nanobodies, these molecules can be engineered to be more
human-like and have been used to isolate binders to CXCR4, a druggable GPCR [314,315], HER2, PD1,
and glypican 3 [316].

3.2. Avidity Modulation

Because each antibody has two antigen-binding sites, antibody engagement to the antigen can be
multivalent when there is more than one antigen on the target surface [317]. For avidity to occur, the
antigen sites must be present at a sufficient density, such that once the first Fab has bound, the second
Fab can bind before the first Fab dissociates. Thus, the nature of an IgG engagement to the antigen can
be more complicated than a single binding event. Rather, the functional affinity or avidity represents
the accumulated strength of multiple affinities to an antigen [318,319]. In such cases, the Fab region
can modulate protein–protein interactions of the antigen. Occasionally, the structural nature of the
Fab region–epitope engagement can limit target neutralization via constrained avidity through steric
occlusion [320]. The pharmacokinetic profile of the molecule should allow for sufficient time to allow
for kinetics of avidity to occur. If not, there will be an apparent loss of potency even though there may
be steep saturation curves from in vitro experiments [321].

However, Fc region clustering due to FcγR interactions can contribute to Fab target avidity
[322–324]. The avidity due to Fc region–FcγR crosslinking can affect the immune cell effector function
that can contribute to autoimmune disorders [325–329]. In such indications, effective FcγR blockade
requires doses of intravenous immunoglobulin. However, this approach requires careful consideration
of potential safety concerns related to the induction of serious acute events, such as cytokine release,
platelet activation/aggregation, and complement activation [330].

Monoclonal antibodies that target the inhibitory immune checkpoint receptors, such as CTLA-4
and PD-1, stimulate antitumor immunity to treat advanced melanoma, lung cancer, and other types
of human cancer [331,332]. Such agonist antibodies against the immunostimulatory receptors on T
cells and antigen-presenting cells were designed to have more silent Fc regions to prevent Fc effector
function but retain Fab region avidity to stimulate antitumor immunity [333]. Immune effector cells
have stimulatory receptors belonging to the tumor necrosis factor (TNF) receptor superfamily (such
as OX40, CD27, 4-1BB, and GITR) [334,335]. There has been much effort to develop the use of their
respective ligands and agonist antibodies to activate these receptors to stimulate the proliferation and
activation of T cells [336–339] to mediate anti-tumor activities [340–342].

Agonistic activities of immunomodulatory antibodies require the engagement of different types
of Fc receptors and cell surface receptors. To activate downstream signaling pathways, TNF receptors
undergo higher-order clustering upon binding to their respective trimeric ligands [343]. Thus, regular
antibody binding may not be enough to induce the required threshold TNF receptor clustering that
can occur with the binding of trimeric ligands. Instead, antibody crosslinking via Fc engagement is
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necessary for receptor activation in in vitro assays [344–347]. The crosslinking of IgG Fc to FcγRIIB
receptors can multimerize more than one antibody molecule, which in turn can facilitate the clustering
of enough TNFR for signaling pathway activation. Recent studies in mice indicated that the engagement
to the inhibitory FcγRIIB receptor is critical for the agonistic activity of antibodies to a number of TNFR
targets, such as CD40 [340,348], death receptor 5 (DR5) [340,349], and CD95 [350]. If such antibodies
have Fc regions that can engage various activating FcγRs, effector functions, such as ADCC and ADCP,
can be induced and deplete these targeted immune cells. Nonetheless, the anti-OX40 and anti-GITR
antibodies may facilitate the selective elimination of intratumoral regulatory T cells in the tumor
microenvironment by the effector functions of the antibody [351,352]. Such antibody-mediated killing
of regulatory T cells may be more important than the antibody-mediated activation of effector T cells
for the anti-tumor activities of therapeutic anti-OX40 and anti-GITR antibodies.

By design, human IgG antibodies have low binding affinities to most human Fc receptors except
FcγRI [353]. To optimize the anti-tumor activity of agonist antibodies’ binding to immunostimulatory
TNF receptors, the Fc region of the IgG antibody was engineered to bind more strongly to the FcγRIIB
receptor. In particular, Chu et al. introduced the S267E/L328F mutations on an anti-CD19 IgG1 Fc
to enhance FcγRIIB-binding affinity that resulted in improved inhibition of B cell receptor-mediated
activation of primary human B cells [354]. However, this Fc variant also enhanced binding to the
R131 allotype of the activating FcγRIIA receptor [355]. Mimoto et al. utilized the V12 mutations
(E233D/G237D/P238D/H268D/P271G/A330R) in the IgG1 Fc to selectively enhance FcγRIIB engagement
without an associated increased binding to either the H131 or R131 allotype of the FcγRIIA receptor [356].
Mutations that abrogate FcγRIIIA binding can decrease the potential ADCC activity. An anti-CD137
agonistic antibody with the V12 mutations showed enhanced agonistic activity dependent on FcγRIIB
engagement with less ADCC activity that was linked to FcγRIIA binding. Alternatively, FcγRII-binding
Centyrins can be fused to therapeutic antibodies to bind to FcγRIIB receptor (FcγRIIB), thereby enabling
the antibody multimerization that drives TNFR activation [357].

Ab agonistic activity depending on FcγRIIB engagement depends on the FcγR expression in the
local microenvironment. To augment the agonism of immunostimulatory antibodies independent of
FcγR engagement, White et al. recently reported that human IgG2 subtype can impart super-agonistic
activity to immunostimulatory antibodies for CD40, 4-1BB, and CD28 receptors [358]. This activity
is conferred by a unique configuration of disulfide bonds in the hinge region of the IgG2 subtype
and is not dependent on FcγRIIB engagement. To add to the repertoire of Fc mutations that can
promote antibody multimerization without the need of FcγRIIB crosslinking, Diebolder et al. reported
that selective Fc mutations can facilitate hexamerization of IgG Abs upon binding targets on the cell
surface [359]. Specific noncovalent interactions between Fc regions resulted in the formation of ordered
antibody hexamers after antigen binding on cells. These hexamers recruit and activate C1q, the first
component of complement, to trigger the complement cascade. The interactions between neighboring
Fc segments could be manipulated to block, reconstitute, and enhance complement activation and
killing of target cells, using all four human IgG subclasses [360]. In contrast, the E345R mutation on an
anti-OX40 antibody had increased agonism by promoting the clustering of OX40 receptors without the
dependence on FcγRIIB cross-linking [361]. This cross-linking to FcγRIIB can lead to a further boost
of the agonism of the anti-OX40 antibody with an IgG1 Fc but not with the silent IgG2σ Fc region,
which lacks binding to FcγRs. The ADCC and CDC activities of the anti-OX40 antibody with the
E345R mutation were affected by the choice of IgG subtypes [362]. With so many oligomeric Ab targets,
there are continuing applications of hexameric therapeutic Abs that can affect downstream signaling
events [328,329,363].

Alternatively, when an IgG format does not achieve enough of an effect on a cell surface receptor,
the variable regions can be transferred to an IgM format to elicit the functional activity through
avidity. Clearly, the IgM’s higher valency can facilitate receptor crosslinking. For instance, when
anti-trail-receptor IgG did not elicit a strong response, the switch to an IgM format resulted in stronger
induction of trail-receptor-induced apoptosis [364]. Antibody formats that promote crosslinking are
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being assessed in clinical trials [365]. Likewise, other hinge and isotype formats also affect binding to
targets [366].

3.3. Antibody–Drug Conjugates

The high binding specificity of antibodies can be combined with the potent cytotoxicity of
small molecule agents to generate targeted therapies with higher therapeutic indices than traditional
chemotherapeutics. By delivering toxic payloads only to cells that express specified antigens, it is
possible to confine toxicity to malignant tissue while theoretically minimizing collateral damage.
Antibody–drug conjugates (ADCs) bearing cytotoxic moieties should ideally target antigens that are
present at significantly higher amounts on tumor cells. For many ADCs, it is also beneficial to bind to
internalizing receptors, which deliver the conjugate into the cell and allow the active moiety to elicit
its effects.

Many types of cytotoxic agents can be conjugated to antibodies for concentration into target
cells. Among these, the most common are natural products, such as the maytansinoids (derived
from the macrolide maytansine of Maytenus plants), auristatins (derived from Dolastatin peptides of
Dolabella auricularia sea hares), and calicheamicins (enediyne antibiotics from Micromonospora echinospora
bacteria). The auristatins, exemplified by monomethyl auristatins E and F (MMAE, MMAF), and the
maytansinoids, including DM1 and DM4, are microtubule inhibitors while calicheamicins like γ1 act
by creating double-stranded DNA breaks. Due to the remarkable cytotoxicity of these agents, they
must be tethered to antibodies for targeted delivery and reduction of systemic toxicity.

It was earlier recognized that the sub-picomolar potency of calicheamicins would allow for
efficient tumor killing when coupled to antibodies for specific delivery. In 1993, Hinman et al.
reported ADCs combining calicheamicins γ1, α2, α3, N-acetyl-γ1, or pseudoaglycone (PSAG) with a
monoclonal antibody against the internalizing antigen, polyepithelial mucin [367]. Hydrazide analogs
of the calicheamicins were prepared and conjugated to oxidized glycan residues on the antibody. A
comparison of conjugate analogs revealed the importance of the rhamnose sugar in the DNA-binding
region of the drug, whereas a distal amino sugar residue was more amenable to substitution or removal.
Stabilization of the linker with the addition of disulfide-proximal methyl groups served to increase the
therapeutic index of the ADCs.

Such calicheamicin-loaded ADCs have proven effective for the treatment of leukemia.
The first approved ADC was gemtuzumab ozogamicin, which demonstrated an ablation of
acute myeloid leukemia (AML) cells [368]. To form the ADC, gemtuzumab (anti-CD33) is
linked to N-acetyl-γ-calicheamicin dimethyl hydrazide via non-specific lysine conjugation and a
4-(4-acetylphenoxy) butanoic acid spacer. The average drug-to-antibody ratio (DAR) is two to three,
although some individual antibodies remain unconjugated and others have higher DAR values. After
its approval in 2000, the ADC was voluntarily withdrawn in 2010 due to concerns over its toxicity and
lack of efficacy. In 2017, the drug was re-approved after a meta-analysis and new clinical data indicated
a benefit for the treatment of AML (history reviewed in [369]). Meanwhile, inotuzumab ozogamicin, a
CD22 antibody conjugated to the same linker-drug moiety, demonstrated cytotoxicity against B cell
lymphomas and was approved for treatment of acute lymphoblastic leukemia (ALL) in 2017 [370,371].
Clearly, calicheamicins possess satisfactory potency that, when combined with antibody specificity,
allows for successful elimination of hematological malignancies.

Auristatins have also been conjugated to tumor-targeting antibodies to elicit specific and potent
tumor killing. Doronina et al. attached auristatin analogs to antibodies targeting Lewis Y antigen
and CD30 and compared the properties of ADCs containing acid-labile hydrazone linkers with those
containing protease-sensitive dipeptide linkers [372,373]. Drug conjugation was more site specific in
this case, using a maleimide group to form a covalent bond with reduced thiols from antibody cysteine
residues. Since antibodies contain four relatively exposed inter-chain disulfide bonds, uniform drug
loading of approximately eight auristatins per antibody was achieved. Peptide linkers, in particular, a
valine–citrulline linker between the antibody and monomethyl auristatin E (MMAE), showed increased
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stability compared to more traditional hydrazone linkers. As a result, such linkers allowed for more
specific delivery and lower systemic toxicity. Thus, optimization of conjugation and linker chemistry is
important for maximization of the therapeutic index.

Subsequent work with CD30-MMAE antibodies explored the effect of drug loading on the
therapeutic properties of ADCs [374]. By incubating antibodies with varying ratios of linker–drug
and purifying different species using hydrophobic interaction chromatography, ADCs with defined
DAR values of 2, 4, and 8 were generated. While in vitro ADC potency increased with increasing
DAR, the in vivo activity was less dependent on drug loading. At equal doses, DAR 4 and DAR 8
ADCs demonstrated similar efficacy in vivo, whereas the DAR 2 species had slightly lower activity.
Pharmacokinetic analysis revealed that the lower DAR species had longer half-lives and greater
exposure, explaining why the DAR 8 species with high in vitro activity was not more effective in the
mouse xenograft study. The intermediate DAR species progressed into clinical trials and was approved
in 2011 as brentuximab vedotin for the treatment of Hodgkin lymphoma and systemic anaplastic large
cell lymphoma [375].

The third main class of cytotoxic agents is the maytansinoids. In 1992, maytansine was derivatized
with a disulfide group, which could be reduced and conjugated to disulfide or maleimide groups
on a chemically modified HER2 antibody [376]. Chemical handles were added to the antibody via
non-specific amine coupling and allowed for DAR values ranging from 1 to 6. The DAR 4 ADCs were
shown to have maximal cytotoxicity in an in vitro assay. ADCs with the cleavable disulfide linker were
significantly more potent than ADCs with a non-cleavable thioether linkage, presumably due to the
more efficient release of the active drug within target cells. However, another study with auristatin
ADCs demonstrated that non-cleavable linkers may have better therapeutic windows because of less
non-specific drug release [9]. An important factor is the activity of the modified drug moiety that
results from proteolytic digestion of ADCs with non-cleavable linkers.

Trastuzumab emtansine represents a successful combination of HER2 antibody, DM1 maytansinoid,
and a non-cleavable linker. Lewis Phillips et al. compared trastuzumab-DM1 conjugates containing a
panel of reducible disulfide linkers and a non-reducible linker [377]. The ADC with a non-cleavable
linker based on thiol-maleimide conjugation to the maytansinoid and amine-succinimide conjugation to
the antibody unexpectedly caused the greatest tumor inhibition in vivo. An increase in pharmacokinetic
stability likely contributed to this effect, as the ADCs with reducible linkers were more likely to lose the
payload before delivery to target cells. While the bystander effect does not occur when a non-cleavable
linker is used due to the inability of the charged metabolite to cross membranes, lower systemic toxicity
and full targeted delivery of cytotoxic payloads seem to make up for this defect. Trastuzumab-DM1
ADCs using this non-reducible linker progressed to clinical trials, and in 2013, they were approved for
the treatment of HER2-positive breast cancer [378].

While the paradigm for successful ADCs has revolved around the most potent cytotoxic agents
and stable linkers, other strategies have also been explored. Sacituzumab govitecan is an ADC targeting
Trop-2 that contains the active metabolite SN-38 from the topoisomerase inhibitor irinotecan [379].
SN-38 is less toxic than traditional ADC payloads, having the half maximal inhibitory concentration
(IC50) in the nanomolar, rather than picomolar, range. Thus, a higher DAR (7–8 compared to the more
typical 3–4) is required to elicit sufficient tumor cytotoxicity. Additionally, the ADC makes use of a
pH-sensitive carbonate linker, which releases drug in the lysosome of target cells but also into the
circulation, with a half-life of approximately one day. This semi-stable linker is proposed to allow for
the bystander effect by which molecules of SN-38 diffuse to neighboring tumor cells that may have
a lower expression of Trop-2. While Trop-2 is expressed on a number of tumor types, sacituzumab
govitecan has been most studied in cases of triple negative breast cancer.

In addition to natural products, toxins have also been conjugated or fused to antibodies to generate
tumor-targeting immunotoxins. For example, Mansfield et al. described a disulfide-stabilized (HC
R44C, LC G100C) Fv targeting CD22 that was fused to a 38-kDa truncated form of Pseudomonas
endotoxin A (PE38) via the C-terminus of the VH domain [380,381]. The PE38 moiety contains
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translocation and ADP-ribosylating regions that allow it to inactivate elongation factor 2 within the
cytosol of the target cell after delivery by the Fv domain. This activity leads to an inhibition of protein
synthesis, induction of programmed cell death, and allowed for reduction in tumor growth in a
mouse xenograft model. Subsequently, the CDR3-H3 of the Fv domain was mutated to improve CD22
binding while the PE38 domain was stabilized with the R490A mutation to reduce proteolysis [382].
The resulting molecule, moxetumomab pasudotox, was approved in 2018 for the treatment of hairy
cell leukemia.

Radionuclides represent an additional class of payload that can be attached to antibodies to
create antibody–radionuclide conjugates (ARCs). In one case, yttrium-90 was conjugated to the CD20
antibody ibritumomab to generate ARCs for the treatment of lymphoma [383]. The 90Y isotope was
used due to its generation of beta particles, which penetrate several millimeters to elicit a bystander
effect, and its favorable decay half-life of 2.7 days. Conjugation was achieved using the linker-chelator
tiuxetan, whose isothiocyanate group forms a stable thiourea bond with antibody amines. Notably,
the 90Y ARC was used for therapeutic purposes while the same antibody-linker-chelator was coupled
to 111In for preliminary imaging and dosimetry. Ibritumomab tiuxetan was approved in 2002 for the
treatment of non-Hodgkin’s lymphoma.

A similar ARC, tositumomab-131I, was approved the following year for the same indication.
While both ARCs target CD20, tositumomab is conjugated to iodine-131, which is a β and γ emitter
with a longer physical half-life of 8 days [384]. Radiolabeling of tositumomab is achieved through
oxidative iodination of aromatic residues like tyrosine and histidine, rather than through chelation.
The ARC was withdrawn from the market in 2014. There is debate whether this withdrawal was due
primarily to a projected decline in sales related to the complexity of administration, or follow-up studies
that indicated no benefit over more traditional chemo- and immunotherapies [385]. The preceding
examples demonstrate the feasibility of bringing ARCs to the market, but also highlight the complexity
of generating and administering radioactive therapeutics.

3.4. Fc Activity Engineering

Although the differentiation of the antibody is often focused on the characterization of the Fab
engagement to the target epitope, not all antibodies that bind to a given target have efficient effector
cell function. This was demonstrated in the comparison of different anti-CD20 antibodies that had
different epitopes and subsequently different levels of effector functions [386–388]. Here, the avidity of
Fc presentation is critical for FcγR recognition of immune effector cells. Because mAbs depend on their
Fc region to elicit certain immune reactions, engineering of this domain allows for tactical modification
of activity as well as enhancement of the respective physicochemical properties. Sometimes, a
simple swap by moving V regions into other IgG subtypes can result in greater efficacy [389,390].
However, there can be a greater emphasis on specific Fc mutagenesis to obtain a more selective IgG
effector function [88,355,391–393]. In addition, the coupling of the Fab and Fc regions can impact the
therapeutic window for the safety and efficacy of antibodies and Fc fusion proteins [394–397]. We
outline several tactics to modulate Fc activity linked to FcγR for immune effector cell function and
FcRn for pharmacokinetic properties. Nonetheless, it is critical to keep in mind that the Fab domain
antigen binding can affect the Fc region activity via structural allostery [398–400]. Hence, evaluations
of specific Fc mutations should be confirmed empirically.

3.4.1. Mutations that Modulate Effector Function

Protein and glycan engineering can modulate effector activity of antibodies to modulate ADCC,
ADCP, opsonization, internalization, trogocytosis, and CDC activity. This engineering can also be
applied to Fc fusions that comprise toxins, radioactive molecules, chemotherapeutic agents, or nucleic
acids for targeted delivery [392].

Site-directed mutagenesis and X-ray crystal structures demonstrate that FcγRs make contact
to IgG1 Fc at P232-S239, Y296-T299, and N325-332. Notwithstanding, the residues outside of
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this area may be linked to conformational changes that affect the Fc–FcγR complex formation.
An abbreviated list of Fc modifications is shown in Table 2. Fc region residues can be mutated
to increase the binding of antibodies to the activating FcγR and/or to enhance antibody effector
functions. Mutations that decrease binding include G236A, S239D, F243L, T256A, K290A, R292P, S298A,
Y300L, V305L, K326A, A330K, I332E, E333A, K334A, A339T, and P396L mutations (residue numbering
according to the EU index) [345,391–393,401]. Experimentally, combination mutations that result in
antibodies with increased ADCC or ADCP are S239D/I332E, S298A/E333A/K334A, F243L/R292P/Y300L,
F243L/R292P/Y300L/P396L, F243L/R292P/Y300L/V305I/P396L, and G236A/S239D/I332E mutations
on IgG1.

Fc mutations to reduce binding of the antibody to the activating FcγR and subsequently to
reduce effector functions can include positions: K214T, E233P, L234V, L234A, deletion of G236,
V234A, F234A, L235A, G237A, P238A, P238S, D265A, S267E, H268A, H268Q, Q268A, N297A, A327Q,
P329A, D270A, Q295A, V309L, A327S, L328F, A330S, and P331S mutations on IgG1, IgG2, IgG3, or
IgG4. [391,402–405]. Combinations of Fc mutations for reduced ADCC on IgG1 include: L234A/L235A;
L234F/L235E/D265A; V234A/G237A; S267E/L328F; L234A/L235A/G237A/P238S/H268A/A330S/P331S;
or K214T/E233P/L234V/L235A/G236-deleted/A327G/P331A/D365E/L358M. Combinations of Fc
mutations for reduced ADCC on IgG2 include: H268Q/V309L/A330S/P331S or V234A/G237A
/P238S/H268A/V309L/A330S/P331S. Combinations of Fc mutations for reduced ADCC on
IgG4 include: F234A/L235A, S228P/F234A/L235A; S228P/F234A/L235A/G237A/P238S; or
S228P/F234A/L235A/G236-deleted/G237A/P238S. Hybrid IgG2/4 Fc regions with the Fc with residues
117–260 from IgG2 and residues 261–447 from IgG4 can result in having less FcγR activity. Crystal
structures and simulations of IgG1σ, IgG4σ1, and IgG4σ2 Fc variants reveal altered conformational
preferences within the lower hinge and BC and FG loops relative to wild-type IgG, providing a
structural rationalization for diminished Fc receptor engagement [406].

An X-ray crystal structure of the C1q-Fc region shows that complement C1q binds IgG1 at
D170-K322, P329, and P331 [407,408]. To enhance CDC, Fc positions mutations can include S267E,
H268F, S324T, K326A, K326W, E333A, E430S, E430F, and E430T. Combination mutations that result in
antibodies with increased CDC can include K326A/E333A, K326W/E333A, H268F/S324T, S267E/H268F,
S267E/S324T, E345R, and S267E/H268F/S324T [359,409,410].

The ADCC activity of antibodies can be enhanced by engineering their oligosaccharide composition.
Human IgGs are N-glycosylated at Asn297 with the majority of the glycans of the well-known
biantennary G0, G0F, G1, G1F, G2, or G2F forms (see Figure 5). N-linked glycosylation can be removed
by using the mutation N297A on IgG1, IgG2, IgG3, or IgG4. The aglycosylated species has less
FcγR activity.

Antibodies produced by non-engineered CHO cells typically have a glycan fucose content of
about at least 85%. The removal of the core fucose from the biantennary complex-type oligosaccharides
attached to the Fc regions enhances the ADCC of antibodies via improved FcγRIIIa binding without
altering antigen binding or CDC activity. Such mAbs may be produced using different methods
reported to lead to the successful expression of relatively low level fucosylated antibodies bearing
the biantennary complex-type of Fc oligosaccharides, such as the control of culture osmolality [411],
application of a variant CHO line Lec13 as the host cell line [412], application of a variant CHO line
EB66 as the host cell line [413], application of a rat hybridoma cell line YB2/0 as the host cell line [414],
introduction of small interfering RNA specifically against the α 1,6-fucosyltrasferase (FUT8) [415], or
co-expression of β-1,4-N-acetylglucosaminyltransferase III and Golgi α-mannosidase II or a potent
alpha-mannosidase I inhibitor, kifunensine [416–418]. Notwithstanding, careful monitoring of antibody
glycosylation is required to control the pharmacodynamics of Abs and Fc-fusion proteins [419]. Other
modifications to enhance ADCC include the introduction of bisecting N acetyl glucosamine and the
removal of sialic acid residues [420].

Fc-mediated effector functions are best avoided for some applications, such as targeting cell
surface antigens on immune cells or when engineering bispecific molecules to bring target diseased
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cells within the proximity of effector immune cells [421]. In each of these cases, it is best not to stimulate
unwanted cell and tissue damage or risk undesired effector cell activation, immune cell depletion, or
FcγR cross-linking that might induce cytokine release through engagement of Fc-mediated effector
functions [422]. The complexity of FcγR functional properties is increased by the varying densities
of activating and inhibitory receptors on the different effector cell populations [406]. Likewise, since
the threshold of activation can be variable with different patients, it would be prudent for safety
considerations to develop antibodies with a more silent Fc region. Thus, the development of completely
silent Fc regions can be critical for biologics that do not require FcγR- or C1q-mediated effector
functions [88,423,424].

3.4.2. Mutations that Alter Pharmacokinetics

The PK properties of IgG antibodies are largely governed by the neonatal Fc receptor (FcRn),
a heterodimer of the FcRn α chain and β2-microglobulin. Initially, FcRn was known for its role in
transferring IgG from maternal milk to the neonatal circulation via FcRn-expressing intestinal epithelial
cells [425,426] (and later, for transferring human IgG from the mother to fetus via FcRn-expressing
placental syncytiotrophoblasts [427]). Both of these transfer mechanisms require pH-dependent binding
of IgG to FcRn, with strong binding at pH < 6.5 in the acidic intestine or endosome, and significantly
weaker binding in blood (pH 7.4). While it was long recognized that an Fc-binding receptor might be
responsible for IgG catabolism in adults [428], the identity of this receptor as FcRn was not confirmed
until three decades later [429]. Differences in IgG-FcRn affinity with pH allow IgG to be salvaged from
acidic endosomes of endothelial cells and recycled back to the blood, and thus to circulate longer than
other proteins of a similar size. The IgG-binding site for FcRn was localized to the CH2-CH3 elbow,
which overlaps the site for staphylococcal protein A binding [430–432]. With an intact binding interface
at each heavy chain, a molecule of IgG can bind simultaneously to two molecules of FcRn [433].

Because FcRn is involved in lysosomal salvage and IgG serum persistence, the IgG–FcRn interaction
has been engineered to modulate the PK properties of antibodies. Enhanced serum stability may be
beneficial for both patients and manufacturers, as it allows for lower-level or less frequent dosing.
The combination of co-crystal structures of Fc–FcRn complexes and site-directed mutagenesis may map
the Fc region regions to cover L251-S254, L309-Q311, and N434-H435. Early work demonstrated that
mutagenesis of IgG to disrupt FcRn binding leads to profoundly accelerated IgG clearance [432]. The
mutations I253A, H310A, and Q311A in the CH2 domain, and H433A and N434A in the CH3 domain,
led to two- to five-fold decrease in the β-phase half-life of mouse IgG1 Fc fragments. Subsequent work
verified the feasibility of strengthening FcRn interaction at low pH, which could extend the half-lives of
Fc mutants. Ghetie et al. performed random mutagenesis of mouse IgG1 residues T252, T254, and T256
coupled with phage display to isolate variants with tighter FcRn binding at pH 6.0 [434]. Their LSF
mutant had 3.5-fold higher affinity for FcRn, which was driven primarily by a slower dissociation rate.
The same mutant had a half-life up to 1.6-fold longer than the wild type, which translated to a 4-fold
increase in exposure. These studies suggested a potential correlation between endosomal FcRn affinity
and the half-life of IgG antibodies, and initiated a search for long-lived IgG mutants that outcompete
endogenous antibodies for FcRn-mediated lysosomal salvage.

One historic IgG variant with altered FcRn binding and PK is the YTE (M252Y/S254T/T256E)
mutant. Initial studies using human IgG1 antibodies showed that the YTE set of mutations significantly
reduced antibody serum concentrations in mice, despite a 10-fold higher affinity to both mouse and
human FcRn at pH 6.0 [435]. The authors attributed this unexpected result to a concomitant increase
in FcRn binding at pH 7.4 that occurred for mouse, but not human, FcRn. Later work revealed that
cynomolgus FcRn, like human FcRn, binds YTE 10-fold more tightly than wild-type IgG at pH 6.0,
but not significantly differently at pH 7.4 [436]. When YTE antibody was administered to monkeys,
its half-life was four-fold longer than that of the control. Thus, IgG PK may be improved by using
engineering strategies to increase FcRn binding at low pH while maintaining weak FcRn affinity at
neutral pH. More recently, motavizumab (anti-RSV) containing the YTE substitutions became the first
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Fc-engineered antibody to be investigated in humans [437]. The YTE version of the antibody had a
half-life of up to 100 days, or two- to four-fold longer than that of its wild-type counterpart. Although
studies with intravenous administration have not indicated a higher risk of anti-drug antibodies, there
is some concern that subcutaneous administration of YTE mutants could induce immunogenicity and
therefore counteract any PK benefits [438].

IgG variants with altered FcRn binding not only have altered clearance; they may also have
enhanced activity due to greater exposure. For instance, Zalevsky et al. developed an IgG1 LS
mutant (M428L/N434S) with an 11-fold increased FcRn affinity and 3- to 5-fold increased half-life [439].
Notably, the half-life was extended for antibodies targeting a soluble antigen (vascular endothelial
growth factor) and an internalizing cell-surface receptor (epidermal growth factor receptor). Thus,
clearance was positively affected even in the context of an antibody with target-mediated disposition.
In mouse xenograft studies, the LS antibody increased inhibition of tumor growth relative to the wild
type when dosed every 10 days. Similarly, Gautam et al. showed that the LS substitutions could
increase protection of rhesus macaque monkeys when incorporated into broadly neutralizing human
immunodeficiency virus (HIV) antibodies [440]. Clearly, half-life extension via Fc mutation is a strategy
that can be applied to a broad range of therapeutics.

Although it is tempting to oversimplify the relation between FcRn binding and PK, it must
be emphasized that enhanced FcRn binding does not always translate to a longer half-life. In one
informative study, Datta-Mannan et al. generated three IgG1 Fc variants with enhanced FcRn affinity
at pH 6.0 and analyzed their PK profiles in cynomolgus monkeys and mice [441]. Despite up to
80-fold increases in cynomolgus FcRn affinity, the clearance of the variants in monkeys was unchanged.
Furthermore, clearance was accelerated in mice even though affinity to mouse FcRn was increased
almost 200-fold. As alluded to previously, the undesirable PK properties likely resulted from subtle
changes in the pH dependence of FcRn binding. Borrok et al. followed up on the importance of neutral
pH FcRn affinity by producing a panel of IgG1 Fc variants with variable FcRn binding at both pH 6.0
and 7.4 [442]. The authors suggest that pH 6.0 FcRn binding is directly correlated to half-life only
as long as pH 7.4 binding does not also increase beyond a certain threshold. Given the sharp pH
dependence required for efficient FcRn recycling, this group also proposed that half-life enhancement
via Fc engineering probably cannot be improved beyond the four-fold increase already achieved.

In the Fc region, part of the CH2-CH3 domains is responsible for FcRn binding that results in
recycling of antibodies for a long half-life [443–446]. mAbs with the same Fc can bind to FcRn differently,
which can affect their respective PK profiles [447]. Mutations along the CH2-CH3 domains can modulate
PK profiles. Single mutations that enhance the pH-sensitive binding include T250Q, M252Y, I253A,
S254T, T256E, P257I, T307A, D376V, E380A, M428L, H433K, N434S, N434A, N434H, N434F, H435A, and
H435R [436,439,441,442,448–454]. Combination mutations that can be made to increase the half-life of
the antibody are M428L/N434S, M252Y/S254T/T256E, T250Q/M428L, N434A, and T307A/E380A/N434A.
These mutations mediate pH-sensitive interactions with FcRn. In contrast, mutations that can reduce
binding to FcRn, thereby decreasing the half-life of the antibody or Fc region molecules, can include:
H435A, P257I/N434H, D376V/N434H, H435R, M252Y/S254T/T256E/H433K/N434F, and T308P/N434A.
Although these mutations provide a guide, much of the PK profiles are determined empirically because
of potential Fab–Fc non-covalent interactions [399].

A host of factors beyond FcRn interaction have been shown to affect the serum stability of
antibodies. Especially for antibodies targeting distinct antigens or containing different variable regions,
biological and physicochemical properties may supersede FcRn-binding properties in determining
clearance. Even for antibodies of the same specificity, differences in variable region sequence may lead
to altered biophysical properties like the charge and isoelectric point (pI), which can also affect PK.
Igawa et al. observed that antibodies with lower pI values tended to be more stable in vivo. In a panel
of four IgG4 molecules, the most acidic antibody (pI 7.2) had a half-life 2.4-fold longer than that of the
most basic antibody (pI 9.2). As each antibody had the same constant regions and did not cross-react
with mouse proteins, this result indicated that variable region sequences can cause differences in
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biophysical properties that affect serum persistence independent of FcRn. To further validate the
observed trend, the variable regions of an IL-6R IgG1 antibody with a pI of 9.3 were engineered to
generate more acidic variants (pI 6.9 and 5.5), with minor (two-fold) differences in antigen binding
affinity. When administered to cynomolgus monkeys, the acidic variants had slower clearance than
the wild-type antibody. Mechanistically, the decreasing positive charge may reduce attractive ionic
interactions with negatively charged membranes and reduce pinocytotic cell uptake and degradation.
Consistent with this explanation, engineering IgG variable regions to remove patches of positive charge
(without greatly altering protein pI) has also been used to reduce non-specific binding and improve
PK [455]. Likewise, the choice of framework mutations in the Fab can also influence the PK properties
through differences in charge [456].

Glycosylation, glycation, and charges in the Fab region are also important for the PK properties
of a mAb. FcγR expressed on the surface of blood and liver cells can facilitate the rapid removal
of circulating Abs from circulation. Likewise, glycosylation patterns can impact both PK and PD
significantly [259,260].

Biophysical liabilities, such as increased hydrophobicity and decreased Fc region thermal
stability Tm values, can lead to lower levels of intracellular recycling that leads to subsequent
intracellular degradation Antibodies binding to internalizing receptors and certain other antigens
may undergo significant target-mediated clearance (reviewed in [457]). This saturable phenomenon
causes nonlinear PK, where elimination is faster at lower antibody concentrations. As the antibody
concentration surpasses that of the antigen, clearance becomes slower due to the increased contribution
of FcRn-mediated catabolism. Thus, the distribution and elimination of antibodies can vary greatly in
cases where antigen binding leads to active transport or degradation [209,277,451,458–460].

Extending the half-life of antigen-binding fragments and other lower molecular weight species
can include strategies, such as fusion with polyethylene glycol (PEGylation), human serum albumin or
an albumin-binding group, Fc region fusion, and multimerization to be above 70 kDa [461].

3.5. Bispecific Antibodies

When single component targeting is insufficient, an improved therapeutic response can require
agents that can engage more than a single target linked to a single mechanism of action. There can be
limitations with the use of mono-specific antibody formats in that some patients will not respond to
such therapy after a period of time. Because there can be crosstalk between signaling pathways, there
can be the development of resistance during the progression of diseased tissue. Thus, to regulate more
than one disease-causing pathway, there are extensive efforts to use bispecific antibodies (BsAbs) to
improve the therapeutic profile. BsAbs are engineered antibodies that have two domains that bind to
two different antigens or to two epitopes on the same antigen.

There are strong therapeutic rationales for BsAbs: BsAb can target multiple causative agents for a
disease with advantages over combination therapy using antibody mixtures; immune cell redirection
via BsAb crosslinking of an effector biomolecule or effector cell to a specified target; and synergy
through the coupling of multiple targets [462,463]. Likewise, the ability to bind to different ligands can
exhibit an increased avidity and target residence time when both domains can bind simultaneously to
their target sites [321,464]. This is because the binding of one binder forces the second tethered binding
arm to stay close to its corresponding site. This ‘forced proximity’ favors its binding and rebinding
(once dissociated) to that site. However, rebinding will also take place when the diffusion of freshly
dissociated ligands is merely slowed down. Such targeting of multiple signaling pathways plays
unique roles in the control of potential resistance mechanisms that are typical of the pathogenesis of
various cancers. A single agent BsAb can have the advantage over a combination of mAbs by having
improved compliance and less complex regulatory hurdles.

There are three approved BsAbs: Catumaxomab that can bring T cells or T lymphocytes via
CD3 binding closer to cells expressing EpCAM (Trion Pharma); blinatumomab that also has a
CD3-binding arm to B lymphomas with CD19(Micromet/Amgen); and Helimbra or emicizumab-kxwh
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(Roche—Chugai) that mimics the cofactor VIII for patients with hemophilia A. Catumaxomab is
produced using quadroma technology where the HC and LC fragment of mouse mAbs against CD3
and rat mAbs against EpCAM were secreted by fusing the respective hybridomas to form a BsAb
with an intact Fc. Although quadroma molecules can be produced using a variation of the hybridoma
technology, Good Manufacturing Practice (GMP) scaleup to isolate the BsAb was difficult because of
the challenge of isolating the BsAb from the permutations of HC/LC fragments. This BsAb was also
designed to have the Fc region that can bind to FcγR-activating receptors to permit co-localization of
cells with Fc receptors, such as macrophages, dendritic cells, and natural killer (NK) cells [465,466].
While the catumaxomab Fc region can enhance activation of the patient immune system against tumor
cells via T cell-mediated lysis with ADCC and ADCP, there were strong adverse effects coming from
the induction of anti-drug antibodies that bound to the combination or individual mouse and rat mAb
sequences. Unfortunately, the formation of anti-drug Abs against the mouse and rat mAbs led to an
immune response against the BsAbs, resulting in worsening of the patient’s prognosis [467].

To bypass the challenges of having mouse and rat Fc sequences, Blinatumomab was developed
using the Diabody technology with a binding domain against CD19 on B cell lymphomas and CD3
binding to the surface of T cells for use in lymphoma and leukemia [468–470]. As with Catumaxomab,
blinatumomab fosters the redirection of T cells to tumor cells without the constraints of the T cell
receptor–major histocompatibility complex restrictions. The molecule is very potent and has to be
delivered at low concentrations. Since the CMC process employed a recombinant bacterial expression
of a single gene product, there was optimization of the downstream process to generate a stable drug
substance free from residual impurities, such as host cell protein and DNA. However, because of the
rapid clearance due to the short PK profile, this molecule is typically delivered via an infusion pump.

The third approved BsAb is Helimbra or Emicizumab-kxwh that have Fab regions that bind
enzyme factor IXa (FIXa) and the substrate factor X(FX) [471]. Coagulation factor VIII (FVIII) can be
added to reduce the bleeding complications of patients with hemophilia A. However, FVIII has poor PK
properties. Thus, emicizumab was made to bind simultaneously the enzyme and substrate to mimic the
partial function of factor VIII and restore some anticoagulant activity [472,473]. Humanized Abs that
bind to FIXa and FX were put into a stabilized human IgG4 BsAb subtype with two sets of mutations.
The BsAb has an S238P substitution to stabilize the hinge regions, preventing Fab-arm exchange. To
generate the BsAb, a mixture of four expression vectors encoding the respective heavy and light chains
of the FX and FIXa-specific Abs is used. The BsAb also had the “knobs-into-holes” mutation to promote
the heterodimerization efficiency of the two heavy chains. Nonetheless, significant downstream
purification efforts were required to isolate the BsAb. These difficulties in the manufacturing the
BsAb were overcome by re-engineering the BsAb to have a common light chain for the anti-FX and
anti-FIXa heavy chains and to modify the HC to facilitate ion exchange chromatography for BsAb
purification [474].

We review different applications of how BsAbs can overcome the challenges of single target mAbs
by modulating more than one pathway simultaneously, redirecting immune cells to specific targets;
facilitating transport across tissue barriers; and delivering payloads to more specific targets.

Enhanced avidity has been reported for an EGFR x cMet BsAb (the use of EGFR x cMet refers to
the BsAb, as compared to EGFR + cMet, which is the combination of the two parental EGFR and cMet
mAbs) that is superior to the combination of EGFR mAbs and cMet mAbs (EGFR + cMet) [475,476].
This BsAb targets multiple resistance factors simultaneously by inhibiting primary or secondary
mutations of the EGFR and cMet pathways [477]. Alternatively, a BsAb can target two non-overlapping
epitopes of a target antigen to enhance the specificity and affinity of the therapeutic Ab. The bispecific
binding can induce Her2 receptor crosslinking, which can further suppress Her2 activity [478].

There is great interest in utilizing Ab modulation of protein–protein interactions for diseases
in the brain. However, the aforementioned pharmacokinetic properties of an IgG can prevent the
high flux diffusion across tissue barriers. There are many researchers developing BsAbs to cross the
blood–brain barrier (BBB) to target pathogenesis mediators in neurological diseases [479,480]. Couch
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et al. designed a bsAb that binds to transferrin receptor (TfR) and β-site APP-cleaving enzyme 1
(BACE1) to facilitate diffusion across the BBB [481,482]. TfR is highly expressed on the surface of
the brain endothelium. After binding to TfR, the circulating bsAb is transported into the brain via
receptor-mediated transcytosis. In the brain, BACE1 is an aspartyl protease that contributes to the
pathogenesis of Alzheimer’s disease. Targeting BACE1 has been a strategy for treating Alzheimer’s
disease [483]. The affinity between the anti-TfR Fab and TfR was selected to be weak to allow bsAb
release from the endothelium and enter the brain to target the disease mediator BACE1 with the
other binding arm. The safety liabilities of TfR-bispecific antibodies that cross the blood–brain barrier
involves modulation of the epitopes that control the binding, internalization, and transport [481]. So
far, a preclinical study showed that the BsAb could alleviate brain disease syndromes [483].

There is also interest in having molecules with asymmetric Fc regions that have different levels
of engagement to FcγR and FcRn. Targeting IgG Fc region-binding selectivity of FcγRIIa versus
FcγRIIb resulted in having increased ADCC activity with less other immune effector functions [484].
Asymmetric Fc with mutations in the hinge and CH2 domain can reduce binding to FcγR and C1q to
decrease ADCC and CDC depletion of target cells [485]. In addition, such a strategy was used to select
for Fc-silencing mutations that retain IgG1 Fc region stability to maximize CMC success. Likewise,
asymmetric Fc engineering was used to have selective FcγRIIIa binding to obtain higher ADCC activity
with minimal changes to IgG1 Fc stability [356].

As demonstrated in the three aforementioned BsAbs, the design was based on meeting the
therapeutic hypothesis with the added challenge of meeting the CMC requirements. In the past 20
years, numerous designs can be gleaned from extensive reviews that cover many aspects of the bispecific
molecule engineering, activity, and patent survey [1,486–491]. A reductionist view of bispecific agents
has relied on the basic design principles of a human mAb, which include binding domains, hinge
sequences, and the Fc region as shown in Figure 9. Protein engineering has extended the binding
domains to include Fab, scFv, DARPins, Centyrins, Ankyrins, VHH, cytokines, enzymes, etc. The
hinge has been extended to include linkers of peptide sequences from mAb sequences, subtype hinge
sequences, variation of peptides having flexible linkers (Thr, Gly, Ser, Ala motifs), and rigid linkers (Pro,
Arg, Phe, Thr, Glu, Gln motifs), etc. [492]. The Fc region can include the fusion of albumin-binding
domains, polyethylene glycol polymers, etc. [86,397].

Figure 9. Schematic representation of bispecific and multispecific molecules. Domains 1–6 (D1–D6) can
represent binding domains that can include Fab, scFv, DART®, VHH, and other alternative binding
motifs. Linker sequences (L1–L6) can represent distinct linker regions. The Fc region can represent the
IgG Fc region or be replaced with another other motif for modulation of the FcγR, FcRn, and PK profile.
A standard mAb has D1 = D2, L1 = L2, and Fc = IgG Fc region.
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In this view, there are five groups of BsAb formats as shown in Figure 9: Asymmetric IgG
molecules with heterodimeric heavy chains (D1 � D2, with L1 = L2); fusion of IgG-binding domains
(combinations of D1 with or without D3, D2 with or without D4 with L1, L2, L3, and L4); fusion of
binding domains to IgG molecules (combinations of D1, D2, D3, D4, D5, and/or D6 with L1, L2, L3,
L4, L5, and/or L6); engineering binding domains of IgG molecules (multiple binding at D1, D2, or Fc
regions); and chemically coupled IgG fragments. A normal IgG molecule has D1 = D2 and L1 = L2
with a single Fc region (Figure 1). The continuing evolving BsAb results in changes in: Valency of
binding arms to control avidity; architecture via the design of binding arms and linker types to control
flexibility for access and functional activity; inclusion of different binding arms that can permit the
engagement of different epitopes; and pharmacokinetic control by using Fc regions or other binding
arms to serum proteins. There are many variations of tethering of binding domains and PK modulation
domains that employ non-Ab motifs. However, to limit the focus on BsAb, in this review, we focus on
the structure–function impacts of bispecific IgG fragments and bispecific intact IgG molecules that use
Fab and Fc components.

3.5.1. Bispecific Fragments

The variable region of the antibody Fab region is the smallest unit of an antibody that possesses
antigen-binding capabilities. A major advantage of using fragments relative to full-length IgG is the
potential for increased penetration into malignant tissue due to the decrease in size [493]. Although the
absence of the Fc region abrogates FcγR binding and broadly eliminates ADCC, ADCP, and CDC, the
incorporation of effector cell specificity (e.g., anti-CD3) allows for tailored effector mechanisms like T
cell redirection. Similarly, FcRn-binding capability is removed. In cases where transient drug exposure
is favorable (such as diagnostics), this apparent defect can lead to a desired increase in clearance. On
the other hand, the half-life can be prolonged by incorporating albumin-binding functionality into one
of the antigen-binding domains [494].

Fusion of Antigen-Binding Fragments

Perhaps the most obvious antigen-binding region of antibodies is the Fab region, which constitutes
the light chain (VL and CL) and heavy chain Fd (VH and CH1). Bispecific tandem Fabs are more
difficult to form than single-chain Fv and sdAb fusions, since the multiple chains may pair incorrectly
to create non-functional paratopes. To address this challenge, Wu et al. made use of mutations at the
LC–Fd interface that favor correct polypeptide pairing [495]. Their tandem Fabs were created using
one polypeptide of linked heavy chains (VHA-CH1A-(G4S)3-VHB-CH1B) and two separate light chains
(VLA-CLA and VLB-CLB). After expression in HEK cells and purification of the His-tagged protein, the
EGFR × CD3 Fab was found to have similar antigen binding to the corresponding tandem scFv protein
as well as better thermal stability and less aggregation. Interestingly, size had a significant impact on
the ability of different bsAb formats to mediate T cell killing of EGFR-expressing cells. The 50-kDa
tandem scFv had the highest potency, followed by the 100-kDa tandem Fab, and the 150-kDa bispecific
IgG had the highest half-maximal effective concentration (EC50). Clearly, the size and geometry of
bispecific molecules significantly impacts their ability to form a productive immunological synapse.

Fab regions can also be genetically fused to smaller binding moieties to generate bi- and trispecific
molecules. For example, a human placental alkaline phosphatase (hPLAP) × BCL1 bibody (~75 kDa)
was generated by fusing a BCL1 scFv to the LC C-terminus of an hPLAP Fab using a six-amino acid
linker [496]. Likewise, a hPLAP × CD3 bibody was formed by fusing a CD3 scFv to the C-terminus of
the hPLAP Fd using a (G4S)3 linker. More impressively, a 100-kDa tribody targeting all three antigens
was generated by combining the LC (hPLAP)-scFv (BCL1) and Fd(hPLAP)-scFv (CD3) chains. While
monomeric or dimeric LC contaminants were formed, the majority of antibody products had the
expected composition after HEK expression. Simultaneous binding was demonstrated for each pair of
tribody antigens (hPLAP × BCL1, hPLAP × CD3, BCL1 × CD3), as was T cell recognition of both tumor
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cell types. In addition to trispecific agents, the authors suggest that the Fab-(scFv)2 format could also
be used to create bispecific molecules that are bivalent for one antigen.

The VHH domain of camelid heavy chain antibodies represents another compact moiety that
can be tethered to Fab fragments. Li et al. prepared 65-kDa bispecific proteins called S-Fabs by
fusing a VHH domain targeting CEA to the C-terminus of the Fd chain of an anti-CD3 Fab [497].
The construct was produced in E. coli via transformation with the normal anti-CD3 LC and the Fd
(CD3)-VHH(CEA) fusion and purified using the His tag at the LC C-terminus. Interestingly, binding of
S-Fab to CEA-expressing cells was achieved despite direct fusion of the anti-CEA VHH N-terminus
to the anti-CD3 Fd without a spacing linker. It is not clear whether this design choice impacted the
affinity of the VHH for CEA due to steric or conformational constraints. Regardless, the S-Fab depleted
CEA-bearing tumor cells in a T cell-dependent manner, demonstrating the utility of these bispecific
Fab-VHH fusions.

Fusion of Single-Chain Variable Fragments

Because the Fv (VH + VL) represents the minimal structure of human antibodies containing
an intact antigen-binding interface, the scFv format has been widely used to prepare small bsAb
frameworks. One of the simplest ways to generate multifunctional agents is to genetically fuse two
scFv domains with differing specificity, creating tandem scFvs or scFv2s. Reports of such constructs
date back to the 1990s. In one early study, scFvs targeting L6 tumor-associated antigen and human
CD3 were genetically fused by a 27-amino acid helical linker peptide and expressed in COS cells [498].
The bispecific construct was found to co-localize T cells and L6-expressing target cells, and to elicit
cytotoxic activity against the target cells. Notably, this particular scFv construct was also fused to the Fc
region as a purification tag. Within a week, another report was published describing a bispecific scFv2

targeting fluorescein and single-stranded DNA [499]. This protein, in contrast to the previous example,
was expressed in E. coli and refolded from inclusion bodies. In this case, the linker between individual
Fvs was based on the CBH1 peptide from Trichoderma reesi cellobiohydrolase I. An assessment of
the binding affinity demonstrated that bacterially expressed bispecific tandem scFvs can bind their
antigens with a similar affinity to the parental scFv domains. These studies established that genetic
fusion of distinct Fvs is a valid approach to achieve specificity for multiple antigens.

Within the realm of cancer immunotherapy, a common approach to generate a robust anti-tumor
response is to co-localize effector cells to the site of malignancy and modulate their response. Bispecific
T cell-engaging (BiTE) antibodies were developed shortly after the first reports of bispecific scFV2 and
accomplished this feat by binding to both T cells (often via CD3ε) and target cell antigens with their scFv
domains. In one early example, Mack et al. expressed BiTEs targeting CD3 and EpCAM in CHO cells
and purified them via a C-terminal His tag [500]. Their 60-kDa protein used the VLA-VHA-VHB-VLB
domain order, with a flexible G4S or (G4S)3 linker joining the individual Fv fragments. In addition
to binding both antigens with similar properties as the parental scFvs (as demonstrated by FACS
and ELISA), nanomolar concentrations of the BiTE were sufficient to elicit T cell-mediated lysis of
EpCAM-expressing cells in a 51Cr release assay. A CD19 × CD3 BiTE with a similar construct design
and expression/purification strategy was later generated and shown to have potent activity against
CD19-positive lymphoma cells [469,470]. This molecule became blinatumomab, which was approved
in 2014 for the treatment of acute lymphoblastic leukemia, thus demonstrating the aptitude of the
tandem scFv/BiTE framework for treating cancer.

Similar to tandem scFvs is the diabody format, which contains two separate polypeptide chains
(e.g., VHA-VLB and VHB-VLA) that associate non-covalently into a functional bispecific molecule.
Use of a short linker between the VH and VL domains of a scFv prevents intrachain association
between domains and instead favors dimerization with another molecule of scFv. By co-expressing two
distinct VH-VL scFvs containing short linkers in E. coli, Hollinger et al. were able to form diabodies
targeting both phenyloxazolone-bovine serum albumin and hen egg lysozyme [501]. Simultaneous
binding of both antigens was shown by sandwich ELISA and surface plasmon resonance (SPR). In
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general, 15-residue linkers were found to promote the formation of scFv monomers, which can form
intrachain associations, while shorter five-residue linkers tended to cause more dimerization for the
formation of two antigen-binding sites. From here, strategic ordering of VH and VL domains to
place half of each functional Fv in a different polypeptide chain allows for the formation of diabodies
that can bind two distinct antigens. It is important to note that even when functional heterodimers
are energetically preferred, non-functional homodimers may also form and must be removed via
affinity chromatography.

Numerous diabody derivatives have been explored that attempt to mitigate the challenges
associated with the non-covalent association of two separate chains. One straightforward way to
stabilize proper chain pairing is to link the chains together, as was done for single-chain diabodies
(scDbs) [502]. In contrast to scFv2 antibodies, which place paired domains in close proximity (e.g.,
VHA-VLA-VHB-VLB) and have sufficiently long linkers within an Fv, the scDb design uses a staggered
domain order (e.g., VHA-VLB-VHB-VLA) and a short intra-Fv linker to prevent mismatched chain
pairing. Here, 58-kDa mammalian-expressed CEA × β-galactosidase scDbs successfully recruited the
enzyme to the target cells, which allowed for local activation of a prodrug to cytotoxic dauromycin.
Additionally, the single-chain format had superior stability in serum than the corresponding diabody
based on the retention of enzyme recruitment. Thus, consolidation of the diabody framework into a
single chain can simplify protein expression and prevent chain mispairing while permitting a geometry
that is distinct from that of structurally distinct scFv2s.

In addition to single-chain molecules, other strategies to stabilize the correctly formed diabody
(especially relative to inactive homodimers) have been explored. Similar to the knob-into-hole (KiH)
idea that allows for heterodimerization of half-antibodies to form intact bispecific IgG antibodies,
Zhu et al. used different sets of KiH mutations to stabilize diabodies targeting HER2 and CD3 [503].
Their variant v5 (VH V37F/L45W and VL Y87A/F98M) increased bsDb purity from 72% to 92% while
reducing expression yields in half. The mutations also impacted antigen binding, with HER2 affinity
decreased but T cell affinity increased. The same group reported a disulfide-stabilized mutant (VH
D101C and VL L46C) that increased heterodimer purity to 96%. However, this variant was difficult to
produce in E. coli, forming insoluble aggregates and purified products that were only 65% disulfide
stabilized. Shortly after, another study presented a distinct disulfide-linked diabody (VH A44C and VL
G100C) that showed similar disulfide oxidation issues when expressed in E. coli, whereas heterodimers
from Pichia pastoris were >90% covalently linked [504].

Dual-affinity re-targeting proteins (DARTs) are a prominent class of diabody derivatives that
incorporate a C-terminal disulfide bond to stabilize the correctly formed dimer species. The first
DART was described in 2010 and targeted CD16 and CD32B to recruit NK cells to act on leukemic
B cells [505]. Covalent stabilization of the correct heterodimer was achieved either by appending
residues LGGC at the end of each C-terminus or by adding FNRGEC to one chain and VEPKSC to
the other, which mimics the sequence N-terminal to a standard IgG1κ HC-LC disulfide bond. When
produced in mammalian cells, the DARTs exhibited no aggregation and were stable in serum at 37 ◦C
for weeks and in phosphate-buffered saline (PBS) at 4 ◦C for months. In addition to demonstrating
potent ADCC against various CD32-expressing cells with EC50 values in the pg/mL range, the DARTs
were protective in a lymphoma xenograft mouse model. Rational stabilization of proper chain pairing,
especially using human-derived sequences, makes the DART framework an elegant advancement in
the field of bispecific fragments.

TandAbs (tandem antibodies) are a diabody-based framework that have the advantage of bivalent
binding to each of two antigens. It uses the same domain orientation as scDbs but favors dimerization
using a short central linker. Kipriyanov et al. first described the format in 1999, revealing that the
increased valency of a CD3 × CD19 TandAb allowed for higher avidity antigen interactions as a result
of slower dissociation [506]. When expressed in E. coli, their 57-kDa construct dimerized to form the
114-kDa tetravalent species. Similar to how diabody formation is favored using scFvs with short
linkers, TandAb formation was increased using a shorter central linker (12 residues versus 27) to favor
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dimerization. The larger size of TandAbs was also found to increase their serum half-life relative
to diabodies. In a follow-up study, TandAbs were shown to accumulate more in tumors, likely due
to higher-avidity CD19 interactions [507,508]. For cases where prolonged receptor engagement is
important, tetravalent TandAbs may therefore be preferred over molecules with two binding sites.

Fusion of Single-Domain Antibodies

While the scFv fragment (composed of linked VH and VL domains, ~25 kDa) is the minimal intact
antigen-binding moiety of human antibodies, camelids produce heavy chain antibodies in which the
antigen-binding moiety (VHH) is a single domain of just ~15 kDa. Thus, VHH domains of different
specificities can be linked to create extremely compact bispecific molecules. For example, Conrath
et al. created 37-kDa bispecific tandem VHH antibodies targeting lysozyme and β-lactamase [509].
These molecules used a 29-amino acid linker derived from the llama heavy chain antibody (IgG2a)
hinge and were expressed in E. coli. While binding was maintained for both antigens, they noted a
four-fold increase in the KD value for the C-terminal VHH that might be caused by interference from
the linker. This study demonstrated the potential of the tandem VHH format and paved the way
for similar bispecific and multispecific molecules. Likewise, VNARs and other binding domains are
amenable for similar multispecific construct design.

Another study explored whether it would be feasible to join human domain antibodies (based
on VH or Vκ) to create multi-functional agents. Human dAbs against C. albicans secretory aspartyl
proteinase 2 and mannoprotein 65 were linked by a 25-residue linker to create bispecific tandem
dAbs [510]. After production in E. coli, mono- and bispecific dAbs were purified by protein A or
protein L chromatography. Although binding parameters of the parental and bispecific dAbs were not
directly compared, the bispecific molecule appeared to be more effective at clearing fungal infections.
The potential advantage of using dAbs based on human VH or VL is the reduced risk of immunogenicity
that may be a concern for dAbs from other animals. However, the developability properties of VHH
and VNAR frameworks may be superior. Unlike the human VH/VL domains, which have hydrophobic
interfaces that allow for chain pairing, VHH and VNAR domains are naturally monomeric and tend to
have more hydrophilic surfaces [511].

3.5.2. Fc-Dependent Bispecific Antibodies

The Fc region of BsAb Ig formats allows for applications using Fc effector function control, such
as the modulation of ADCC, CDC, half-life modulation, and heterodimerization. Ideally, BsAb could
be selected via taking any one set of mAb binders and mixing them with another set of mAb binders.
However, the use of four expression vectors to create BsAb from two sets of HC and LC can result in a
mixture of different HC and LC combinations. To minimize the downstream efforts to isolate the BsAb,
there have been two general approaches—HC and LC dimerization control.

Heavy Chain Heterodimerization

When forming IgG-like bispecific antibodies, a major challenge is that co-transfection of heavy
and light chains with different specificities leads to three possible heavy chain dimers (the heterodimer
and both homodimers), where the desired heterodimer makes up only 50% of the products by random
chance. As a result, about half of the protein products will be contaminating homodimers that are
monospecific instead of bispecific. This has been referred to as the heavy chain problem. Several
engineering strategies have been applied to drive a preference for heavy chain heterodimer formation
and allow for cleaner bispecific antibody preparations.

A pioneering approach to address the heavy chain problem was to engineer ‘knob’ and ‘hole’
mutations into complementary heavy chains of distinct specificities. Ridgway et al. identified residues
in the IgG CH3 domain that form direct interchain contacts [512]. Amino acids at the center of this
interface were rationally mutated to introduce a protruding knob with a large surface area into one
heavy chain, and a sunken hole with small sidechains into the complementary heavy chain. Using this
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strategy, the knob mutation T366Y and hole mutation Y407T were developed. When one mutation
was incorporated into an anti-CD3 heavy chain, and the other was incorporated into a CD4-IgG
immunoadhesin, the co-expression of the anti-CD3 heavy chain, anti-CD3 light chain, and CD4-IgG
genes allowed for preferential (>90%) formation of the corresponding hybrid molecule with CD3- and
CD4-binding functionality.

Subsequently, Atwell et al. built upon this knob-into-hole approach to generate IgG variants with
an even higher preference for heterodimer formation [513]. The T366W mutation was incorporated
into one CH3 domain as the knob variant, and then a library of CH3 hole mutants was generated with
diversity at positions 366, 368, and 407, which are in close proximity to residue 366 on the opposite
CH3 domain. Variants that increased the stability of the CH3 heterodimer were selected by seven
rounds of phage display. One pair of mutants (T366W in one heavy chain and T366S/L368A/Y407V in
the other heavy chain) had near complete heterodimerization and produced complexes that were more
stable than those produced by singly mutated variants (T366W and Y407A) as measured by guanidine-
and heat-induced unfolding. Shortly after, these knob-into-hole mutations were combined with other
mutations to introduce a stabilizing interchain disulfide bond in heterodimerizing CH3 domains [514].
The resulting sets of heavy chain mutations (S354C/T366W and Y349C/T366S/L368A/Y407V) were used
to produce 95%-pure bispecific antibodies targeting HER3 and CD110. Light chain mispairing was
precluded using a common light chain that formed functional paratopes of differing specificity when
combined with either heavy chain. Finally, the conserved function of the mutant heterodimerized Fc
region was demonstrated using HER2 antibodies that had similar ADCC activity whether or not they
incorporated the CH3 mutations.

In addition to shape complementarity, electrostatic interactions in the Fc region have also been
engineered to favor heavy chain heterodimerization. Gunasekaran et al. identified charge-mediated
interactions at the CH3–CH3 interface and strategically mutated residues to cause repulsion of identical
heavy chains and attraction of opposite heavy chains [515]. While single mutations in each chain
(D399K and K409D) produced some preference for heterodimerization, a pair of double mutants
(E356K/D399K and K392D/K409D) allowed for superior heterodimer purity (98%). To avoid the issue
of light chain mispairing, a bispecific scFv-Fc format was devised using scFvs targeting CD3 and
tumor-associated receptor tyrosine kinase (TARTK). The electrostatic steering mutations allowed for
the production of CD3xTARTK scFv-Fc fusions that retained binding to both antigens and induced
T cell killing of TARTK-bearing cells. The use of a common light chain to avert the light chain
problem allowed for the development of the bispecific antibody emicizumab (factor IXa x factor X),
which was approved in 2017 for the treatment of hemophilia A [474]. There have been extensions
to the knob-into-hole and the electrostatic Fc heterodimerizations to introduce Fc mutations to have
distinct isoelectric points so as to enable facile purification of the heterodimeric BsAb with minimum
perturbations to Fc region Tm thermal stability [516]. These modifications have been applied to CD3
redirection and dual checkpoint blockade BsAbs.

Interestingly, the structural oddities of human IgG4, including a labile hinge enabled by S228
(proline in other subclasses) and weaker inter-CH3 interactions caused by R409 (lysine in other
subclasses), allow it to undergo a process called Fab-arm exchange in vivo to create bispecific IgG4
antibodies [78]. Labrijn et al. drew from this natural phenomenon to create a process called controlled
Fab-arm exchange (cFAE) for the formation of bispecific IgG1 antibodies [517,518]. In contrast to the
other methods described, cFAE is performed in vitro using separately purified parental antibodies,
rather than relying on the co-translational formation of heavy chain heterodimer during co-expression
of the respective chains. A heavy chain containing the K409R mutation was found to preferentially
heterodimerize with several heavy chain mutants having variation at positions 368, 370, 399, 405,
or 407 when the chains were co-incubated in the presence of a reducing agent and allowed to swap
half-antibodies. Mutation of F405 to leucine (which is present in rhesus monkey IgG4) largely favored
the heterodimer, and the combination of F405L and K409R in opposite chains was pursued as a
general bispecific platform. The pairing consistently allowed for >95% heterodimer formation when
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parental antibodies were combined with a reducing agent and exchanged. The rate constants have
been determined for the mechanism of IgG1 BsAb formation [519].

Subsequent buffer exchange to remove reductant allows the inter-heavy chain disulfide bonds
to re-oxidize, stabilizing the bispecific product. Importantly, the interaction between heavy and
light chains is not disrupted during half-antibody exchange so that light chain mismatch is avoided
without the need for a common light chain. The retention of Fc-mediated functions was verified
by demonstrating normal levels of CDC and ADCC from CD20 antibodies containing the mutant
Fc regions, as well as normal pharmacokinetics for a bispecific CD20 × EGFR bispecific antibody
generated by cFAE.

The cFAE method has been extended to include other IgG1 and IgG2 parental Abs with K409R and
L368E mutations to generate stable full-length BsAbs [520]. These methods can also use modulation of
protein A binding to accelerate the generation of BsAbs [521,522].

Some Fab regions were selected for dual antigen recognition [203,523,524]. However, these
constructs may not be capable of binding to two different epitopes simultaneously. To overcome this
challenge, single chain Fv domains have been fused onto the termini of HC/LCs to generate dual
action Fab molecules. The dual variable domain, DVD, combines the variable domains of two mAbs in
tandem to form dual-specific IgG molecules [525–528]. However, careful selection of the binding arms
and linker domains is required to bypass developability and immunogenicity concerns.

Light Chain Control

Often, in CMC development, it was found that heavy chain heterodimerization was insufficient to
control LC mispairing. A method to prevent this problem is to generate BsAb that have parental Abs
that have different light chains families. Kappa-lambda light chain (κλ–LC) BsAbs have the same HC
and two different LCs. The production of κλ-bodies involves the co-expression of one HC and two
LCs (one κ, and one λ) with different binding specificities in a single cell [529]. By using serial affinity
purifications, a fully human IgG format can be prepared with scalable and more facile purification. To
further control LC pairing, BsAb with common LC have been developed. The BsAb can have parental
Abs that have been selected to have the common LC [530]. However, custom screening is required to
find the best BsAb selection in either the common LC or κλ BsAbs.

In working towards getting any pair of mAb to prepare BsAb from four expression vectors, several
methods have been explored that couple LC engineering: CrossMab technology that enforces LC
domain crossover in the Fab region [531]; hydrophobic and electrostatic interactions and disulfide
bonds [532–537] to minimize LC swapping for proper HC/LC pairing.

3.5.3. Considerations for Selection

The choice of what platforms are driven by the desired therapeutic product profile, ability to
integrate engineering platform to discovery repertoire of pharmacophores, and access to licensed
technology and platforms. Regardless of the platform, one major theme of lead selection of BsAb is to
utilize multiple binding arms that span different epitopes. Concomitant to each epitope, it is critical
to utilize a broad library of paratopes with different affinities and potencies for target engagement.
Affinity selection on a target is not enough. Selection must be based on the pharmacology that may
require inhibition of native ligands, co-receptor activation, or target-mediated agonism. Thus, it is not
uncommon that high affinity is not linked to molecular efficacy [30,538].

After the selection of the binding arms, there is much to be done during lead selection by probing
architecture, valency, order, specificity, and potency tuning to identify the best BsAb. An example of
the therapeutic product profile driving molecular design involves the design of T cell or T lymphocyte
redirection to attack tumor cells that are marked with a particular cell surface antigen protein. The
inclusion of the valency of epitopes can mediate the avidity for low-density receptor cell targeting.
These concepts are highlighted in an excellent review of different bispecific molecules that mediate T
cell cytotoxicity to diseased tissues [539]. The review describes general strategies about how to optimize
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target antigen potency while preventing toxicity that can occur from engagement of normal tissue
antigens. Likewise, some binding arms have to be modulated to have lower affinity that manifests in
changes in the kinetic on and off rates to increase the potential therapeutic index of the molecule [138].
These classes of molecules can complement the utilization of engineered T cells with chimeric antigen
receptors [540].

The engineering concepts for T cell redirection molecules include screening for: Different epitopes
on target cell surface membrane proteins on the T cell and target cell; internalization of cell surface
targets when bound to BsAb, and potency of the molecule engagement with T cell and target cell
antigens. BsAb architecture can vary the orientation of the binders, linkers, valency, functional activity,
and developability [539]. The role of the anti-CD3-binding domains in BsAb with a broader range of T
cell agonism has been shown to have a potential wider therapeutic index [541]. In addition, the choice
of the BsAb subtype can affect T cell redirection activity [389]. As the field evolves, more exploration
into novel formats with different potency and kinetics of target engagement will expand possibilities
for T cell therapeutics [539]. There is ongoing clinical development to understand how best to employ
T cell redirection molecules versus chimeric antigen receptors [542].

Redirection of immune cells towards diseased cells are termed as effector cells that can
comprise other cells beyond T cells and include NK cells, macrophages, neutrophils, monocytes, and
granulocytes [396,543] to facilitate specific killing of tumor cells. Each of the effector cells express
different types of activating receptors, and a specific population can be recruited by carefully selecting
the targeted trigger receptor [544,545]. Redirected cytotoxic activity has been shown, with bispecific
antibodies recruiting all effector cells, including macrophages [546]. A CD47xCD19 BsAb using an
innate immune checkpoint control molecule, CD47, was used to block the macrophage suppressive
signals in cancer cells [547]. Although the recruitment of T cells is far more widely used because
of their proliferation ability and potent cytotoxicity, there are advantages in expanding the pool of
immune cell clearance of malignant cells.

The choice of the binding arm paratopes should consider the developability of the individual arm,
since the inclusion of problematic domains into the BsAb format can make that CMC process more
difficult. The CMC criteria regarding ease of production, liabilities in post-translational modification,
solubility, and clipping should be considered. However, regarding BsAbs with higher levels of dosing,
several hurdles need to be addressed: Identification of a clear architectural format that is amenable
to reasonable manufacturing costs. There has been some development of strategies to improve
downstream purification using differential protein A binding and anti-lambda/anti-kappa chain affinity
columns [548]. Presently, several clinical BsAb have involved cell line self-assembly using common HC
or LC technologies, HC/LC association using point mutations in the framework, or controlled Fab-arm
exchange [1,2].

Since BsAb engineering involves putting the different domains together, careful potency and
efficacy selection is required to identify the best hits. In consideration of the therapeutic hypothesis,
there are still other factors that can control the in vivo potency, which include the biodistribution, PK,
dosing levels, and method of administration. Hence, the choice of scaffold, linkers, production host, and
scale-up processes play critical roles in the preparations of the clinical development supply. Ideally, the
sequence would minimize the presence of neoepitope to minimize the development of ADA. Besides
formats that are completely derived from the antibody structure, fusion proteins can also achieve
multifunctionality by combining the antigen specificity of one antibody domain with another targeting
protein. The domains can be coupled together using leucine zippers to generate tetravalent-bispecific
Abs. Likewise, developing a system to make BsAb with minimal human neo-epitopes can be important
to generate molecules for both chronic and acute indications.

159



Antibodies 2019, 8, 55

4. Evolving Applications

4.1. Multispecific Molecules

A natural extension of BsAbs to is have an increased number of binding arms to create multispecific
Abs that can be effective in engaging more epitopes on a target. In Figure 9, the binding domains can
involve combinations of binding domains using Fab, scFv, and VHH domains, or other scaffolds. With
the opportunity of mixing in cytokines and enzymes, there is no shortage of possibilities for protein
engineering. Ultimately, empirical screening will be required to determine what the best architecture
of such multispecific agents should be.

There is a medical need to have broadly neutralizing antibodies against highly variable pathogens,
such as infectious viruses. For instance, there have been several efforts to target clades of influenza A
and B separately [549–552]. However, such efforts led to therapies that could only combat the respective
class of influenza strains. Thus, a strategy was developed to prepare tethered multispecific antibodies
with binding domains that could inhibit all known strains of influenza A and B [553]. A multispecific
molecule has been engineered to incorporate diverse camelid single domain antibodies that recognize
conserved epitopes on influenza virus hemagglutinin. For instance, the multidomain Ab has enhanced
virus cross-reactivity and potency to inhibit influenza activity [553]. These binding domains engage
previously mapped hemagglutinin epitopes that are close together. Because of the proximity of
these epitopes, there can be steric hindrances that prevent the use of a tetravalent Fab-binding arm
multispecific Ab format. Thus, the research effort focused on the discovery of binding arm-based VHH
domains that have smaller paratope sizes. Such a molecule was able to bind to the different epitopes,
target both influenza strains A and B, and had the ability to protect against all circulating strains of the
virus with enhanced cross-reactivity and potency. The molecule was designed to have an active Fc
region to utilize ADCC activity that could contribute to in vivo activity [554].

Antibody therapeutics targeting solid tumors are often limited by poor accumulation in and
dispersal throughout the tumor tissues [555]. Since antibody fragments are small, they can be fused
with various protein to create new molecules with novel functions. Antibody fragments, such as
scFvs, can be fused with enzymes to localize such activity on a target cell. For instance, human
RNase has been fused to an scFv targeting HER2 to endow cytotoxic activity on human carcinoma
cell lines [556]. Permutations of multispecific fusions permit modulation of the enzyme activity
desired [557]. Preclinical studies have shown how these molecules can reduce tumor volume.

Prodrug activation, by exogenously administered or endogenous enzymes, for cancer therapy is
an approach to achieve better selectivity and less systemic toxicity than conventional chemotherapy.
Typically, activating enzymes have short half-lives in the bloodstream. By engineering a cage or
protease-sensitive peptide linker to block the activity of the enzyme or drug of interest, the trojan
horse technology increases the drug or enzyme half-life and can prevent the drug or enzyme from
cytotoxicity on healthy cells. Thus, the strategy is to use an antibody to deliver a pro-enzyme or
pro-drug to destroy a target cell.

The EGFR-binding arm of cetuximab was engineered to be have its binding domain be unmasked
by enzymes found in the tumor microenvironment [558]. In the absence of EGFR-binding properties in
normal tissue, this molecule was inert in systemic circulation in animal models. However, when the
mask was removed by appropriate proteases, the molecule restored the antigen binding and cell-based
activities of cetuximab. Thus, this strategy to increase the therapeutic index with localized activation
of the molecule has been expanded to other bispecific antibody applications, including immune cell
redirection. Likewise, the Ab or BsAb can be used to deliver a pro-drug that can be released in the
presence of enzymes in the tumor microenvironment [559] or by the higher reducing capacity in
hypoxic tumor cells [560].

Alternatively, the binding arms of BsAb can be selected to have pH-sensitive binding that is
responsive only in the diseased tissue of interest. For instance, a dual-function pH-responsive BsAb
has been made that binds to the tumor-specific antigen on the cell surface but not on the proteolytically
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shed soluble domain of that tumor antigen [561]. In one example, antibody fragments can be fused
with enzymes to develop antibody-directed enzyme therapies (ADEPTs) [562]. The enzyme can convert
a non-toxic pro-drug into a cytotoxic drug when it is in close proximity to target cells so as to be a
therapy for oncology. There is a report of an enzymatic tyrosinase nanoreactor based on metal-organic
frameworks (MOFs) that activates the pro-drug paracetamol in cancer cells in a long-lasting manner. By
generating reactive oxygen species (ROS) and depleting glutathione (GSH), the product of the enzymatic
conversion of paracetamol is toxic to drug-resistant cancer cells. Tyrosinase-MOF nanoreactors cause
significant cell death in the presence of paracetamol for up to three days after being internalized by
cells, while free enzymes totally lose activity in a few hours. Thus, enzyme–MOF nanocomposites are
envisioned to be novel persistent platforms for various biomedical applications [563]. Although the key
limitation has been the immunogenicity of the enzyme, the inclusion of non-immunogenic enzymes in
combination with prodrugs can generate potent molecules. ADEPT has the potential to be non-toxic to
normal tissue and can therefore be combined with other modalities, including immunotherapy, for
greater clinical benefit [564,565].

Antibody fragments can be fused with cytokines to generate immunocytokines [566,567].
Cytokines have been used for cancer patients but have substantial side effects and unfavorable
pharmacokinetic profiles. The presence of the antibody domain allows for tissue-specific localization
into malignant cells. These conjugated molecules can activate the immune systems of patients when in
proximity to diseased tissues. This could prevent the systemic side effects associated with systemic
administration of immune system-activating cytokines.

4.2. Intracellular Targeting

The therapeutic efficacy of anti-cancer drugs as low molecular weight chemical agents can be poor
because of the inability to inhibit protein–protein interactions effectively. Because of the limitation
of a small molecule drug interaction surface area, there is a great need to develop therapeutics
that can control intracellular protein–protein interactions. Antibody molecules could be selected to
have the specificity and potency to modulate critical cytoplasmic target molecule biology. However,
antibodies cannot cross intact cellular or subcellular membranes via passive diffusion into living cells
due to their size and hydrophilicity [568]. Antibody internalization into the cell can be accomplished
by taking advantage of normal receptor biology: Ligand binding causes receptor activation via
homo- or heterodimerization, either directly for a bivalent ligand or by causing a conformational
change in the receptor for monovalent ligand and receptor-mediated endocytosis [569]. However,
there is still use of the targeted receptor-mediated endocytosis machinery [570]. Manipulation of
receptor-mediated endocytosis and intracellular trafficking dynamics is typically employed in the
development of antibody drug conjugates. Many attempts have been made to directly deliver
antibodies into intracellular compartments that include microinjection, electroporation, and protein
transfection [571–573]. These are very selective therapies that cannot be generally scaled up with
multifocal disease targeting [574]. Thus, there is a need for obtaining antibodies that can enter specific
cells and tissues without the complications of the antibody–drug conjugate engineering.

Internalizing antibodies can be obtained via direct selection of internalizing phage antibodies by
incubating phage libraries directly with the target cells [575–578]. However, the major challenge in
this process is to identify the antigen bound by the internalizing antibody, which can be determined
indirectly using the flow cytometry of target cells, and identifying the cognate antigen recognized by
tumor-specific antibodies using immunoprecipitation and mass spectrometry [579]. Nonetheless, there
are reports of tumor-specific internalizing antibodies from phage libraries that exert anti-tumor effects
after systemic administration [580].

Much of this effort requires target-specific selection to identify such characteristics. Therefore, it
is necessary to develop “promoter agents” that help improve tumor accumulation and penetration
to improve the therapeutic index of antibody-based drugs [581]. There have been efforts to increase
tumor access using tumor-penetrating ligands [582]. Conjugation with protein transduction domains,
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which are represented by cell-penetrating peptides (CPPs), such as the HIV-1 TAT peptide, has been
extensively attempted in order to facilitate the intracellular delivery of antibodies or Fc-containing
molecules formatted as single chain variable fragments (scFvs), antigen-binding fragments (Fabs), and
full-length IgGs [583]. Optimization of CPPs continue to be applied to Fc-containing molecules [584].

Most antibodies that enter epithelial cells via receptor-mediated endocytosis are usually retained
in endosomes and are then recycled out of the cells or are degraded in the lysosomes without being
released into the cytosol [585]. Likewise, most of the CPP-conjugated antibodies inherited the intrinsic
intracellular trafficking of the parent CPPs, which were either entrapped inside endocytic vesicles,
translocated into the nucleus, or eventually degraded in lysosomes without efficient endosomal release
into the cytosol. Molecular modifications were made to enhance release from the endosomes to allow
for tumor tissue penetration [586].

Structural determinants of endosomal escape have been engineered into Ab variant with an
~three-fold improved endosomal escape efficiency [587,588]. The authors have been homing into
a platform technology that enables an IgG to target cytosolic proteins via an endosomal escape
mechanism. The elements of the engineering include having a domain to bind to the extracellular
domain that permits endocytosis, a domain that improves endosomal escape efficiency, and a domain
that can bind to the intracellular target [589]. Single domain antibodies have also been similarly
modified for the knockdown of cytosolic and nuclear proteins [590]. The addition of endosomal escape
protein domains and cell-penetrating peptides for efficient transfection broaden the application of
inhibiting sdAbs.

A general strategy for generating intact, full-length IgG antibodies that penetrate into the cytosol
of living cells is still of great interest [591]. A humanized light chain variable domain (VL) that could
penetrate the cytosol of living cells was engineered for the association with various subtypes of human
heavy chain variable domains (VHs). When light chains with humanized VL were co-expressed with
three heavy chains (HCs), including two HCs of the clinically approved adalimumab (Humira) and
bevacizumab (Avastin), all three purified IgG antibodies were internalized into the cytoplasm of living
cells [589]. Although these methods are successful for delivering antibodies into the cytoplasm of
cultured living cells, many issues, including cytotoxicity, loss of antibody stability, and difficulty of
systemic administration, remain unresolved.

Intrabodies are Ab or Ab fragments that can be expressed intracellularly for binding to an
intracellular protein [592,593]. These molecules can be created by the in-frame incorporation of
intracellular, peptide-trafficking signals [594,595]. Additionally, they can be developed against a
variety of target antigens that may be present at different subcellular locations, such as the cytosol,
mitochondria, nucleus, and endoplasmic reticulum [596]. The interaction of these molecules with their
target antigen results in the blocking or modification of molecular interactions, thereby leading to
a change in the biological activity of the target proteins. Because the transport of Abs into a living
cell from an extracellular environment is difficult, intrabodies can be expressed within the target cell
via genetic engineering [568]. Because naturally occurring Abs are optimized to be secreted from
the cell, intrabodies require special alterations, including: The use of single-chain antibodies (scFvs);
modification of immunoglobulin VL domains for hyperstability [597]; selection of antibodies resistant to
the more reducing intracellular environment [598]; expression as a fusion protein stable as intracellular
proteins [599]; or the use of virus-like particles [600]. Several preclinical studies have demonstrated
favorable results, including tumor growth inhibition and downregulation of viral envelope proteins,
when such therapy candidates were used against inflammation [601], HIV [602], and hepatitis [603,604],
respectively. The major challenge associated with these molecules is the absence of effective in vivo
methods that can deliver the genetic material encoding the intrabody to live target cells [605].

5. Conclusions

We have provided a review of the antibody structure and function for therapeutic applications.
Different examples of the engineering antibody variable domains were discussed by using rational
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design that is based on the experimentally derived or modeled structural information. The Fc
region has been engineered to optimize effector function, clustering, and Fc receptor engagement. In
general, antibody engineering of both the Fab and Fc regions is an indispensable part of the drug
development process, and as such will continue to advance as more and more antibodies are generated
for therapeutic use. Despite great progress in the methods of antibody engineering over the last 20
years, new approaches are in high demand. One of the remaining goals is to improve the accuracy
of computational methods, which will allow for the prediction of point mutations that improve the
affinity and other properties of interest. New approaches are continually being developed to create
antibody-based molecules that are superior in their potency, specificity, localization, and safety. The
choice of the binding domain can be tailored to engage the relevant epitopes. Likewise, engineering to
change the architecture of the binding arms, Fc regions, modulatory bispecific, or multispecific domains
to achieve monovalent- or avidity-driven engagement will result in more specific and potent molecules.
Thus, continual process improvements to generate sufficient quantity and purity of hits will be required
to facilitate comprehensive lead selection. The great diversity in antibody structure–function studies
still has much room to engineer fit-for-purpose “magic bullets” with tailored PK profiles to meet
different therapeutic hypotheses.
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Abstract: The Fc portion of immunoglobulin G (IgG) is a horseshoe-shaped homodimer, which
interacts with various effector proteins, including Fcγ receptors (FcγRs). These interactions are
critically dependent on the pair of N-glycans packed between the two CH2 domains. Fucosylation of
these N-glycans negatively affects human IgG1-FcγRIIIa interaction. The IgG1-Fc crystal structures
mostly exhibit asymmetric quaternary conformations with divergent orientations of CH2 with
respect to CH3. We aimed to provide dynamic views of IgG1-Fc by performing long-timescale
molecular dynamics (MD) simulations, which were experimentally validated by small-angle X-ray
scattering and nuclear magnetic resonance spectroscopy. Our simulation results indicated that
the dynamic conformational ensembles of Fc encompass most of the previously reported crystal
structures determined in both free and complex forms, although the major Fc conformers in solution
exhibited almost symmetric, stouter quaternary structures, unlike the crystal structures. Furthermore,
the MD simulations suggested that the N-glycans restrict the motional freedom of CH2 and endow
quaternary-structure plasticity through multiple intramolecular interaction networks. Moreover,
the fucosylation of these N-glycans restricts the conformational freedom of the proximal tyrosine
residue of functional importance, thereby precluding its interaction with FcγRIIIa. The dynamic views
of Fc will provide opportunities to control the IgG interactions for developing therapeutic antibodies.

Keywords: Immunoglobulin G; Fc; conformational dynamics; molecular dynamics simulation;
small-angle X-ray scattering; nuclear magnetic resonance; N-glycan; core fucosylation

1. Introduction

Antibodies play pivotal roles in the immune system as multifunctional glycoproteins, coupling
between antigen recognition and effector functions, as typified by immunoglobulin G (IgG). The Fab
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region of each IgG binds to its specific antigen while the Fc region interacts with effector proteins,
including the complement component C1q and a series of Fcγ receptors (FcγRs) [1–4]. Further, the Fc
portion of IgG interacts with various proteins other than the effector proteins, such as staphylococcal
protein A and streptococcal protein G [5]. This versatile functionality of IgG and the other classes of
antibodies is believed to be attributed to their structural flexibility and plasticity [6,7].

Antibodies have modular structures, in which the Ig-fold domains as building blocks are connected
through flexible linkers. In IgG, the two identical light chains are each divided into the VL and CL

domains, whilst the two identical heavy chains are each composed of the VH, CH1, CH2, and CH3
domains. The CH1 and CH2 domains are separated by the hinge region, which possesses significant
degrees of freedom for internal flexibility.

Each Ig domain is structurally characterized by nine or seven β strands (in the V and C
domains, respectively) connected by turn or loop segments. The hypervariable loops in the VL

and VH domains are directly involved in antigen binding. In particular, the third hypervariable
loop in the VH domain (H3 loop) is extremely divergent in amino acid sequence and it exhibits
dynamic conformational multiplicity [8–10]. Antigen binding generally renders the hypervariable
loops less mobile. The conformational plasticity of the hypervariable loops is the key property
for the antigen recognition mechanism. Kinetic data have shown that the antibody combining site
undergoes conformational changes upon interacting with the antigen, thereby involving conformational
selection as well as induced-fit processes [11]. Antigen binding often induces non-local conformational
rearrangements of the VL and VH domains, thereby altering their orientation relative to each other
and with respect to the CL and CH1 domains [4,12]. It has been speculated that such allosteric effects
are involved in functional cooperativity between antigen binding and interaction with the effector
proteins [4].

Dynamic views of antibody structures thus offer deep insights into their functional mechanisms.
Dynamic structures of antibodies in solution have recently been characterized by sophisticated
experimental techniques, including nuclear magnetic resonance (NMR) spectroscopy [13,14], solution
scattering [15–19], cryo-electron microscopy [7,20], and high-speed atomic force microscopy [21].
In addition, computational approaches offer powerful tools for providing dynamic views of antibody
structures [22]. These techniques highlight considerable variability in the spatial arrangements of the
two Fab arms with respect to the Fc stem in IgG, which is provided by the conformational freedom of
the hinge region, facilitating IgG’s bivalent binding to antigens with various spatial arrangements,
such as bacterial surfaces.

By contrast to the extensively characterized Fab and hinge dynamics, the dynamic properties of
the IgG-Fc structure in solution remain to be fully understood, although the crystal structures of Fc
exhibit significant conformational variability [23–25]. In addition, the IgG-Fc possesses a conserved
glycosylation site at Asn297 in each CH2 domain, at which a bi-antennary complex-type oligosaccharide
is present with heterogeneity in sequence and conformation [26,27]. This N-glycosylation is critically
important for IgG interactions with the effector proteins and the consequent effector functions [3,28,29].
Deglycosylation of IgG-Fc impairs its binding to C1q and FcγRs. In contrast, the removal of the
core fucose residue from the N-glycan of human IgG1-Fc results in enhancement of its interaction
with FcγRIIIa, thereby dramatically improving the antibody-dependent cell-mediated cytotoxicity
(ADCC) [30–32]. Therefore, in this study, we have attempted to provide dynamic views of the Fc region
of human IgG1 by computational approaches with experimental validation to discuss their functional
significance. In particular, we will shed light on intramolecular interaction networks involving the
N-glycans, providing mechanistic insights into the improved efficacy of the therapeutic antibodies by
the glycan remodeling.
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2. Materials and Methods

2.1. Molecular Dynamics Simulation

The starting structures were built on the basis of the crystal structure Protein Data Bank (PDB)
entry 3AVE, 5IW3, and 2DTS, supplemented with crystallographically unobserved segments in
each structure as follows: In 3AVE and 2DTS, N-terminal segments (T224–E233 in chain A and
T224–G236 in chain B), C-terminal segments (P445–K447), and the terminal galactose residues of the
α1-6Man branches; and in 5IW3, N-terminal segments (T224–L235), C-terminal segments (S444–K447),
and the core fucose residue. The crystallographically unobserved galactose residues of 3AVE and
2DTS were modeled by superposition of their GlcNAc residues of the α1-6Man branches and the
corresponding Gal-β1,4-GlcNAc disaccharide moieties of an sFcγRIIIa-bound Fc crystal structure
(3AY4). The core fucose residues of 5IW3 were modeled by superposition of its reducing terminal
GlcNAc residues and the corresponding Fuc-α1,6-GlcNAc disaccharide moieties of 3AVE. In the
5IW3-based model, E379 and M381 were substituted in silico with aspartate and leucine, respectively,
by using PyMOL (https://www.pymol.org). The AMBER14 [33] program package was used with the
force fields AMBER ff14SB [34] and GLYCAM06 [35] for proteins and glycans, respectively, along with
the TIP3P water model [36]. The IgG1-Fc models derived from 3AVE, 5IW3, and 2DTS were placed
in boxes containing 28,135, 24,372, and 28,243 water molecules, respectively. After the preparation
of the initial conformations, we performed equilibrium simulations for 4 ns with NPT ensemble
with periodic boundary conditions. The system was heated from 5 to 310 K for 100 ps at a constant
pressure of 1 atm. Eight simulations were then performed with different velocities. Each simulation
time period was 400 ns. All production simulations were done at 300 K with the weak-coupling
algorithm in the NPT ensemble. The bonds involving hydrogen atoms were constrained by the SHAKE
algorithm [37]. The electrostatic interactions were treated with the particle mesh Ewald method and
the cutoff distance for the non-bonded interactions was 8.0 Å. The first 80 ns were removed considering
the time needed for the initial structure to reach equilibrium. Molecular dynamics (MD) simulations
for the Fc fragments without the hinge and without the N-glycans were performed using the same
protocol and initial models based on 3AVE (with 19,410 water molecules) and 5IW3 (with 24,551 water
molecules), respectively. Ensemble models were created from 25,600 conformers extracted every 100 ps
from the 320 ns simulation results of the eight production runs. The root mean square fluctuation
(RMSF) for each amino acid Cα atom of IgG1-Fc was calculated from 3,200 conformers extracted from
each of the eight production runs, which were superimposed by the Cα atoms, yielding an average
structure. The RMSF was derived on the average structure.

2.2. Sample Preparation

For the small-angle X-ray scattering (SAXS) measurements, the Fc fragment with core fucosylation
was cleaved from commercially available IgG1 antibodies (Chugai Pharmaceutical, Tokyo, Japan).
For the NMR measurements, the fucosyl Fc fragment was cleaved from IgG1 metabolically labeled
with [CO, α, β, γ, ε1, ε2-13C6; β2, δ1, δ2-2H3; 15N] tyrosine (Taiyo Nippon Sanso, Tokyo, Japan).
The metabolic isotope labeling, proteolytic digestion, and purification of the Fc fragments were
performed according to previously reported protocols [13,38].

2.3. Small-Angle X-Ray Scattering

SAXS experiments were performed using Fc dissolved in 50 mM Tris-HCl, pH.8.0, 150 mM NaCl
at a protein concentration of 5.0 mg/mL with NANOPIX (Rigaku, Tokyo, Japan) at 25 ◦C. X-rays from a
high-brilliance point-focused X-ray generator (MicroMAX-007HF, Rigaku, Tokyo, Japan) were focused
with a confocal mirror (OptiSAXS) and collimated with a confocal multilayer mirror and two pinholes
collimation system with the lower parasitic scattering, “ClearPinhole”, supplied for the X-rays with the
flux of 2.0 × 108 cps at the sample position (high flux mode). The scattered X-rays were detected using
a two-dimensional semiconductor detector (HyPix-6000, Rigaku, Tokyo, Japan) having the spatial
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resolution of 100 μm. By measuring SAXS profiles in two sample-to-detector distance (SDD) conditions,
1320 mm and 300 mm, the wide Q-range (0.015 Å−1–0.5 Å−1) were covered. In addition, for removal of
unfavorable aggregates from the sample solution, the laboratory-based SEC-SAXS System (LA-SSS) was
employed to measure the SAXS profile in the lower-Q range (0.015 Å−1–0.08 Å−1, SDD = 1320 mm).

The theoretical SAXS profiles were independently calculated from the atomic coordinates of the
ensemble model containing 25,600 conformers. Finally, an MD-derived SAXS profile was obtained
by averaging the 25,600 calculating SAXS profiles. The χ2 values for the-goodness-of-fit is defined
as follows:

χ2 =
1

N − 1

∑

j

⎡⎢⎢⎢⎢⎢⎢⎣
Iexp
(
qj
)
− cIcalc

(
qj
)

σ
(
qj
)

⎤⎥⎥⎥⎥⎥⎥⎦

2

where N, Iexp(q), σ(q), Icalc(q), c is the number of experimental data points, the experimental scattering
intensity, its error, the calculated scattering intensity and the scaling factor, respectively.

2.4. NMR Measurement

Two-dimensional heteronuclear single-quantum correlation nuclear Overhauser effect spectroscopy
(HSQC-NOESY) spectra were acquired for fucosylated IgG1-Fc labeled with [CO, α, β, γ, ε1, ε2-13C6;
β2, δ1, δ2-2H3; 15N] tyrosine and dissolved in 5 mM sodium phosphate buffer, pH 6.0, containing
50 mM NaCl and 10% D2O at a protein concentration of 10 mg/mL by using an AVANCEIII 950
spectrometer (Bruker BioSpin) equipped with a TCI cryogenic probe at 300 K. The NMR spectral data
were recorded at a proton observation frequency of 950.3 MHz with 128(t1) × 2048(t2) complex points
and 512 scans per t1 increment, with a mixing time of 300 ms.

3. Results and Discussion

3.1. Overall Conformation of IgG-Fc

The Fc portion of IgG has a horseshoe-shape, harboring a pair of N-glycans packed between the
two CH2 domains, which consequently make no direct contacts, while the CH3 domains extensively
contact each other (Figure 1a). This domain arrangement renders the CH2 domains more mobile
than the CH3 domains as implicated by the crystallographic data [23–25]. The B factors of the CH2
domains are generally higher than those of the CH3 domains [39]. Moreover, the CH2 domains exhibit
divergent orientations in crystal structures in free and liganded states and in various glycoforms.
Indeed, the great majority of the IgG1-Fc crystal structures deposited in Protein Data Bank (PDB) exhibit
asymmetric quaternary structures even in uncomplexed states, with few exceptions, for example,
5IW3 with a crystallographic two-fold axis. However, these conformational deformations might be,
at least partially, ascribed to non-physiological crystal contacts. Frank et al. have performed a 200 ns
MD simulation of human IgG1-Fc with fully galactosylated glycans and demonstrated that the CH2
domains showed significant degrees of motional freedom [24]. In general, MD simulation results
depend on the calculation protocol, including the initial structure and simulation time as well as the
force field.

We performed long-timescale MD simulations in explicit water, using our determined crystal
structure of human IgG1-Fc (3AVE) [40] as the initial model. We attempt to deal with a major
glycoform of Fc, in which two complex-type N-glycans are mono-galactosylated at the α1-6Man
branch. The crystal structure was supplemented with models of the hinge and the C-terminal regions
along with the non-reducing terminal galactose residues in the α1-6Man branches, because these parts
gave no interpretable electron density in this crystal structure (Figure 1a). From the MD trajectories
(2.56 μs in total for each Fc glycoform), 25,600 conformers were extracted to create an ensemble model
reproducing possible conformational spaces of the Fc glycoproteins.
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Figure 1. MD simulation of IgG1-Fc. (a) The starting structure of the MD simulation, based on the crystal
structure of fucosyl IgG1-Fc (3AVE) supplemented with the hinge (green; T224–E233 in chain A and
T224–G236 in chain B) and C-terminal (cyan; P445–K447) segments along with the terminal galactose
residues (magenta) of the α1-6Man branches. The N-glycans are colored blue except for the terminal
galactose. The intra-chain domain-orientation angle between CH2 and CH3 defined by Cα atoms of
Y300, M428, and Q362 are shown in chain A. (b) The superposition of 256 structures extracted every
100 ns from the MD trajectory. The structures were visualized by PyMOL (https://www.pymol.org).
(c) The RMSF for each amino-acid Cα atom of IgG1-Fc, which was calculated as described in Materials
and Methods. White, hinge; light green, CH2; light orange, CH3.

For experimental validation of the simulation results, we measured SAXS of the Fc region, which
has been applied for the characterization of Fc structures in solution [41–43]. The SAXS profile
computed from the Fc ensemble model was in good agreement with the experimentally obtained
SAXS profile (Figure 2). The MD-derived SAXS profile reproduced the experimental data (χ2 = 6.8)
better than did a profile computed from the crystal structure used for building the initial model
(χ2 = 13.6). The smallest χ2 value, 6.8, was achieved with the ensemble model created from the total
2.56 μs MD simulation, while the χ2 value calculated for each of the eight production runs were
larger (range 7.3–32.2), suggesting that a shorter MD simulation was not enough for exploring the Fc
conformational space.

Although our simulation results confirmed that, besides the hinge and the C-terminal segments,
the CH2 domains exhibit considerable motion in comparison with the CH3 domains (Figure 1b,c),
the major conformers exhibited almost symmetric structures with CH2-CH3 angles (approximately
90 degrees) that were more acute in comparison with that of the uncomplexed Fc crystal structures,
including those used as the initial structures in the simulations (Figure 3). We performed an additional
MD simulation by using a two-fold symmetrical Fc model (based on the crystal structure 5IW3) as
the initial model. Despite the remarkably different starting model, the MD result showed a similar
tendency: The MD-derived conformers still exhibited symmetrical but significantly stouter quaternary
structures (Figure 3). These results were quantitatively consistent with the previously reported MD
simulation of the fully galactosylated Fc [24], suggesting that the Fc packed in crystal lattices is apt to
adopt asymmetric slim quaternary structures as compared with those in solution.
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Figure 2. SAXS-based experimental validation of the MD-derived ensemble model. SAXS profile of
fucosyl IgG1-Fc (open circle) shown with theoretical profiles computed from the MD-derived ensemble
model (red) and the crystal structure (3AVE) (blue).

Figure 3. Distribution of intra-chain domain-orientation angles between CH2 and CH3 for the ensemble
models of IgG1-Fc and various crystal structures of IgG1-Fc. The angles between the CH2 and CH3
domains of chain A and chain B were plotted on the X axis and Y axis, respectively, for the ensemble
models derived from MD simulations starting from the initial structures based on (a) asymmetric crystal
structure (3AVE) supplemented with the crystallographically unobserved N- and C-terminal segments,
(b) symmetric crystal structure (5IW3) supplemented with crystallographically unobserved N- and
C-terminal segments, (c) crystallographically observed parts of 3AVE, and (d) 5WI3 supplemented
with the crystallographically unobserved N- and C-terminal segments with deletion of the N-glycans.
In A, B, and C, the N-glycans of each initial structure were modeled to have the core fucose residue and
the terminal galactose residue of the α1-6Man branch. The angles observed in the crystal structures
are represented as circles for uncomplexed Fc structures (red, the starting structures used for the
corresponding MD simulations; black, Fc with native N-glycans; white, Fc with enzymatically trimmed
N-glycans; yellow, aglycosylated Fc), rectangles for complexed Fc structures (white, complex with
sFcγRs; green, complex with other ligands).

The experimentally validated conformational ensembles of IgG1-Fc encompassed most of the
previously reported crystal structures because of the variability of the CH2 domains with respect
to the CH3 domains (Figure 3). The conformational ensemble included the crystal structures of
human IgG1-Fc in complex with Fc-binding proteins such as protein A domains, though they are
minor conformational species. The Cα RMSD was 1.1 Å between the protein A B domain-bound Fc
crystal structure (IL6X) [44] and its most resembling conformer found in the MD-derived ensemble.
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These findings imply that interactions of Fc with these proteins involve conformational selection
mechanisms. However, the asymmetrically deformed Fc structures bound to sFcγRIIa were obviously
far from the MD-derived conformational cluster and very rarely found in the corresponding ensemble
model: The Cα RMSD was 3.2 Å between the sFcγRIIa-bound Fc crystal structure (3RY6) [45] and
its most resembling conformer found in the MD-derived ensemble (excluding the Asn286–Gln295
segments because of inconsistent interpretation of their electron densities). This finding suggested that
induced-fit mechanisms are involved in the binding process.

The two CH2 domains are tethered at their N-termini through the disulfide-linked hinge region
and they bracket the pair of N-linked oligosaccharides. Therefore, it was highly plausible that the
hinge and the glycans critically affect the conformational space of the Fc region. Indeed, the Fc
crystal structures of IgG1-Fc with different glycoforms showed different quaternary conformations [23].
We performed MD simulations of IgG1-Fc without the hinge region and that of IgG1-Fc without the
N-glycans. Elimination of these parts resulted in greater degrees of motional freedom of the CH2
domains with increases in the population of extremely asymmetric quaternary conformations. This is
seemingly inconsistent with a crystal structure of aglycosyl Fc reported by Borrok et al., which adopted
a more closed conformation [41]. However, in that study, they suggested that aglycosyl Fc assumes a
more open CH2 orientation based on their SAXS observation, which was apparently consistent with
our MD simulation results. The asymmetrically distorted quaternary conformation was found in the
previously reported MD simulation of a hinge-truncated Fc [24], which is also qualitatively consistent
with our data.

It has been reported that either disulfide cleavage at the hinge or deglycosylation of Fc impairs the
interactions of IgG1 with the effector proteins [2,3]. In addition to the local conformational perturbations
suggested by NMR studies [14,46,47], the increased mobility of the CH2 domains may negatively
contribute to the affinities of the IgG-Fc for the effector proteins, at least partially, due to the increase in
the conformational entropic penalty upon their binding.

3.2. Intramolecular Interaction Networks of N-Glycans

In general, carbohydrate chains are conformationally dynamic compared to polypeptide chains
and, therefore, yield ambiguous electron densities in the crystal structures of glycoproteins [48,49].
However, this is not true for the N-glycans of IgG-Fc because they are packed between the two CH2
domains and, therefore, are restricted in terms of internal motion, which has been confirmed by the
previous and present MD simulations [24]. Consequently, in many crystal structures, the Fc N-glycans
have been visualized except for the non-reducing terminal galactose residues in the α1-3Man branches,
which are projected to the inner space of the horseshoe-structure and therefore are considerably
mobile [14,28].

The crystal structures indicated that the core part and the α1-6Man branch of the N-glycans make
extensive contacts with the amino acid residues located in the inner surface of the CH2 domain, while
the interactions between the two glycans are quite limited (Figure 4) [28]. The crystallographic data of
the sFcγRIIIa-bound Fc showed rearrangements of the interaction network, creating new contact pairs
with concomitant loss of a number of contact pairs, resulting in the disappearance of the intramolecular
glycan-glycan interactions [40,50]. All the contact pairs between the N-glycan and the CH2 amino
acid residues in both the free and the complexed forms were found in the MD-derived ensemble
model. Moreover, the ensemble model included more contact pairs not only between glycan and
amino acid residues but also between the two glycans, which were not observed in the Fc crystal
structures, demonstrating dynamic behaviors of the N-glycans within the inner space of the Fc. This is
consistent with the previously reported NMR observation for the mobility of the terminal galactose
residue of the α1-6Man branch [27] and its missing electron densities in many crystal structures
exemplified by 3AVE and 2DTS [40]. All these data suggest that the pair of N-glycans not only restrict
motional freedom of the CH2 domains but also endow quaternary structure plasticity through multiple
intramolecular interaction networks. It is conceivable that the intramolecular N-glycan interaction
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networks critically depend on the Fc glycoform. Lee and Im reported MD simulations of human
IgG1-Fc glycoforms exhibiting a series of sequentially truncated high-mannose-type glycans. In this
extreme case, the N-glycans dynamically interconverted between CH2-bound and unbound forms and
the glycan truncation affected the Fc quaternary conformational dynamics [51].

Figure 4. Intramolecular interaction networks of the IgG1-Fc glycans. A pair of contact residues
between the N-glycan and the polypeptide chain or between the two N-glycans found within 4 Å is
connected by a line segment for the crystal structures of (a) Fc alone (3AVE) and (b) sFcγRIIIa-bound
Fc (5XJE). The terminal galactose residues of α1-6Man branch in 3AVE were modeled as described
in the Materials and Methods. The contact pairs involving either of these galactose residues are
conserved in the crystal structure 5IW3, which gave electron densities of the terminal galactose residues.
(c) Pairs of contact residues found within 4 Å in the ensemble model derived from the MD simulation
are connected by different types of line segments (red for carbohydrate-protein contact and cyan
for carbohydrate-carbohydrate contact) according to incidence as follows: More than 24,000 pairs
(thick solid line), 24,000 to 16,000 pairs (thin solid line), and 16,000 to 8,000 pairs (dashed line).

3.3. Effects of Fc Defucosylation of its Dynamic Conformation and FcγR Interaction

The major forms of IgG1-Fc N-glycans share the core fucose residue, which negatively contributes
to binding to FcγRIIIa, and thereby impairs ADCC activity [30–32]. While our crystallographic data
have indicated that the core fucosylation does not affect the overall conformation of IgG1-Fc, our
NMR data have shown defucosylation-induced microenvironmental changes surrounding this fucose
residue. This is best exemplified by Tyr296, which is crucially involved in the interaction with FcγRs,
including FcγRIIIa [40,52]. We performed a long-timescale MD simulation starting from a model based
on a crystal structure of non-fucosylated IgG1-Fc (2DTS) for comparing the local conformation of
this tyrosine residue between the fucosylated and non-fucosylated glycoforms (Figure 5). In either
of the crystal structures, where free IgG1-Fc in fucosylated or non-fucosylated form was used as the
initial structure in the simulation, the Tyr296 side chain adopts a semi-outward conformation with
χ1 dihedral angles of −96 and −91 degrees, respectively [40]. Remarkably, these conformations were
not the major ones during our MD simulation. In the fucosyl form, the most populated conformer
of the side chain of Tyr296 stays in a “flipped-in” state with a χ1 angle of approximately 80 degrees,
making contacts with the core fucose. This inward conformation has been experimentally confirmed
based on the observation of nuclear Overhauser effect (NOE) connectivities between the core fucose
and the Tyr296 side chain (Figure 5c). By contrast, in the non-fucosyl form, the conformational state of

200



Antibodies 2019, 8, 39

this tyrosine is more divergent with a significantly increased outward conformation with a χ1 angle
of approximately 180 degrees. The conformational multiplicity of Tyr296 in the non-fucosyl form
was also indicated by our NMR data. Interestingly, the crystallographic data indicated that Tyr296 is
involved in the interaction with FcγRIIIa in a flipped-out state with a χ1 angle of 189 and 200 degrees
in the fucosylated and non-fucosylated glycoforms, respectively [50,53]. These data indicated that the
Tyr296 side chain is stabilized in the inward conformation through interaction with the core fucose
and, on defucosylation, undergoes a conformational population shift with an increased outward
conformation, which is favorable for FcγRIIIa binding. It is possible that, in the fucosylated IgG1,
the flipping-out of this tyrosine side chain can be a rate-limiting step in its interaction with FcγRIIIa.
This view is consistent with the previously reported kinetic data indicating that the core fucosylation
of IgG1 primarily affects its association phase of FcγRIIIa binding [54].

Figure 5. Conformational dynamics of the side chain of Tyr296 of IgG1-Fc depending on the core
fucosylation. Distributions of χ1 dihedral angles of Tyr296 in the ensemble models derived from
MD simulations are plotted for (a) fucosylated IgG1-Fc and (b) non-fucosylated IgG1-Fc. The typical
conformational snapshots of derived from the major conformational states (magenta arrows) in the
simulation trajectory are shown along with the crystal structures used for building the starting models
(green arrows; A, 3AVE; B, 2DTS) and those of sFcγRIIIa-bound Fc (cyan arrows; A, 5XJE; B, 3AY4).
(c) 2D HSQC-NOESY spectrum of IgG1-Fc labeled with [CO, α, β, γ, ε1, ε2-13C6; β2, δ1, δ2-2H3;
15N] tyrosine.

4. Conclusions

In this study, the conformational spaces in IgG1-Fc glycoproteins were investigated by performing
long-timescale MD simulations in explicit water with validation by experiments in solution.
The MD-derived conformational ensembles included most of the crystallographic snapshots of
IgG1-Fc thus far reported, whilst its conformational space was restricted by the hinge disulfides
and the Asn297 glycans. We presumed that during the evolutionary process, the freedom of the
Fc quaternary conformation was optimally restricted to strike a balance between the increase in
adaptability to a variety of binding partners and the decrease in a conformational entropic penalty upon
their interactions. From the viewpoint of antibody engineering, the conformational plasticity of Fc can
be targeted to control its interactions with specific binding partners. As in the case of the removal of
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the core fucose, engineering strategies have been developed to control local conformational dynamics
around the specific target binding sites of the Fc region, through amino acid substitutions and/or
N-glycan remodeling [30–32,55,56]. In a complementary approach, a detailed understanding of the
quaternary conformational dynamics of the Fc region, through concerted theoretical and experimental
approaches will open up opportunities for developing novel therapeutic antibodies by allosteric control
of their interactions with effector molecules.
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Abbreviations

ADCC Antibody-dependent cell-mediated cytotoxicity
FcγR Fcγ receptor
Fuc Fucose
Gal Galactose
GlcNAc N- Acetylglucosamine
HSQC Heteronuclear single-quantum correlation
IgG Immunoglobulin G
Man Mannose
MD Molecular dynamics
NMR Nuclear magnetic resonance
NOE Nuclear Overhauser effect
NOESY Nuclear Overhauser effect spectroscopy
PDB Protein Data Bank
RMSD Root mean square deviation
RMSF Root mean square fluctuation
SAXS Small-angle X-ray scattering
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Abstract: With the current biotherapeutic market dominated by antibody molecules, bispecific
antibodies represent a key component of the next-generation of antibody therapy. Bispecific
antibodies can target two different antigens at the same time, such as simultaneously binding tumor
cell receptors and recruiting cytotoxic immune cells. Structural diversity has been fast-growing
in the bispecific antibody field, creating a plethora of novel bispecific antibody scaffolds, which
provide great functional variety. Two common formats of bispecific antibodies on the market are the
single-chain variable fragment (scFv)-based (no Fc fragment) antibody and the full-length IgG-like
asymmetric antibody. Unlike the conventional monoclonal antibodies, great production challenges
with respect to the quantity, quality, and stability of bispecific antibodies have hampered their wider
clinical application and acceptance. In this review, we focus on these two major bispecific types and
describe recent advances in the design, production, and quality of these molecules, which will enable
this important class of biologics to reach their therapeutic potential.

Keywords: single-chain variable fragment (scFv); bispecific antibody; quadroma technology;
knobs-into-holes; CrossMAb; bispecific T-cell engager (BiTE)

1. Introduction

Over recent decades, immunotherapies, including checkpoint inhibitors, adoptive cell transfer,
monoclonal antibodies, and vaccine treatments, have become efficient and highly specific treatments
to fight cancer by boosting a patient’s immune system. These treatments can specifically target tumor
cells and the tumor microenvironment with less cytotoxicity and fewer side effects [1]. Through three
decades of development and exploration, therapeutic monoclonal antibodies have become the most
widely used and approved immunotherapy method in clinical practice to treat various malignant
tumors [1]. These antibodies are designed to bind to specific targets found on cancer cells and destroy
them by activating the patient’s immune system. More recently, bispecific antibodies represent a
valuable alternative antibody platform in immunotherapy treatment. These bispecifics work by binding
to two different antigen sites and can provide more robust and tailored immunogenic targeting than
what is possible with natural antibodies.

An antibody produced against a single epitope of an antigen is called a monoclonal antibody
(mAb) produced by a single plasma cell type, while polyclonal antibodies bind to multiple epitopes of
an antigen or multiple antigens and are typically produced by multiple plasma cells [2]. Bispecific
antibodies are engineered artificial antibodies capable of recognizing two epitopes of an antigen or two
antigens. Human immunoglobulin G (IgG) is the most common type of antibody found in human
serum and is further broken down into four subclasses, IgG1-4. These subclasses differ in their constant
regions, particularly the 7-chain sequences and disulfide bond patterns, but share the same basic
structure [3]. As illustrated in Figure 1a, the basic structure of IgG is composed of two light chains (LC)
and two heavy chains (HC) to form a complex quaternary Y-shaped structure with three independent
protein moieties connected through a flexible hinge region [4]. These moieties are symmetrical with two
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identical fragment antigen-specific binding (Fab) regions and one fragment crystallizable (Fc) region [3].
Antibodies bind to specific antigens through the Fab domain formed by hypervariable regions of
heavy and light chains. Natural Abs can bind to natural and artificial antigens with high affinity and
specificity with a remarkable diversity of 108–1010 different variants for each antigen-binding site [5,6].
The Fc region of the antibody binds to receptors or other proteins of the host immune system such as
Fcγ receptors (FcγRs), C1q, and neonatal Fc receptor (FcRn) to initiate distinct effector functions. Small
differences in the amino acid sequence and glycosylation pattern on the Fc domain can highly impact
key attributes such as IgG thermal stability, FcγR-binding effectiveness, and serum half-life [7].

(a) 

 
(b) 
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Figure 1. (a) The illustration of human IgG1 structure with N-glycan attached at Asn297 site in the
CH2 of the Fc region. Light chains (L) are highlighted in green, and heavy chains (H) are highlighted in
blue. C: constant domain; V: variable domain; H: heavy chain; L: light chain; S-S: disulfide bond; Fab:
Fragment antigen-binding domain; Fc: Fragment crystallizable domain. Fc regions which bind effector
molecules and cells. (b) The schematic diagram of antibody-dependent cellular cytotoxicity (ADCC),
complement-dependent cytotoxicity (CDC) and antibody-dependent cell-mediated phagocytosis
(ADCP) mechanisms in cancer treatment. For ADCC, natural killer (NK) cells recognize the Fc region
mediated by surface FcγRIIIa receptors, causing apoptosis of the antibody-coated tumor cells. Once
activated, NK cells release cytotoxic granules containing perforin and granzymes to induce apoptosis
in targeted cells [8]. Another antibody-induced pathway is the classical pathway in the complement
system, often called complement-dependent cytotoxicity. CDC is initiated when the C1q complex
interacts with antibodies bound to the pathogen surface, facilitating the lysis of cells by forming the
membrane attack complex (MAC) which induces lethal colloid-osmotic swelling [9–11]. The third
major effector mechanism is ADCP. ADCP is a potent mechanism by which IgG-opsonized tumor
cells activate the FcγRIIa and FcγRI expressed on the surface of macrophages to induce phagocytosis,
resulting in engulfment and degradation of the target cell through acidification of the phagosome and
the fusion with lysosomes [12].

Cancer cells are abnormal cells differentiated from normal healthy cells, but they may be difficult
for the body’s immune system to detect. Monoclonal antibodies have been successful as cancer
therapeutics by targeting surface antigens over-expressed or expressed uniquely, on tumor cells [13].
The efficacy of antibody-based cancer immunotherapy involves two main factors as discussed below:
(1) Blocking or binding factors activate cell death or inhibit activation of signal pathways used by
cancer cells to grow and survive, resulting in tumor cell death [14,15]. For example, trastuzumab
targets HER2 receptors in breast and stomach cancer cells in order to inhibit their proliferation and
survival [16], and cetuximab inhibits epidermal growth factor receptor (EGFR) in colorectal and
lung cancer [17,18]; and (2) Immune effector functions that engage the Fc region of antibodies via Fc
receptors (FcR) on immune cells. The mechanisms of antibody-dependent cellular cytotoxicity (ADCC),
complement-dependent cytotoxicity (CDC) and antibody-dependent cellular phagocytosis (ADCP) are
illustrated in Figure 1b. All three mechanisms (ADCC, CDC, and ADCP) can induce target cell death
and aid in the efficacy of the treatment.

Even with the success of various anti-tumor therapeutic antibody drugs, however, there also have
been significant limits to conventional antibody therapy. One major drawback of antibody therapy is
low tumor penetration and retention rate. Many therapeutic mAbs directed against tumor-specific
antigens largely remain in the circulation with typically only 20% of the administered dose interacting
with the surface proteins of solid tumors [19]. This disproportionality reflects the challenges of
achieving effective penetration and retention within solid tumor tissue [19]. Furthermore, most mAbs
serve to prevent the binding of growth factors to their receptors but fail to induce apoptosis of tumor
due to an insufficient immune response from patients, especially the re-activation of T-cells to destroy
tumors. For the effector functions (mainly ADCC, CDC, and ADCP) triggered by mAbs, the exact
effectiveness depends on specific antibodies. Numerous studies have demonstrated that the amino
acid sequence of the CH2 and CH3 domain and the Fc conserved glycan profile both impact the
antibody ADCC and CDC activities [11]. Moreover, the unsatisfactory performance of natural antibody
treatment also comes from the extensive cross-talk among some signaling pathways in cancer cells and
nearby cells contributing to relapses in mAb treatment, which works by blocking signaling pathways
and the induction of apoptosis [20,21].

Bispecific antibodies were proposed three decades ago and have been extensively investigated
to overcome the limitation of natural mAbs, which can only bind a single epitope [22]. Bispecific
antibodies can target two different antigens at the same time [5], such as simultaneously binding tumor
cell receptors and recruiting cytotoxic immune cells. This enhanced functionality may potentially result
in fewer side effects and fewer injections. Furthermore, from a biopharmaceutical manufacturer’s

209



Antibodies 2019, 8, 43

perspective, fewer clinical trials and reduced production costs can be accomplished by making a single
molecule instead of two [23]. With more than 100 bispecifics in clinical trials [5], bispecific antibodies
are under development to cover a broad spectrum of applications including diagnosis, imaging,
prophylaxis, and therapy, with the majority of drug candidates focusing on cancer therapy [22].

Through decades of exploration and development of bispecific antibodies and their derivatives,
there are two common formats of bispecific antibodies on the market: the single-chain variable
fragment (scFv)-based (no Fc fragment) antibody and the full-length IgG-based antibody. Unlike the
conventional monoclonal antibodies, great production challenges with respect to the quantity, quality,
and stability of bispecific antibodies have hampered their wider clinical application and acceptance [24].
Meanwhile, advanced design strategies around phage display screening, antibody linker engineering,
quadroma technology [25], knobs-into-holes technology [26], common light chain [27], CrossMAb
technology [28], and protein engineering have all been extensively investigated, and make up the
principal knowledge base of this fast-growing and diverse field [22,29–31]. Therefore, this review will
focus on the design and manufacture of these two major bispecific molecule types and describe the
recent developments in the therapeutic potential and opportunities in bispecific antibody production
capacity and quality achieved by employing a range of operational strategies.

2. Strategies to Improve Bispecific Antibody Production and Quality

2.1. Single-Chain Variable Fragment (scFv) Antibodies

Single-chain variable fragments (scFvs) are minimalist forms of a functional antibody, generated
by fusing variable domains of the IgG heavy chain (VH) and light chain (VL) through a flexible
polypeptide linker [32]. ScFv molecules have a molecular weight in the range of 25 kDa, with a single
antigen-binding site that is comprised of components from each arm of the antibody [22]. Several
important considerations in developing scFv antibodies are the antibody fragment types, the linker
type, and production capability. More recently, another exciting area for using scFv technology is the
chimeric antigen receptor (CAR) T-cell approach for adoptive cell transfer immunotherapy [33]. Given
the scope and volume of this review, the use of scFvs for CAR-Ts will not be included here [34].

2.1.1. Antibody Fragment Types

Currently, there are three main bispecific antibody fragment formats: bispecific T-cell engager
(BiTE), dual-affinity re-targeting proteins (DARTs) and Tandem diabodies (TandAbs), as depicted in
Figure 2a.

(a) 

Figure 2. Cont.
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(b) 

Figure 2. (a) The construction of three main bispecific antibody fragment molecules. (b) The mechanism
of Blinatumomab treatment. Blinatumomab as a bispecific antibody can simultaneously bind to CD3+
T-cells and CD19+ leukemia cells and has been approved for the treatment of B-cell precursor acute
lymphoblastic leukemia (ALL).

BiTE molecules have been extensively applied in cancer immunotherapy for re-targeting of T-cells
to tumor cells or tumor-associated cells in the tumor microenvironment. They employ scFv fragments
from two different monoclonal antibodies connected by a peptide linker, enabling them to retain each
antibody’s binding activity when assembled [35]. The short flexible linker connecting the two scFvs
enables free rotation of the two arms, which is vital for flexible interaction with targeted receptors on
two opposing cell membranes (cytotoxic T-cell and tumor cell) and the subsequent induction of T-cell
activation [36].

One of the most successful BiTE drugs is blinatumomab (Blincyto®, DrugBank entry DB09052),
which has been approved by the FDA for the treatment of B-cell precursor acute lymphoblastic
leukemia (ALL). Blinatumomab is comprised of an anti-CD 19 scFv in the VL-VH orientation linked
through a short glycine/serine (GGGGS) linker to an anti-CD3 scFv in the VH-VL orientation [30].
The mechanism of blinatumomab has been illustrated in Figure 2b. Due to its small size, blinatumomab
can reach in close proximity to T-cell and target cell membranes, but this feature also leads to the
rapid clearance from circulation with a short elimination half-life (mean ± SD) of 1.25 ± 0.63 h [37],
which is presumed to be eliminated renally [38]. As a result, BiTE requires continuous dosing at a high
concentration (15–28 μg per day) to recruit and activate a large amount of suboptimal T cells to achieve
half-maximal target cell lysis [36]. Therefore, this antibody is administered as a 4-week continuous
intravenous (IV) infusion to maintain sufficient therapeutic serum concentration [37], which increases
costs by having to produce more clinical-grade antibodies [39]. The single polypeptide chain structure
that enhances BiTE antibody-antigen recognition, however, comes at the cost of increased aggregation
and decreasing protein stability [24,40].

Partly in response to these issues, researchers developed a potential alternative—dual-affinity
re-targeting proteins (DARTs). As shown in Figure 2a, a DART is composed of two Fv fragments, with
two unique antigen-binding sites formed when two Fv fragments heterodimerize [41]. Specifically,
Fv1 consists of a VH from antibody A and a VL from antibody B, while Fv2 is made from a VH from
antibody B and VL from antibody A. Unlike BiTE antibodies which are connected by a polypeptide
linker, this combination allows DART to mimic natural interaction within an IgG molecule. Adding
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another cysteine residue to the end of each heavy-chain improves stability by forming a C-terminal
disulfide bridge (see Figure 2a) [41]. Compared to a BiTE, DART molecules are able to retain potency
for both in vitro and in vivo administration as well but can be produced at scale with lower aggregation
rates [21,42]. A recent comparison by Moore et al. of the in vitro ability of CD19xCD3 DART and
BiTE molecules to kill B-cell lymphoma found that DART molecules outperformed BiTE molecules
consistently. In this study, both DART and BiTE molecules were derived from the same parental
antibodies (mouse anti-human CD3 and CD19 mAbs), with DART molecules performing better in
maximal B-cell lysis, requiring less concentration for half-maximal B-cell lysis, and in molecular
markers of T-cell activation [40].

Currently, DART and BiTE proteins can also be further engineered to integrate better with patient
immune systems. For example, several BiTE molecules can be linked to the IgG Fc domain to generate
BiTE-Fc fusion drugs compatible with once-weekly dosing for treatments [43–45]. Anti-CD19x CD3
BiTE-Fc fusion protein binds with high affinity to human and non-human primate (NHP) CD19 as well
as CD3 with a serum half-life of 210 h following a single intravenous administration of a 5 μg/kg dose
in NHP, without obvious signs of toxicity in clinical and laboratory animal studies [45]. An anti-BCMA
BiTE-Fc fusion protein for the treatment of multiple myeloma has a serum half-life of 112 h following a
single 15 μg/kg dose in NHP [44]. In addition, BiTE molecule can also be linked to human albumin to
extend serum half-life. A comparison of anti-CD33 x CD3 BiTE-Fc and BiTE-albumin fusion proteins
reveals that the Fc-based BiTE antibody constructs provided a similar survival advantage when
administered every four or five days as the canonical BiTE when administered on a daily basis in the
mouse model. Alternatively, the albumin fusion-based BiTE was less efficacious when administered
every four days than the daily administered canonical BiTE [43]. DART proteins can also be fused
with the Fc region of an IgG, creating a DART-Fc construct which can significantly extend the serum
half-life when compared to the DART protein alone [46,47]. One group designed HIVxCD3 DART and
DART-Fc and evaluated their killing activity on mononuclear cell cultures isolated from HIV-infected
participants [46]. Their results showed that both DART formats reduced cell-to-cell virus spreading
in resting or activated CD4 T-cell cultures [46]. Additionally, though HIVxCD3 DART-Fc performed
similarly in killing activity to HIVxCD3 DART, the DART-Fc extended the DART in vivo half-life from
less than 10 to 70.2 h [46].

The small size of scFvs contributes to a high renal clearance rate in comparison to natural
antibodies. One solution to the size issue is to generate Tandem diabodies (TandAbs), which are
shown in detail in Figure 2a. These tetravalent bispecific antibodies provide two binding sites for
each antigen to maintain the avidity of a natural bivalent antibody [48,49]. Moreover, TandAbs have a
molecular weight (approximately 105 kDa) exceeding the first-pass renal clearance threshold, thus
offering a longer half-life compared to smaller antibody constructs [48,50]. Two TandAb format drugs
are in clinical trials—AFM13 (CD30xCD16) for NK cell recruitment and AFM11 (CD19xCD3) for T-cell
recruitment [51].

2.1.2. Linker Engineering

The linker region between light and heavy-chain domains plays a significant role in stabilizing
the antibody and is therefore an important target for optimizing scFvs [52]. The scFv can be assembled
with a single polypeptide chain in the form of VH-linker-VL or VL-linker-VH, where the linker bridges
the gap between C and N termini of the respective domains. Studies investigating the orientation of
the heavy and light-chain domains imply that both orientations can be favorable in different cases and
that linker design may impact biophysical properties [53–55]. Two essential considerations in linker
design are amino acid composition and sequence length. Firstly, the amino acid composition is critical
in designing a viable and flexible linker peptide; for instance, a hydrophilic sequence is indispensable
to avoid intercalation of the peptide within or between the V domains during protein folding [56].
Currently, the most commonly used amino acid sequence motif is (G4S)n (G: glycine, S: serine; G4S is
four glycine residues and one serine residue). Glycine and serine are preferred because their short
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side chains grant conformational flexibility and minimal immunogenicity, while serine additionally
improves solubility [31,57]. Besides the conventional Gly-Ser linker, other designs include charged
residues such as glutamic acid and lysine to enhance solubility [58], while high-throughput selection
methods such as phage display also facilitate the design and generation of linkers that are specifically
optimized for certain antibodies [59].

In addition to composition, the length of the linker between heavy and light chains of the Fv
domain is also critical in assembling the correct conformation of the scFv. It has been reported that
the linker should be able to span 3.5 nm (35 Å) between the C terminus of one V domain and the
N-terminus of the other V domain without affecting the native Fv conformation [31]. The length of
the linker exerts a significant impact on multimer formation of the antibodies, with studies showing
that a linker length longer than 12 amino acid residues allows sufficient distance between heavy and
light-chain domains to associate and form monomers [60–62]. Shorter linkers connecting VH and VL
can prevent the direct association of the two domains, resulting in an increased possibility for pairings
between heavy and light chains of different scFv molecules, forming dimers, trimers or higher order
oligomers [40,63]. Therefore, by properly designing the linker length, one can effectively promote
the formation of scFv molecules that are designed as diabodies (in particular, the TandAbs molecule),
or whose multivalent forms are desired over their monovalent forms. For example, pharmacokinetic
studies suggest that for particular antibodies, such as CC49, the formation of dimer or tetramers are
favorable, improving tumor targeting compared to the monomeric form [64,65], while maintaining
efficient in vivo tumor localization and in blood [66]. Therefore, it is critical to design linker length to
achieve desired scFv conformation or distribution of multivalent forms.

The design of linkers for optimal bispecific scFv configurations necessitates careful consideration
of the above principles. Initial attempts to construct bispecific scFvs focused on designing linkers that
directly connects two monovalent single-chain antibodies. Examples of these designs include the linker
CBH1 composed of 24 amino acids [35] and the 205C linker which has 25 amino acid residues [67].
Factors such as the amino acid composition of these inter-chain linkers can have an impact on the
function of single-chain bispecific antibodies [68]. More recent designs of linkers emphasize more
on linker length and achieving the desired antibody conformations and domain associations, which
can be exemplified by BiTE, DART, and TandAb, as shown in Figure 2a. For successful construction
of bispecific scFv, it is important to control linker length to avoid or minimize non-cognate pairing
between heavy and light chains of heterologous antibodies, since appropriate VH-VL association is
critical in antibody affinity and specificity that ensures proper functioning [29,69]. The BiTE design
places long linkers between heavy and light chains of homologous domains to ensure association, and
short linkers between heterologous heavy-chain fragments (the GGGGS linker) to form the connection
between the two Fvs [70]. The DART molecules are dual chains that bind to each other to form
functional dimers, where the linkers between VHA and VLB or VHB and VLA needs to be as short as
five amino acids to prevent undesired non-homologous pairing [40]. Moreover, the positioning of the
disulfide bond is another key feature of DART molecules, which holds the molecule together in the
correct orientation. The linker design for TandAb is similar to DART, for which the linkers between
adjacent domains are six amino acids (GGSGGS) so that two identical chains are likely to bind and
form large dimers that are favorable in the aspects of in vivo half-life [21,48,71].

2.1.3. Stability Engineering of scFv Antibodies

Stability of scFv molecule is a critical factor because it is believed that there is a direct correlation
between the stability and biological activity [72,73], and stable scFv molecules can be considered
as building blocks for functional bispecific antibodies. A number of different approaches through
changing expression environment and introducing helper molecules (e.g., chaperons) to improve the
scFv solubility and stability are discussed in the following bispecific scFv expression and production
(Section 2.1.4). In this section, we focus on the approaches that achieve optimized protein stability
through direct modification of scFv frameworks. Two types of commonly used methods to engineer scFv
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structure include loop grafting and mutagenesis. The loop grafting approach may be favorable for the
generation of therapeutic scFv because the process achieves both stabilization and humanization in one
step, by grafting the antigen-specific complementarity determining regions (CDRs) onto frameworks
with suitable biophysical properties including stability [74–78]. For example, Borras et al. [79] reported
a successful attempt to humanize and stabilize rabbit variable domains by grafting CDRs from
15 different rabbit monoclonal antibodies onto a human scFv scaffold, resulting in similar affinity
but significantly improved biophysical properties. Alternatively, for the mutagenesis approaches,
enhanced stability is achieved by either optimizing structure by rational site-specific mutation [80–84]
or directed protein evolution (i.e., inducing random mutagenesis followed by positive selection
steps) [74,85–91]. Compared to the laborious directed evolution method which requires iterative
steps to reach an optimum, site-specific mutagenesis approaches are relatively easy to implement
with the well-established techniques [84]. Rational designs of site-specific mutation are generally
knowledge-based and different mutations can be combined and introduced simultaneously with the
assumption that mutations have cumulative effects on improving stability [84]. For example, one
of the most common mutation-based optimization methods is the consensus sequence approach,
in which the most frequent amino acid at any position in homologous Fv domain is assumed to
contribute to the stability considering molecular evolution and selection, and a mutation toward this
collective consensus sequence is expected to have a positive effect on stability [77,81,82]. Besides the
consensus approach, other methods alter amino acid residues to achieve certain goals such as creation
of inter-domain disulfide bonds [84,92–94], creation of intramolecular hydrogen bonds [83,95] and
optimization of hydrophobicity [77,83,96]. As a successful case of utilizing these mutation-based
approaches, Miller et al. [72] used a combination of sequence-based statistical analyses (residue
frequency analysis and consensus methods) and structure-based design approach to identify the target
residues for mutations in VH and VL sequences. Then, the scFv mutants were screened through a
high-throughput antigen-binding assay with thermal challenges [72]. The isolated stability-engineered
scFv variant was able to produce in suspension Chinese hamster ovary cells with high yield (21.5 mg/L),
purity and biological activity [72].

2.1.4. Bispecific scFv Antibody Expression and Production

Appropriate host platforms are determinant to the efficient expression and production of scFv
antibodies, and there exist several different viable platforms for scFv expression including bacteria,
yeast, mammalian cells, insect cells, plant and cell-free systems [97–100]. Given that bispecific scFvs
are composed of two or more scFv molecules, the various expression hosts for the bispecific scFvs
may vary from those used for the production of scFv single molecules. The “best” expression system
for bispecific scFv proteins is yet to be determined because differences in size, amino acid sequence,
and conformation of the recombinant protein make it difficult to conclude a universal expression
system that optimizes the yield and quality of the protein, which can be affected by many factors such
as solubility and stability [99]. However, several studies listed in Table 1 have reported successful
expression of bispecific scFv and its fusion molecules using bacterial and mammalian systems.
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E. coli is one of the most widely used hosts for scFv expression. Some of the major advantages
of using E. coli include its rapid growth, cost efficiency, high heterologous protein productivity,
well-understood genetics as well as easy genetic manipulation [111–113]. Unlike the glycosylated
whole antibody protein, scFv molecules are much easier to produce in bacteria. However, challenges
still remain for harnessing this high-yield expression system, one of which is insufficient protein
solubility. It was reported by multiple studies that proteins produced from the E. coli expression
system result in misfolding and inclusion body [114–117]. This inefficiency in producing soluble scFv
is known to be caused by the lack of chaperon and post-translational machinery and the reducing
environment of E. coli cytoplasm which prevents disulfide bonds to be formed [97,118], and for scFv
molecules, formation of intra-domain disulfide bonds is essential for the key structure known as the
“immunoglobulin fold” [119,120]. Therefore, successful expression of functional scFv molecules from
E. coli systems usually requires additional procedures or modifications. For example, subsequent
protein refolding and recovery steps can be integrated into the process, including solubilization
treatment with agents such as urea and guanidine hydrochloride, and a step to refold solubilized
protein by removing solubilization agents by methods such as dialysis [121]. Gruber et al. (Table 1, [67])
reported the production of bispecific scFv in E. coli with these refolding steps. The solubility of scFv
molecules can also be improved by secreting them into the bacterial periplasm that has an oxidizing
environment, through genetically attaching the secretory signal sequence to the N-terminus of scFv
sequence [7,122–124]. A number of studies have reported the periplasmic expression of BiTE type
molecules in E. coli [4,103,104]. Besides the above methods to tackle solubility issue, there are other
approaches exist that may in the future be applied to facilitate the production of bispecific scFvs in
bacterial platforms. For example, expression of scFv as a fusion protein with solubility enhancing
tags such as MBP, NusA, and TRx can promote and facilitate correct protein folding [38,97,125,126],
despite that these tags need to be removed afterward to allow normal antibody usage. Furthermore,
studies have shown that co-expression of molecular chaperons such as Skp, OmpH, HlpA and FkpA,
and folding modulators/catalysts such as disulfide bond metabolizing enzymes can effectively tackle
protein aggregation and misfolding problems, and the “cocktails” approach has been an increasingly
common expression strategy that involves the simultaneous usage of various chaperons or folding
catalysts [32,127–130].

Single-chain Fv molecules are also expressed through other platforms to exploit particular
advantages that are not granted by bacterial hosts. Mammalian cells represent the most widely
used production platform for therapeutic proteins and a promising expression vehicle for bispecific
scFvs due to their advanced protein folding pathways and post-translational modifications [99,131].
Mammalian cells allow for stable expression and robust production of soluble recombinant proteins.
For example, Vendel et al. [114] and Jain et al. [132] managed to express bioactive scFv molecules via
Chinese Hamster Ovary (CHO) cells while the same proteins expressed in bacteria shows less activity
or even a significantly different secondary structure.

Besides bacterial and mammalian cells, other expression systems have demonstrated advantages
in various studies involving the expression of scFvs and may be potential candidates of large-scale
production platforms for bispecific scFvs in the future. Yeast as a eukaryotic microorganism is not only
capable of producing correctly folded and fully functional proteins, but can also survive and grow
rapidly in simple media [99]. Another organism of interest is insect cell, which allows the utilization of
the baculovirus-mediated gene expression system [99]. The advantage of using baculovirus expression
vector system (BEVS) is the high gene expression level achieved though the polyhedron gene (polh)
promoter in virus-infected insect cells [96,133]. Production of recombinant protein from plant is
believed to be a desired method for large-scale protein production considering factors including
scalability, cost efficiency, and safety [134]. Growing transiently expressed or stable transgenic plants
followed by protein extraction from leaf tissue allows the production of scFv molecules [4,135,136].
Besides the host-based expression systems, cell-free protein synthesis system allows high-throughput
protein library generation due to the efficiency and flexibility this approach offers [137,138], and the
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expression of scFv molecules can be achieved without the time-consuming steps of expression vector
generation and transformation.

2.2. Full-Size IgG-like Asymmetric Bispecific Antibody

Although IgG-like asymmetric bispecific antibodies have some properties that are similar to
natural monoclonal antibodies, they are engineered molecules that have not been generated by
typical B-cells [139]. As a result, these differences lead to significant production challenges. One of
the greatest challenges for asymmetric IgG-like bispecific antibodies manufacturing is ensuring the
correct assembly of antibody fragments, which is a prerequisite for bispecific antibody large-scale
production. Random assembly of four distinctive polypeptide chains (two different heavy and two
different light chains) results in 16 combinations (10 different molecular configurations), among
which only two represent the desirable asymmetric heterodimeric bispecific antibody (12.5% of the
statistical probability) [22,140,141]. The remaining pairings result in non-functional or monospecific
molecules [22]. So not only the quality but also the quantity of bispecific antibodies generated from
E. coli and mammalian cells can be greatly improved by optimizing the correct assembly of bispecific
antibodies. Production examples of several IgG-like bispecific antibody molecules are summarized in
Table 2. There are mainly two problems that must be solved to produce the desired IgG-like bispecific
antibody—the heterodimerization of two different heavy chains and the discrimination between the
two light-chain/heavy-chain interactions [142]. Judicious genetic and cellular engineering strategies,
such as quadroma technology, knobs-into-holes, common heavy chain, and common light-chain
strategies, CrossMab and co-culture methods, have been implemented to produce optimized Y-shape
IgG-like bispecific antibodies. We will describe each of these important strategies briefly in the
following sections.
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2.2.1. Quadroma (or Hybrid-Hybridoma) Technology

Initially, a bispecific antibody was generated by the somatic fusion of two hybridomas, as illustrated
in Figure 3a. [149]. Each hybridoma cell expresses a unique monoclonal antibody with predefined
specificity. Then, the two antibody-expressing cells are fused and the resulting hybrid-hybridoma cell
expresses the immunoglobulin heavy and light chains from both parents [149], where assembly allows
the formation of both parental and hybrid immunoglobulins. The quadroma technology represents the
foundation of bispecific antibody production, but also suffers from low production yields and high
product heterogeneity. [4]. The random assembly of two different heavy and two different light chains
can theoretically result in 10 different molecular configurations and only one of those is functional
bispecific antibody [22]. The real percentage of functional bispecific antibody by a quadroma cell line
is unpredictable and a laborious process is required to isolate the bispecific antibody from the side
products [150,151]. Later, a chimeric quadroma technology was developed by fusing a murine and
a rat hybridoma cell line [139]. The content of chimeric mouse/rat bsAb was significantly enriched
due to preferential species-restricted heavy/light-chain pairing in contrast to the random pairing
in conventional mouse/mouse or rat/rat quadromas [152,153]. Furthermore, rat heavy chains did
not bind to protein A for purification, while the mouse heavy chains in bsAbs can be eluted at pH
5.8 while the full-size parental mouse Ab can be eluted at pH 3.5 [153]. This feature provided an
easy and simple purification process through protein A and ion-exchange chromatography to isolate
the desired bispecific component. With the improvements of quadroma technology, Catumaxomab
(anti-EpCAM x anti-CD3) was the first approved IgG-like bispecific antibody in Europe in 2009 for
the intraperitoneal treatment of patients with malignant ascites [154]. Catumaxomab is generated
via quadroma technology and composed of mouse IgG2a and rat IgG2b [154]. As a trifunctional
antibody, one Fab antigen-binding site binds T-cells via CD3 receptor, the other site binds tumor cells
via the tumor antigen epithelial cell adhesion molecule (EpCAM) and the Fc region provides a third
binding site to recruit and activate immune effector cells via binding to FcγRI, IIa and III receptors [154].
Nevertheless, Catumaxomab cannot bind to the inhibitory Fcγ IIb receptor. Immunogenicity is another
concern—human anti-mouse or anti-rat antibody response are sometimes observed in patients with
catumaxomab treatment [25,51].
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(a) 

 
(b) 

Figure 3. The strategies for improving IgG-like bispecific antibody product quality. (a) The illustration
of quadroma technology. (b) A summary of the heavy and light-chain genetic and protein engineering
strategies to achieve homogeneous asymmetric heterodimeric bispecific antibody product.
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2.2.2. Heavy-Chain Assembly

Fc heterodimerization is a particularly important design to reduce the number of possible
combinations of different forms while exclusively producing asymmetric antibodies by eliminating the
formation of normal monoclonal antibodies. Heterodimeric heavy chains are achieved by combining
two complementary but not identical heavy chains that result in a single heavy-chain combination.
Each heavy chain can then bind to different light chains, resulting in four possibilities: one bispecific
molecule, one non-functional combination, and two monospecific molecules [22]. Using this approach,
the possible antibody combinations are thus substantially reduced from 10 different molecules to just
the four remaining molecules [22]. The dimerization of Fc is achieved by CH3 domain of Fc (the last
domain of the constant region) interfacing with each other [155]. Different technologies can be applied
to engineer the CH3 domain so that two different Fc domains can be properly linked to one another, as
shown in Figure 3b.

Knobs-into-holes technology, which involves engineering CH3 domains to create either a “knob”
or a “hole” in each heavy chain to promote Fc heterodimerization [143], has been extensively applied
for Fc engineering. The knobs-into-holes model was first proposed by Francis Crick to pack amino
acid backbones of coiled-coil alpha-helix domains of proteins [156]. Ridgway et al. applied the
knobs-into-holes as a novel design strategy to engineer heavy chains of Fc domains rendering them able
to form heterodimers [26]. A small amino acid in a CH3 domain was replaced with larger one (T366Y)
to make a knob variant, and a large amino acid in another CH3 domain was replaced with smaller one
(Y407T) to produce a hole so that the two engineered domains can fit into one another favoring the
heterodimerization [26]. Furthermore, additional mutation sites including S354C and T366W in a CH3
domain were found to generate knobs while Y349C, T366S, L368A, and Y407V were examined in the
other CH3 domain for holes while L351C was used to form disulfide bonds and further enhance the
heterodimerization [157,158]. The engineering sites were identified and examined according to three
criteria: (1) The distances between alpha-carbons should be around 5.0–6.8 Å, which is the average
distance found in naturally formed disulfide bonds, but can reach up to 7.6 Å; (2) the pairings of
amino acid residues should be distinct from those on each natural CH3 interface; (3) the formation of
disulfide bonds between cysteine residues should be favorable conformationally [158]. As a result, the
heavy chain (HC) heterodimerization was further improved up to 95% under co-expression conditions,
making it feasible for scalable production [143,159]. The knobs-into-holes heterodimerization not
only solves the heavy-chain problem via the correct heterodimeric pairing of bispecific antibodies
but also renders them conformationally stable [160] and allows for antibody purification by protein
A [22]. Zhang et al. demonstrated the stability of knobs-into-holes heterodimers in comparison to
holes-holes homodimer variants, further supporting the knobs-into-holes heterodimerization as a
rational design strategy [160]. The heteromeric heavy chains produced functional bispecific antibodies
and also retained Fc-mediated effector functions, such as ADCC. Compared to an E. coli host system
producing unglycosylated antibodies, a mammalian host expression systems can produce glycosylated,
effector-function competent heterodimeric antibodies. One study revealed that afucosylation of half
the asymmetric anti-CD20 antibody by knobs-into-holes technology from CHO cells is sufficient to
produce ADCC-enhancement similar to that observed for a fully afucosylated symmetric wild-type
anti-CD20 antibody [161].

Alternatively, strand-exchange engineered domain (SEED) heterodimerization represents another
steric mutation-based design strategy which utilizes complementarity of alternating sequences derived
from IgG and IgA CH3 domains also known as AG SEED CH3 and GA SEED CH3. The IgG
and IgA CH3 derivatives generate complementary sequences so that the two complementary
heavy-chain heterodimers are assembled while excluding the assembly of homodimers lacking
complementarity [162]. According to Muda et al., Fab-SEED fusions retained desirable binding
affinity and characteristics comparable to other antibodies including favorable pharmacokinetics and
stability [163].
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In addition to the steric mutations mentioned earlier, electrostatic steering interactions have also
been widely used to promote the formation of heavy-chain heterodimers by substituting a residue in
a CH3 domain and another residue in the other CH3 domain by a negatively charged aspartic acid
or glutamic acid residue and a positively charged lysine residue respectively. Then, the charge pair
substitution favors the assembly of heterodimers while inhibiting the formation of homodimers via
electrostatic repulsion. Gunasekaran et al. first demonstrated the Fc heterodimerization of antibodies
using the electrostatic steering effects as applied to the production of bispecific antibodies [144]. In their
work, novel engineering strategy was applied to support favorable opposite charge interactions between
heterodimers and also to induce unfavorable repulsive charge interactions between homodimers at the
same time by replacing K409 and D399 in different CH3 domains with aspartate and lysine, respectively,
in order to suppress the formation of homodimers [144].

Indeed, site-specific mutations can significantly improve both the quality and quantity of bispecific
antibodies by circumventing the heavy-chain problem. However, the steric mutations and the
introduction of charge pairs can reduce the thermostability of bispecific antibodies. Moore et al.
reported an efficient method called XmAb bispecific platform, which leads to enhanced thermostability
that combines charge interactions, conformational aspects of CH3 domains, and hydrogen bonding [159].
The novel Fc mutations include a side chain swap of native IgG1 to S364K and K370S heterodimer
to form a hydrogen bond in between followed by L368D/K370S substitutions to drive salt bridge
interactions. The engineered Fc sites were specified and selected based on the minimum exposure
area in order to ensure near net-isovolumetric substitutions without interfering the receptor binding
or generating extra potential N-linked glycosylation sites [159]. Additionally, due to the engineered
structure and charge pair mutations, the formation of homodimers was disfavored by driving the
steric hindrance and charge repulsion between the sites [159]. In addition, the sites were examined
and engineered to modulate different isoelectric points (pI) between the two CH3 sites. This is of
a particular interest to improve the robustness of the heterodimeric Fc platform at scale because an
engineered pI of heterodimers significantly different from those of homodimers can facilitate and
ease the purification process of heterodimeric bispecific antibodies from non-bispecific antibodies via
standard ion-exchange chromatography, whose performance is independent of the variable domains
and format of bispecific antibodies.

In summary, bispecific antibody heavy-chain heterodimerization, especially within the CH3 region,
represents a rapidly emerging approach including multiple design strategies, such as steric mutation,
electrostatic steering interactions and charge difference of heavy chains to facilitate purification. These
approaches are often applied together to achieve bispecific antibody heavy-chain heterodimerization
with minimum homodimer formation. However, an alternative strategy is to generate a common
heavy chain with one lambda and one kappa light chains without any modification, which is called a
kappa-lambda (κλ) body [164]. The co-expression of a heavy chain and one κ and one λ in CHO or
HEK293 cells generated both monospecific and bispecific antibodies [140,164]. It has been reported that
the expression of light chains is a determinant for the bispecific antibody specificity and affinity [164].
Columns specific for kappa- and lambda-monospecific antibodies isolation were then adopted followed
by Protein A purification, although only around 50% of the final product is κλ body with the rest
mainly including kappa-kappa and lambda-lambda antibody side products [140,164]. Interestingly,
another research group reported that codon de-optimization of the lambda chain sequence increased
the κλ body yield two-fold and enhanced the relative distribution of bispecific antibodies in a low
kappa chain expressing κλ body cell line [165].

2.2.3. Heavy Chain and Light-Chain Assembly

While deliberate modifications of Fc CH3 domains enable correct heavy-chain heterodimerization,
using two different light chains still results in a low yield of desired bispecific antibodies (the generation
of four different combinations, with only one being bispecific). Advanced approaches have, therefore,
been developed to allow the correct pairing of light chain and heavy chain to resolve the improper heavy
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chain and light-chain interaction problem, such as the common light-chain method and CrossMab to
swap the VH and VL Fab fragments partially. These strategies are often applied in combination with
Fc-modified heavy chains, as shown in Figure 3b.

First, a common light-chain strategy was applied to assemble IgG-like bispecific antibodies which
can be combined together with the knobs-into-holes approach [158]. The mechanism of a common
light-chain strategy is based on the fact that antibodies discovered from phase display screening against
diverse antigens often share the same VL domain, reflecting the very limited size of the L chain repertoire
in the phage library [22]. One of the great advantages of the common light-chain format is that it allows
the use of methods that simplify the antibody engineering and the purification process in industrial
production [166]. For example, based on computational prediction, one Fc variant pair dubbed “DEKK”
consisted of substitutions L351D and L368E in one heavy-chain combined with L351K and T366K in
the other drove efficient heterodimerization of the antibody heavy chains [27]. Additionally, using a
common light chain, the bispecific antibody MCLA-128, targeting human EGF receptors 2 and 3, was
produced and purified with a standard CHO cell culture platform and a routine purification protocol
under Good Manufacturing Practice (GMP) conditions [27]. More recently, a full-length bispecific
IgG-like bsAb was approved in 2017 was emicizumab (Hemlibra®) for the treatment of Hemophilia
A patients [167]. Engineered on the structure of humanized IgG4, emicizumab mimics the function
of activated FVIII to restore the FVIII binding to factor IX (FIX) and factor X (FX), which is missing
in Hemophilia A patients [168,169]. Large-scale manufacturing of emicizumab was achieved by a
combination of three antibody engineering strategies-a common light chain to assemble heavy and
light chain, changing the charges of two different heavy chains to facilitate antibody purification, and
the application of electrostatic steering of two different heavy chains to promote expression of heavy
chains in cells [169]. Currently, numerous common light chain and common heavy-chain discovery
platforms have been developed to enable the effective generation of antibodies for bsAb assembly.
These include but are not limited to transgenic mice with a fixed single light chain [27] as well as
screening phage display libraries with common heavy chain (as described above) [170–172]. Therefore,
the application of a common light chain is becoming increasingly popular in this field in order to
overcome the stability, yield, and immunogenicity problems of bispecific antibodies. However, this
approach may lower flexibility in antibody engineering, which limits antibody optimization in some
cases [173]. Furthermore, the screening process for common light chain requires animal immunization
and/or phage display, which may be problematic due to time and development costs [166].

Different from the common light chain approach, CrossMab represents one of the most widely
utilized generic approaches to solve the light-chain problem by exchanging the sequences of heavy
and light-chain domains of Fab fragments. Crossmab technology allows for the generation of various
bispecific antibodies including bi-, tri- and tetra-valent antibodies, as well as other novel Fab-based
antibody derivatives [174]. Three different formats typically proposed are displayed in Figure 3b [142].
The first format involves simply replacing the entire Fab-arm of a heavy chain with a cognate light chain
(CrossMab Fab) of one half of the bispecific antibody, and the “crossover” still retains the binding affinity
while favoring the assembly of the engineered Fab fragment. The second format involves the swapping
of VH of a Fab domain with its corresponding VL domain (CrossMab VH-VL) so that the molecular
architectures of the heavy chain and light-chain interfaces in both arms of a bispecific antibody are not
identical to prevent the light-chain mispairing. Likewise, for the third format, CH1 and CL of one arm
of the bispecific antibody are also interchanged for the correct assembly between heavy and light chains
(CrossMab CH1-CL) [142]. CrossMabCH1-CL yields no theoretical side products while CrossMabFab
can result in the formation of a non-functional monovalent antibody due to the interaction between
“VL-CL” of first IgG and “VH-CH1” of the second IgG [142,175]. CrossMabVH-VL can lead to the
development of a Bence-Jones-like side product; to be more specific, successful CrossMabVH-VL
should result in a pairing between “VH-CL” and “VL-CH1” while a Bence–Jones-like side product has
a “VL-CL” chain paired with a crossed “VL-CH1” chain, meaning that two light-chain domains are
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assembled to one another. The Bence–Jones-like antibody can theoretically be prevented by making
the two constant CH1 and CL electrostatically repulsive to one another [174].

The crossover design has been shown effective in target binding affinity and potency such as
anti-tumor activity. Vanucizumab is one of the products that first utilized the CrossMabCH1-CL
approach and was designed to target vascular endothelial growth factor (VEGF)-A and angiopoietin-2
(Ang-2) [142,176]. The design was optimized for clinical trial by using the original non-mutated
bevacizumab targeting VEGF-A while applying the CrossMabCH1-CL mutation to LC06-bearing
antigen-binding site targeting Ang-2. Furthermore, disulfide-stabilized knobs-into-holes mutations
were introduced to ensure the correct heavy-chain assembly. As a result, vanucizumab exhibited
high potency against patient-derived human tumors as well as several mouse tumors and was
able to suppress micro-metastatic growth through Ang-2 inhibition without any side effect from
anti-VEGF activity on physiologic vessels [176–178]. The technology has also been utilized to generate
bispecific heterodimeric antibodies for many different purposes. For example, knobs-into-holes
and CrossMabCH1-CL technology were used to produce a bispecific antibody targeting CD20 and
HLA-DR as reported by Zhao et al. [146], and also to generate one of the broadest and potent HIV-1
neutralizing antibodies by Huang et al. [145]. The optimized CrossMab approach can be very effective
and thus a powerful design strategy for improving selective light-chain pairing especially when used
in combination with additional design approaches such as knobs-into-holes. The crossover design
has been shown its effectiveness in achieving proper pairing of light chains for correct target binding
affinity and consequently high yields.

2.2.4. Co-Culture Method

Alternatively, to solve the light-chain mispairing issue and retain the natural antibody architecture,
Spiess et al. proposed to produce bispecific antibodies by combining two distinct half-antibodies,
expressed from two different cell lines in vitro [148] as depicted in Figure 4. Half-antibodies are then
purified and mixed with 1:1 molar ratio in vitro to generate functional bispecific antibodies. While this
half-antibody method can be effective, the method is attended with some inherent challenges. Using
two separate cell lines means that two culture vessels, harvests, and purification processes must be
performed before combining in vitro, potentially increasing costs and the risk of contamination [147].
The co-culture method was first demonstrated in E. coli in which cells were transformed with
plasmids containing different half-antibodies genes (A and B) containing knobs-into-holes to prevent
self-dimerization of the heavy chains prior to association with light chains [148]. After culturing, the
cells are lysed to harvest half-antibodies. Since the processes mentioned above are identical for both
cell lines, a co-culture strategy can be applied to lower the risk and cost. Both E. coli cell lines containing
plasmid for half-antibody A and plasmid for half-antibody B are inoculated into the same vessel with
same cell numbers. Using comparable cell numbers for both cell lines is a way to ensure having the
same amount of antibodies A and B produced at the end. After culturing and processing, functional
bispecific antibodies are successfully detected and harvested at the end. This method has been proven
to be simple for the design and production of a wide range of stable antibodies [148].
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(a) 

 
(b) 

Figure 4. The illustration of the co-culture method to product IgG-like bispecific antibody in E. coli and
CHO systems. (a) E. coli production vessels are constructed by transferring the cells with individual
plasmids containing both heavy and light-chain gene for a half-antibodies. Cell lysis is used to harvest
half-antibodies then assembled in vitro. Both separate culture and co-culture system can be used.
(b) Similar to the E. coli system, CHO cells are co-transfected separate plasmids containing heavy or
light-chain gene for a half-antibodies. Secreted antibodies are assembled by GSH induction. GSH:
reduced glutathione.

Recently, the co-culture methodology has been shown to work for CHO cells as well [147].
Although similar in approach, there are some differences between the methods used, mainly in
plasmids’ designs, inoculation, and harvest. For CHO cells, heavy chains and light chains are
introduced into the cells on separate DNA plasmid to avoid non-cognate heavy chain and light-chain
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pairing and ensure a sufficient antibody titer. It is also critical to adjust the ratio of the two CHO cell
lines for each half-antibody production based on antibody titers and cell growth rate to maximize
production of half-antibodies A and B with a 1:1 molar ratio. Prior to harvest, reduced glutathione
(GSH) was added in order to enhance bispecific antibody productivity, since CHO cells can still
generate a minimum number of knob or hole homodimers of the desired half-antibody [143,160].
The addition of GSH as a reducing agent can help prevent the homodimerization of the half-antibodies
and formation of disulfide. In the study, they also determined a 0.04 to 40 L scalable range for bispecific
antibody production using co-culture [147]. With the simplicity of antibody design, relatively low risk
and low cost, compatibility with current technology like controlled Fab-arm exchange (cFAE) and
SEED, this methodology provides a simple and effective tool to produce a wide range of bispecific
antibodies via co-culture of half-antibody secreting CHO cells.

2.2.5. Expression and Production of IgG-like Bispecific Antibodies

Mammalian cells are the predominant workhorses for IgG production in industry, and the
production platform is widely scalable for high titers of antibodies in order to meet clinical and
commercial demands. However, the production of bispecific antibodies is more complex and typically
requires at least two plasmids for heterodimerized heavy chains and one plasmid for a common light
chain or two light-chain plasmids if two different light chains are used. Notably, expressing HC
and LC on separate plasmids is recommended because the manipulation of the plasmid ratio is an
easy and efficient approach to optimize protein assembly for desired products [179]. Subsequently,
a laborious and time-consuming process is typically needed to select the most desirable clonal cell
lines from a heterogeneous stable transfectant pool for large-scale antibody production [180]. CHO cell
is well-known for its high protein productivity, low contamination rates, and human immunological
compatibility [181]. The expression levels for antibodies via stable CHO cells can reach >3 g/L and
sometimes >5 g/L and beyond and be successfully scaled up in bioreactors to large volumes [182].
Nevertheless, the yield of bispecific IgG-like antibody from CHO cells is lower about 1–3 g/L and often
even lower [27].

Compared to stable transfections, transient transfection can deliver results in a few days without
integrating recombinant DNA into the host genome. Human embryonic kidney (HEK293) and
HEK-based Expi 293 cells are human cells for transient expression, which has been used early in
bsAb development. However, due to the multiple number of plasmids required for the production
of bispecific antibodies, transient expression of IgG can sometimes be difficult to scale and result
in relatively low titers compared to stable cell lines. As an alternative, Rajendra et al. designed a
single plasmid vector containing all the engineered light chains and heavy chains for both transient
and stable expression of CHO cells. The CHO cell pools transiently transfected with two plasmid
vectors of which one heavy chain and a light-chain pairing of the bispecific antibody were harbored
on individual plasmids yielded 0.09–0.15 g/L with 73–92% correctly paired bispecific antibody as
determined by mass spectrometry. The cell lines transiently transfected with a single plasmid vector
containing all the components for bispecific antibody generated similar yields of correctly paired
bispecific antibody [183]. However, a stable CHO pool with a single plasmid expression resulted in
a higher titer ranging from 0.6 up to 2.2 g/L while the percentage of correct pairing ranged from 74
to 98% [183]. Their results indicated that a single plasmid system could be comparable to multiple
plasmid system in terms of titers and it may facilitate the generation of stable CHO cells [183].

Indeed, for in vivo assembly, the efficient co-expression of engineered heavy and light chains
relies deeply on the selection of stably expressing cell clones. Plus, culture conditions such as
temperature also affect the half-antibody expression and aggregate formation [184]. In contrast,
following downstream Protein A purification of CH3 mutants, in vitro assembly (separate expression
of two different heavy-chain types followed by mixing them at appropriate redox conditions to induce
assembly) have demonstrated their capability in generating high-quality molecules. Such is the case for
Duobody technology [185]. With the Fab-arm exchange (FAE) process occurring in IgG4 in vivo and
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in vitro, researchers engineered FAE-associated IgG4-specific mutation pairs in IgG1 and generated
stable IgG1 bispecific antibody with high yield and stability via in vitro assembly [186,187]. In addition,
amenable bispecific antibody production can also be achieved by cell-free expression systems using
E. coli based extracts. The flexibility of this system enables manipulation of the knob: hole plasmid ratio
to achieve the most efficient HC heterodimer assembly, which can achieve protein yield at g/L scale
within hours [143]. Nonetheless, these methods may include additional obstacles such as increased
costs of production. As a result, co-expression in stable cells remains the predominant approach for
IgG-like bispecific antibody production.

3. Conclusions and Future Thoughts

This review has focused on the design, production, and quality of bispecific antibodies. A key
challenge is how to produce uniform bispecific antibody with high quality and limited or negligible
side products and impurities. For scFv-type bispecifics, the protein stability and tissue penetration
ability vary and depend on different types of scFv antibody. Furthermore, with multiple host options
to choose from, the determination of the most suitable system depends on the specific scFv antibody
size, amino acid sequence, protein conformation, solubility, stability, purification, and scalability. For
IgG-like full-size bispecific antibody, the production of pure heterodimer is achieved by complete
heavy chain and light-chain heterodimerizations. Knobs-into holes method is an efficient means with
which to associate different heavy chains. The common light chain and CrossMab technology are also
useful approaches for varying light chain and heavy-chain assembly. More recently, co-culture and
cell-free systems are also emerging as complementary production platforms to generate bispecific
antibodies readily.

Advanced protein and production engineering technologies in the antibody field have boosted the
development of bispecific antibodies and their derivatives, which represent one of the fastest-growing
next-generation of antibody therapeutics [188]. Diversity has been obtained in the bispecific antibody
structure design both in the scFv- and IgG-like formats or by using a combination of both. Furthermore,
the addition of small molecules such as aptamers, affibodies, and synthetic drugs can further expand
their applicability, creating a plethora of novel bispecific antibody-related products [4]. Bispecific
antibodies have found wide applicability to immunotherapy for cancer treatment, and these diverse
molecules have the potential to treat other diseases, such as infections, acquired immune deficiency
syndrome (AIDS) and genetic diseases [21] as well as serving for medical diagnosis purposes. Looking
forward, with continuous efforts to improve their design, production, and purification on an industrial
scale, bispecific antibodies will represent an increasing share of the therapeutics in the market with the
capacity to reach their full potential as a complementary approach to the conventional therapy in the
next decade.
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Abstract: The concepts for T-cell redirecting bispecific antibodies (TRBAs) and chimeric antigen
receptor (CAR)-T cells are both at least 30 years old but both platforms are just now coming into age.
Two TRBAs and two CAR-T cell products have been approved by major regulatory agencies within
the last ten years for the treatment of hematological cancers and an additional 53 TRBAs and 246 CAR
cell constructs are in clinical trials today. Two major groups of TRBAs include small, short-half-life
bispecific antibodies that include bispecific T-cell engagers (BiTE®s) which require continuous dosing
and larger, mostly IgG-like bispecific antibodies with extended pharmacokinetics that can be dosed
infrequently. Most CAR-T cells today are autologous, although significant strides are being made to
develop off-the-shelf, allogeneic CAR-based products. CAR-Ts form a cytolytic synapse with target
cells that is very different from the classical immune synapse both physically and mechanistically,
whereas the TRBA-induced synapse is similar to the classic immune synapse. Both TRBAs and CAR-T
cells are highly efficacious in clinical trials but both also present safety concerns, particularly with
cytokine release syndrome and neurotoxicity. New formats and dosing paradigms for TRBAs and
CAR-T cells are being developed in efforts to maximize efficacy and minimize toxicity, as well as to
optimize use with both solid and hematologic tumors, both of which present significant challenges
such as target heterogeneity and the immunosuppressive tumor microenvironment.

Keywords: chimeric antigen receptor; bispecific antibody; T-cell redirection; immune synapse; CD3ε,
T cells; NK cells; tumor cell killing; tumor microenvironment

1. Introduction and History

1.1. Historical Context for Immunotherapy

While the concept of immunotherapy goes back to ancient Greek times, the first significant use
of prospective immunotherapy was by William B. Coley, in the late nineteenth century [1]. In the
early 1880s, an immigrant patient named Fred Stein had a neck tumor that had re-emerged after each
attempt to remove it by surgery. Finally, after one surgical procedure, Stein developed an erysipelas
infection (Streptococcus pyogenes), leading his attending physicians to assume that he would succumb
to the infection and die. Stein, however, recovered not only from the infection but also from the cancer.
Years later, upon researching Stein’s case, cancer physician William Coley became convinced that
the bacterial infection led to a response against the tumor [2,3]. Coley then systematically treated
some of his own cancer patients with live bacteria in efforts to stimulate their immune response
against the tumors [1–3]. These studies yielded variable results but with some clear clinical successes,
particularly against sarcomas. Later, Coley used heat-killed pathogens to stimulate the immune system,
now known as “Coley’s vaccine” [2,3]. While Coley’s ground-breaking results were hailed by a few,
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the concept of immune stimulation to treat cancers was not widely accepted and was even scorned by
the American Cancer Society for many years [3]. Then, in the late 1990s, over a century after Coley’s
initial observations, Bruce Beutler and his colleagues demonstrated that bacterial lipopolysaccharides
could agonize toll like receptors (TLRs) [4], which in turn could activate the immune system against
cancer [5]. This century-long story has continued to evolve and now has become a major focus in
cancer therapy. This review describes two fundamental T-cell-based strategies, as well as variations on
those central themes, to harness the power of the immune system to eradicate tumors.

One of the major mechanisms by which cancer cells evade the immune system is via down
regulation and loss of their major histocompatibility complex class I (MHC-I) molecules (aka human
leukocyte antigens (HLAs)) [6]. Normally, MHC-I-positive tumor cells would be targeted by T-cells with
T cell receptors (TCRs) recognizing tumor-specific peptides displayed by the MHC class-I molecules.
The recognition and binding of cancer cell surface peptide-loaded MHCs (pMHCs) by TCRs results in
the formation of a cytolytic synapse between the T-cell and cancer cell, leading to the directed massive
release of cytotoxic proteins such as perforin and granzymes [7], as well as clonal T-cell activation
and proliferation [8]. Optimal activation of the T-cells in this and other synaptic interactions requires
two signals, the TCR-MHC interaction, known as “Signal 1” and a costimulatory signal (“Signal 2”)
through one of several costimulatory receptors on T cells (e.g., CD28, CD137, OX40, CD27, ICOS, GITR)
and their cognate ligands (e.g., CD80/86, CD137L, OX40L, CD70, ICOS-L, GITR-L) on the targeted cells
or professional antigen-presenting cell (APC) [9]. A third signal, production of immunostimulatory
cytokines, helps to drive T cell differentiation and expansion [10]. The MHC-I loss-based mechanism
of tumor escape is further complicated by the fact that tumor-cell specific neo-antigens are often
“minimal” or difficult to discriminate because they may only be single residue different from their
wild-type allele, low affinity or not presented well by MHC-I complex [11].

Loss or downregulation of the MHC-I molecules and absence of strong tumor antigens in cancer
cells allow those cells to escape recognition and killing by tumor-infiltrating T-cells which are key
components of anti-tumor immunological response [6,12,13]. Additionally, loss of costimulatory
molecules (e.g., CD86, CD54) [14], overproduction of checkpoint inhibitory molecules (e.g., PD-1,
CTLA4) [15] and tumor production of the tryptophan degrading-enzyme indoleamine 2,3-dioxygenase
(IDO), which eliminates tryptophan, a key amino acid required for T-cell proliferation [16], are other
examples of mechanisms utilized by tumors to evade cytotoxic T cells.

Today, various therapeutic strategies seek to harness the killing power of T-cells in a TCR
functionality-independent manner, bypassing the limitation of HLA-restricted antigen recognition.
Two of the most important TCR function-independent T-cell-based therapeutic strategies employed
today are T-cell redirecting bispecific antibodies (TRBAs) and chimeric antigen receptor (CAR)-T cells.
With TRBAs, the epsilon (ε) domain of cluster of differentiation 3 (CD3), a component of the TCR
complex, is targeted with one combining (i.e., binding) domain, while a second binding domain (hence,
“bispecific” antibody) binds a tumor cell surface antigen (Figure 1B). These TRBAs function to bring
the T-cells and targeted cells into close proximity to form a cytolytic synapse resulting in tumor cell
death [17]. In the case of chimeric antigen receptor (CAR)-T cells, a cancer cell surface antigen-targeting
antibody fragment, fused to T-cell activating intracellular domains, is expressed as a neo-receptor on the
surface of the T-cells (Figure 1D). These tumor antigen-recognizing, “armed” T-cells then will identify,
bind and kill the targeted cancer cells. Both of these strategies rely on antibodies to replace the function
of the TCR, making them independent of the TCR and its cognate MHC-I/peptide recognition and both
can be employed to recognize and target tumor-specific antigens outside the realm of MHC-I-displayed
neo-antigen peptides.
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Figure 1. Examples of T-cell based therapeutics in clinical development. (A) Inhibition of checkpoint
receptors such as PD-1 and CTLA-4 to improve T-cell activity [18]; (B) T-cell redirection with bispecific
antibodies (TRBAs) in which one binding arm recognizes a tumor antigen and the other binding arm
recognizes CD3ε on T-cells [17,19,20]; (C) Autologous T-cells activated ex vivo, combined with bispecific
antibody conjugates recognizing tumor antigen with one mAb and CD3ε on T cells with the other mAb,
followed by re-administration to the patient to kill tumors [21]; (D) Genetically engineered autologous
chimeric antigen receptor (CAR)-T cells in which an antibody, typically a single chain variable fragment
(scFv), fused to intracellular T-cell activation domains such as CD28, 4-1BB, OX40 and CD3ζ, replace the
function of the T-cell receptor (TCR), making the T-cells killers of specific antigen-bearing cells [22–24];
(E) Autologous or allogeneic T-cells or NK cells genetically engineered with FcγRIIIa (CD16a), which,
when administered with an anti-tumor monoclonal antibody (mAb) such as the anti-CD20 mAb,
rituximab, binds to the Fc of the antibodies and functionally redirects the T-or NK-cells to the tumor to
kill the cancer cells [25]; (F). Autologous T cells with engineered TCRs.

Both forms of therapeutic approaches, that is, redirection of T-cells by TRBAs to kill tumor cells
and the generation of autologous CAR-T cells from patient T-cells, offer great hope today as next
generation antitumor biotherapies [26,27]. These approaches also are being adopted as potential
antiviral therapies as well [28–30]. As of 20 June 2019, two therapeutics have been approved by major
regulatory agencies for each of these T-cell based approaches. In all, there are at least 289 unique
T/NK-cell redirected therapeutic candidates, including 61 different TRBAs, 225 unique CAR-Ts and
three T/NK cells transduced with CD16a currently being tested in over 320 unique clinical trials
(Table 1). Moreover, additional therapeutic approaches utilizing concepts based on these two major
T-cell based therapeutic strategies also are being tested in clinical trials (Figure 1).

Table 1. Overview of T-cell and NK-cell redirected therapeutics in clinical trials *.

Clinical Stage
Type

Phase I/II Phase III Approved
Total

T-cell or NK cell-redirecting bispecific Abs 59 0 2 ** 61

Autologous CAR-T, CAR-NK, CAR-NKT cells 207 2 2 211

Allogeneic CAR-T, CAR-NK, CAR-NKT cells 14 0 0 14

Allogeneic NK or Autologous T cells engineered with Fc RIIIa for
binding therapeutic antibodies 3 0 0 3

Total of CAR-T, T-cell or NK cell redirected killing of tumor cells 283 2 4 289

* BiStro Biotech Consulting LLC database, locked 20 June 2019. Data obtained from Clinicaltrials.gov, literature
papers, company websites, analyst reports and other sources. ** One of these, Removab®, was voluntarily
discontinued in 2017 by the sponsor.
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1.2. Brief History of T-Cell Redirecting Bispecific Antibodies

Two fundamental discoveries from the mid-1970s ultimately led to the concept of the TCR
function-independent (i.e., as defined by not requiring the recognition and binding of TCR α/β to
pMHC) T-cell based therapeutic approaches that are now amongst the most promising paradigms
for treating at least some forms of cancer. The first of these is the well-known, Nobel Prize-winning,
discovery by Köhler and Milstein [31] of the methods for making and characterizing monoclonal
antibodies from hybridomas. The second was the fundamental observation that activated cytotoxic T
lymphocytes (CTLs) could function as serial killers of targeted cancer cells [32,33], via formation of an
immunological synapse with the targeted cells [34], followed by degranulation and release of cytolytic
proteins such as perforin and granzymes [7]. These and other early studies ultimately led to both
the development of TRBAs to engage and redirect T-cells to induce serial killing of antigen-specific,
targeted cancer cells [20] and to the genetic engineering of autologous T-cells to empower them with
cancer cell surface antigen-specific targeting antibody-based receptors (i.e., CARs) fused to T-cell
activating domains [35–37].

Within ten years of the initial isolation of monoclonal antibodies (mAbs) from immunized
mice [31], the first bispecific antibodies were generated using a variety of approaches, including
hybrid-hybridomas [38,39], chemical conjugation of both full-length IgGs and of Fabs [40–42], formation
of bispecific F(ab’)2 antibodies using reduction and oxidation of sulfhydryl bonds processes [43] and
recombinant approaches to make bispecific antibody fragments [44,45] based on single chain variable
fragments (scFvs) [46,47].

Perhaps underappreciated today in the tsunami of T-cell redirecting bispecific antibodies and
CAR-T cells, the first concepts and practice of redirecting T cells through binding of one antibody
recombining (or binding) site to T cell surface markers to kill tumor cells bound by the other recombining
site were laid out in several papers in the 1985–1986 time frame [41–43]. The use of the CD3 component
of the TCR as the T cell target for redirection was first described shortly thereafter, in 1987 [48].

Figure 2 lays out a brief history of T-cell redirected bispecific antibodies and CAR-T therapeutics.
Several key advances in the 1990s laid the foundation for the wide variety of T-cell redirecting bispecific
antibody formats used for clinical stage candidate antibodies today. The first clinical trial in which
T-cell redirecting bispecific antibodies were dosed was in 1990, when patients with glioblastoma were
treated with an anti-CD3 IgG chemically coupled to an anti-glioma antigen IgG [49]. This was closely
followed by the generation [50] and use in clinical studies [51] of an anti-CD19 × anti-CD3 bispecific
IgG-like rat/mouse hybrid bispecific antibody for treatment of B-cell lymphomas. This antibody was
the first IgG-like T cell redirecting bispecific antibody targeting malignant B cells to be studied in
clinical trials [51].
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Figure 2. Key milestones in the history of T-cell redirected bispecific antibodies (TRBAs; top) and
chimeric antigen receptor (CAR)-T cell (bottom) therapeutics. Specific references cited for TRBAs are:
Milstein and Cuello, 1983 [38], Staerz et al., 1985 [41], Clark and Waldmann, 1987 [48], Nitta et al.,
1990 [49], Haagen et al., 1992 [50], De Gast et al., 1995 [51], Mack et al., 1995 [45], Ridgeway et al.,
1996 [52], Zeidler et al., 1999 [53] and Löffler et al., 2000 [54]. Specific references for CAR-T development
cited are: Rosenberg et al., 1988 [55], Gross et al., 1989 [35], Eshhar et al., 1993 [37], Hwu et al., 1993 [56]
and Moritz et al., 1994 [57].

Another significant advance in the late 1980s and 1990s was the discovery of methods to generate
single chain variable fragment (scFv) antibody constructs by linking the two domains of an Fv,
the variable heavy (VH) and variable light (VL) domains together using a short flexible linker [46,47],
followed by the fusion of two scFvs together via a peptide linker to generate the first bispecific T cell
engager (BiTE®)-like antibody [45] Figure 2). The first BiTE® targeted the tumor antigen 17-1A on
the target cell with one scFv and CD3 on the T-cell with the other scFv arm [45]. The first description
of an anti-CD19 × CD3 BiTE® was in 2000 [54]. The final significant advance in the 1990s was the
generation of the now well-known asymmetric, heterodimeric Fc platform, “knobs-into-holes” (KIH),
by scientists at Genentech [52,58,59] (Figure 2). This platform became the prototype for an entire
generation of IgG-like asymmetric bispecific antibodies modified in the CH3 domain to allow for
heterodimeric antibody formation [60]. After engineering a production cell line with two heavy chains,
one with a “knob” or protruding amino acid residue, mutation in the interface region of the CH3
domain and the other with a compensating “hole” or small amino acid residue mutation and two
light chains, the resultant heterodimer could be formed in four possible HC–LC pairings, in which
the desired format is only one of the antibody molecules [59]. This technology was subsequently
improved with the use of common LCs to eliminate the “light chain issue,” that is, pairing of the light
chains with the correct Fc half [59]. Interestingly, though, in the decade following the Merchant et
al. paper [59], very few advances were made in the engineering of bispecific antibodies and most of
the activity was focused on just two clinical candidates. Starting in about the 2007–2009 timeframe,
however, the interest in developing new bispecific antibody platforms and using these to make TRBAs
and other bispecific antibody therapeutics literally exploded, resulting in the development of more
than one hundred different new platforms [60–62].

The first TRBA and bispecific antibody of any kind, to be approved by a major regulatory
agency for commercial use was catumaxomab (trade name Removab®), a hybrid mouse-rat IgG-like
bispecific antibody targeting CD3ε on T-cells with one arm and the cancer antigen, epithelial cell
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adhesion molecule (EpCAM), with the other arm [53,63]. Catumaxomab, which appears to have first
entered clinical trials around the 2001–2002 timeframe [64], was approved in 2009 by the European
Medicines Agency (EMA) as a therapy to treat malignant ascites [65]. However, due to its high
immunogenicity rates in humans (being a fully rodent antibody), narrow and rare approved indication
(i.e., malignant ascites) and subsequently poor sales, Removab® was not actively marketed past 2014
and was voluntarily discontinued by its sponsor in 2017. Removab® was never approved by the
United States Food and Drug Administration (US-FDA).

The second T-cell redirecting antibody to be approved for therapeutic use was
blinatumomab (trade name Blincyto®), a fragment-based bispecific antibody called a BiTE®,
in which two single chain variable fragments (scFvs), one targeting the B cell antigen,
CD19 and the other CD3ε, were linked together with a short, five residue (G4S)1 linker,
that is,: ((VLCD19-(GGGGS)3-VHCD19)-GGGGS-(VHCD3-(GGS)4GG-VLCD3ε)) [66]. Blinatumomab,
which was first known as Micromet MT103 (aka MedImmune MEDI-538), first entered clinical
trials in 2006. Blincyto® was approved by the US-FDA in 2014 for treatment of Philadelphia
chromosome-negative, B-cell acute lymphoblastic leukemia (ALL), making it the second TRBA to be
approved for therapeutic use [67].

From just three TRBAs being studied in clinical trials in the 2008 timeframe (catumaxomab [63–65]),
blinatumomab [68] and ertumaxomab, a rat/mouse TRBA targeting HER2 [69], there are now 59 unique
clinical candidate CD3ε-binding TRBAs either approved by a regulatory agency or being studied in
clinical trials today, with another two redirecting NK cells, totaling 61 TRBAs (Table 1).

1.3. Brief History of CAR-T Cells

It was clear from studies in the late 1970s that CTLs were capable of serial killing of targeted
cancer cells [32,33]. This concept logically led to the idea of utilizing the power of autologous tumor
infiltrating lymphocytes (TILs) to treat the tumor from which they were derived [55,70]. For this
approach, TILs were harvested from human tumors, expanded ex vivo for four to eight weeks and
then were re-administered intravenously along with a dose of interleukin-2 (IL-2) to help stimulate the
re-administered lymphocytes [55]. This treatment resulted in regression of metastatic tumors in 60% of
patients treated. While these results were preliminary, they clearly demonstrated the potential use of
tumor-specific, expanded and activated autologous T-cells in cancer therapy [55].

The use of autologous TILs as therapeutics, however, still suffered from the lack of robust
tumor targeting and the ability to control which cells were targeted. The first successful engineering
of T-cells with a known and specific artificial binding capability was reported in 1989 (Figure 2),
when Gross et al. [35] fused the VH and VL chains of an anti-2,4,6-trinitrophenol (TNP) antibody onto
either the Cα-chain or Cβ-chain (i.e., VH-Cα/VL-Cβ and vice versa) of the TCR to generate artificial,
chimeric TCRs. T-cells engineered in this manner were capable of killing TNP-coated target cells in
a non-MHC-restricted manner [35]. While this engineered cell construct itself was not a CAR-T cell as
we think of it today, it led directly to the formation of first-generation CAR-T cells.

The first CARs, which targeted the hapten TNP, consisted of an scFv (VL-linker-VH) fused directly
to the human Fc receptor γ-chain, replete with its short extracellular domain, transmembrane domain
and the immunoreceptor tyrosine activation motifs (ITAMs) [37] (Figure 3). The CD3ζ chain, which is
highly similar in sequence and function to the γ-chain, also was used as the intracellular signaling
domain in the fusion [37]. These first CAR-T cells were dubbed “T-bodies” denoting the construction
of T cells with CARs made up of antibodies [71]. While the concept of CAR-T cells has been around
since the early 1990s [37], only in the past decade have the technologies advanced to the point required
to turn this into a viable “manufacturable” process. Thus, analogous to the TRBA approach, CAR-Ts
are conceptually old but functionally still relatively young and developing [72].
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Figure 3. Generations of CAR-T cell therapeutics. Generations of CAR-T cell therapeutics as described
in the text. (A) Generalized drawing of a CAR-T showing the fusion of the scFv to the transmembrane
domain and intracellular activation domains. (B) Drawing depicting examples of first generation (1–3),
second generation (4, 5) and third generation (6–9) CAR-T constructs as described in the text.

One of the earliest “real” cancer targets for CAR-T cell engineering was a cell surface folate
binding protein (later determined to be folate receptor (FR)), implicated as a target in ovarian cancer.
A first-generation anti-FR CAR was constructed by fusion of an scFv derived from the anti-FR antibody,
MOv18, with Fcγ-chain, as described above [73] (Figure 3). T-cells transduced with this CAR (named
Mov-γ) killed FR+ IGROV-1 ovarian adenocarcinoma cells in vitro [73] and increased the survival of
mice implanted with IGROV-1 ovarian adenocarcinoma cells [56]. This construct then was used in one
of the early clinical trials of autologous CAR-Ts to treat ovarian cancer patients [74]. Due to the limited
first-generation design, treatment with the Mov-γ CAR-Ts resulted in the lack of CAR-T persistence,
poor trafficking to the tumor site and no reduction in tumor burden for any patient [74]. In the same
period, Moritz et al. [57] carried out the first preclinical in vivo studies with a CAR-T cell line targeting
HER2 (Figure 2).

The first two reports of clinical trials using CAR-T cells were published in the year 2000 (Figure 2).
Mitsuyasu et al. [75] described the treatment of HIV-infected patients with a CAR comprised of the
extracellular and transmembrane domains of human CD4 fused with the intracellular domain of
the CD3ζ, resulting in a few patients having a transient drop in viral titer. Additionally, Junghans
et al. [76] reported the results of a clinical trial in which cancer patients were treated with a CAR
against carcinoembryonic antigen (CEA). Additional early clinical efforts using CAR-T cells have been
reviewed by Eshhar [77].

Other first-generation CARs incorporated the inert transmembrane domain from CD8 between the
scFv and the intracellular signaling γ-chain or CD3ζ chain [78,79] (Figure 3). All of these first-generation
CAR-T constructs suffered from the fact that, while they could engage and kill targeted cells in vitro
and in in vivo rodent models, they lacked the ability to persist in vivo [22,74]. This is most likely due to
the absence of a costimulatory signal (i.e., signal 2), because tumor cells rarely express a costimulatory
receptor ligand (e.g., B7, OX40L) [80]. Additionally, the lack of the costimulatory signal can render the
T-cells anergic [81] and potentially susceptible to apoptosis [82]. Thus, it was quickly realized that
additional signaling would be required to construct biologically active CAR-T cells that would persist
in vivo.

Second generation CAR-T cells were designed by adding to the γ-chain or CD3ζ CAR constructs
a cytoplasmic signaling domain from a costimulatory receptor, such as CD28 [83–85], 4-1BB (CD137) [84]
or OX40 (CD134) [84] (Figure 3). These constructs typically resulted in improved production of activating
cytokines such as IL-2 and IFN-γ, increased antigen-dependent proliferation in vitro and upregulated
apoptotic factors such as Bcl-XL [83–85]. Nevertheless, even with second generation CARs, it appeared
that T-cell activation was still not complete [80]. Thus, a series of third generation CARs was designed
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and these are starting to be incorporated into clinical trials today. Third generation CARs combine
internal domains for CD28 plus intracellular signaling domains from either OX40 (CD134) [80,86] or
4-1BB (CD137) [86,87] (Figure 3), resulting in cytolytic T cells fortified with both proliferation and
survival signals that enhance both their cell killing activity and their persistence in circulation.

Subsequently, it was demonstrated that a longer and more flexible “hinge” region (i.e., extracellular
spacer such as regions from IgG-Fc or CD8α) was required for optimal CAR activity [88] (Figure 3)
and, over the years since then, significant efforts have been made to optimize both the length and the
structural characteristics of the extracellular spacer [89–91].

It might seem obvious that the addition of more T-cell activating signals to CARs would result
in more robust tumor cell killing. Although certain studies have shown this to be the case, it is still
not clear that “more is better” in every case. Various in vitro and in vivo studies have described
both improvement and limitations in engineered T-cell function dependent on the design of the
CAR [92–95]. T cell exhaustion and anergy, as well as the often negative influence on the T-cell by
the tumor microenvironment, involve a carefully orchestrated series of signals within the T-cell that
are poorly understood and not easily accommodated by CAR engineering, as of yet [96]. Similarly,
the fine tuning of the molecular architecture of the CAR is also recognized as an area that needs to
be improved, as the complicated physiochemical nature of the complete T-cell receptor complex is
starting to be revealed [97].

For fourth generation CAR-T cells, new functions have been added beyond the target binding
and T-cell activating signals. These most recent approaches include functions such as an inducible
caspase-based suicide mechanism to eliminate the CAR-T cells on demand [98], expression and
secretion of T-cell activating cytokines [99], the incorporation of trafficking receptors such as CCR2
to help the T-cell home to tumor microenvironments [100] or the use of virus-specific T cells that
recognize viral antigens which can be used as “vaccines” to increase the persistence of the CAR-T
construct [101–103].

Two CAR-T based therapeutics have thus far been approved by major regulatory agencies.
Kymriah® (Tisagenlecleucel-T; also known as CTL019), the first CAR-T to be approved for therapeutic
use, was approved on August 30, 2017 by the US-FDA for treatment of B-cell ALL [104]. Yescarta®

(Axicabtagene ciloleucel; also known as KTE-C19), was approved by the US-FDA on October 18,
2017 for treatment of diffuse large B-cell lymphoma (DLBCL) [105]. There are now at least 223 additional
recombinant CAR cell-based candidates being studied in clinical trials today (Table 1).

2. T-Cell Synapse and Killing Target Cells

2.1. Introduction to Immunological Synapse

The immunological or immune, synapse is a central mechanism of action for lymphocytes to
communicate via cell-cell interaction with antigen-presenting cells (APCs), antigen-specific targeted
cells and other lymphocytes. In normal T cell biology, small (~5 μm diameter) circulating naïve CD8+ T
cells find an antigen-presenting cell (APC) and form a synapse with the APC via interaction of clustered
TCRs on the surface of T cells with the neo- or non-self peptide antigen-loaded MHC molecules on the
surface of the APC [8]. This interaction results in differentiation and activation of the CD8+ T-cells over
the next 4–5 days into “armed” antigen-specific killer T cells loaded with granules full of the cytolytic
proteins, granzyme and perforin [8]. These primed antigen-specific T cells expand and proliferate,
increase in diameter to ~10 μm, induce a more sophisticated cytoskeletal system to “load” the cytolytic
granules in proximity to the cell membrane [106] and express additional receptors of activation and
response [8,107]. Upon locating the cells expressing the non-self or neo- antigen, typically either
neoplastic or infected cells, the T-cells form the cytolytic synapse with the target cells and release their
cytolytic toxins to kill those cells [107]. Additionally, T-cell membrane lytic factors such as FasL also
can act in the synapse to induce apoptosis in the targeted cells [107].
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The immune synapse, also known as the supramolecular activation cluster (SMAC), is responsible
for initiating and completing the cell-cell response between APCs and T cells [8]. The SMAC is formed
in three concentric rings, similar to a “bullseye” (Figure 4), with the central SMAC (cSMAC) forming
the center ring, encircled by the peripheral SMAC (pSMAC) and the distal SMAC (dSMAC). Each ring
has its own special function and structure [8]. The cSMAC contains a concentration of TCRs and the
costimulatory molecule CD28 and is responsible for the key T-cell activation signaling events that
accompany synapse formation, the pSMAC contains a series of adhesion molecules such as LFA-1 that
stabilize the cell-cell interaction and the dSMAC is comprised of filamentous actin that helps to exert
a mechanical force on the synapse [8].

There are multiple forms of the immune synapse, each with its own special function. The classical
immune synapse, as exemplified by naïve CD4+ T cells interacting with APCs, is an antigen recognition
synapse. CD8+ cells and NK cells can form stimulatory synapses leading to cytokine secretion or
alternatively, inhibitory synapses [108]. CD8+ T cells and NK cells also can form a cytolytic synapse with
target cells leading to killing, which is the basis on which T-cell and NK cell redirected therapies are based.

Cytolytic synapses are very similar to the classic immune synapse but with additional activities
to drive target cell killing. These include actin and microtubule guided localization of the lytic
proteins [106], signals directing the secretion of cytotoxic proteins such as perforin and granzymes [109]
and use of the mechanical forces of the dSMAC to enhance perforin activity and focus the cytotoxic
killing in a directional, polarized manner [8,107].

Figure 4. Classical immune synapse as compared with a bispecific T-cell engager (BiTE®)-induced
synapse and a CAR-T synapse. (A) Diagrammatic representation of the immune synapse, adapted and
modified from Huppa and Davis [110] and Watanabe et al. [111]. The classical immune synapse forms
as a “bullseye” with the center central supramolecular activation cluster (cSMAC) surrounded by the
peripheral SMAC (pSMAC) adhesion ring and the distal dSMAC ring. CD3, PKC-θ, perforin, CD28,
CTLA4 and Agrin are found in the cSMAC. Additionally, Lck initially accumulates in the cSMAC and
then distributes more broadly [110]. A key feature of the immune synapse is exclusion of CD45 from the
cSMAC (noted by **). The pSMAC ring includes Talin, LFA1, VAV1 and CD4. LFA-1 is a key synapse
stabilizing force in the pSMAC. The dSMAC markers are CD43, CD44, CD45 and filamentous actin.
Offne×r et al. [13] compared the synapses formed by an anti-EpCAM × CD3 BiTE® TRBA to those
formed by MHC-Her2-peptide/TCR. The markers denoted in red were positioned similarly in both the
normal peptide-loaded major histocompatibility complex (pMHC)/TCR synapse and the BiTE-induced
synapse [13]. CD45 was found to be excluded from both the BiTE®-induced synapse and the control
pMHC/TCR synapse [13]. (B) A diagrammatic representation of the synapse formed by CAR-T cells,
adopted and modified from Davenport et al. [112]. They described the CAR-T/target cell synapse as
disorganized, with multifocal clusters containing LCK, no apparent LFA-1 stabilization and the absence
of the adhesion ring that helps to define the classical immune synapse [112,113].
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2.2. Normal TCR-pMHC Synapses vs. CAR-T and TRBA-Induced Synapses

The delicately orchestrated events associated with a TCR complex-MHC interaction signaling
into the T cell has been an area of research for some time. The TCR complex is a complicated structure
of a TCR α/β or δ/γ heterodimer that, analogous to an antibody, precisely recognizes peptide-MHC
(pMHC) complexes. However, the intracellular signals associated with this interaction come from the
other members of this complex, namely CD3ε, δ, γ and ζ. These chains are specifically associated with
the TCRα/β (δ/γ) heterodimer at the cell surface through ionic bonds made between the transmembrane
and hinge/stalk domains [114] (Figure 5). Although previously thought to be just a clustering-driven
event that drives downstream signaling through phosphorylation of key residues within ITAMs,
it is now recognized that important structural changes during this interaction drive the strength and
duration of the downstream events [114]. In addition, the co-receptors CD4 and CD8, both dimers
themselves, are required to interact and specifically bind to either class I (CD8) or class II (CD4)
MHC in the context of TCR α/β complexes (TCR δ/γ complexes do not require CD4/CD8 co-receptor
engagement to function). The intracellular domains of CD4 and CD8 also associate with the Src
kinase LCK to provide additional signaling, the function of which is not completely understood [115].
In total, this complicated structure has evolved to control one of the most complex cellular activities
within mammals and other organisms. The goals of TRBA and CARs has always been to mimic this
complexity as much as possible.

Figure 5. Diagram of the T-cell receptor (TCR) complex. Normal TCR-pMHC interactions are in the
range of 1–100 μM, with the inherent avidity of clustered TCRs providing the required attraction [11].
Affinities of the MHC to the presented peptide have a profound influence on the ability of natural T cells
to kill and eradicate tumors. When the peptide-MHC affinity was found to be <10 nM as determined in
in vitro assays, it was shown that T cells recognizing those pMHC complexes were able to cause tumor
rejection [116]. On the other hand, when the peptide-MHC affinity was >100 nM, the tumors relapsed,
indicating that the T cells were not capable of killing those tumors cells [116]. Both CAR-T cells and
TRBAs function independently of this parameter.

The T cell/target cell synapse is driven by a delicate balance between affinity and receptor-target
density, with regard to natural TCR-pMHC interactions, TRBA and CARs. The consequence of these
interactions can be influenced by natural regulatory receptors, such as CD45 isoforms, which can
naturally down-regulate the signals emanating from the TCR or CARs [117]. Embedded in the cell
membrane, CD45, which is a complex, highly differentially spliced molecule of varying extracellular
size, can interfere with these synapse-based interactions and prevent downstream signaling [118].
Low-affinity interactions, typical of TCR-pMHC interactions, are very susceptible to the effects of CD45
isoforms, serving as a natural safety mechanism to prevent undesired T cell activation [117]. However,
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higher affinity interactions or multiple interactions between the TCR and pMHC can overcome these
effects [117]. Similar considerations must also be taken into account when designing TRBA and CARs.

The spacing between T cells and APCs during synapse formation has been measured in the range
of 5–25 nm [8] and the normal spacing in synapses formed between T cell TCRs and peptide-loaded
MHC (pMHC) complexes has been shown to be about 13 nm [119] (Figure 6). Experimentally forced
longer distances between the cell membranes decreased the TCR activation and response [119], which is
a key issue for both TRBAs and CAR-Ts, as described later.

Figure 6. Diagram of the T-cell receptor complex. Diagram of the molecules driving synapse formation
in pMHC-1/TCR T-cell/APC interactions, in CAR-T/target cell interactions and in TRBA-induced
T-cell/target cell interactions. (A) Classic TCR/pMHC-1 type of interaction with a membrane to
membrane spacing in the range of 13 nm [119]. (B) scFv-based CAR-T cell binding to tumor antigen on
target cell. (C) BiTE® binding to CD3ε on T-cell and to tumor antigen on target cell to bring the cells
into close proximity to form the cytolytic synapse.

For natural CTLs, it has been shown that as few as 1–3 peptide-MHC/TCR interactions are required
to trigger a cytolytic killing event [107,120,121]. In those cases, however, the elaborate SMAC complex is
neither required nor fully formed [121]. Additionally, it has recently been demonstrated with NK cells,
another cytolytic lymphocyte, that NK cell lines only produce about 200 perforin-positive granules and
a single degranulation event at the cytolytic synapse results in only about 20 granules being released,
only about 2–4 of which are actually required to kill a target cell [122]. Thus, the machinery for cytolytic
synapse-based killing is exquisitely potent and sensitive to activation.

How do the synapses induced by TRBAs or those formed between CAR-T cells with targeted cells,
compare with natural synapses? A study by Baeuerle and colleagues demonstrated that the synapse
formed between T-cells and EpCAM+ cells, brought together by an anti-EpCAM × CD3ε BiTE® TRBA,
was highly similar in its structure and function to normal cytolytic T-cell synapses, including formation
of the concentric rings and presence of many of the same protein markers, such as LCK, PKC-θ, LFA-1,
VAV1, Talin, CD3, perforin and CD2 [13] (Figure 4). Furthermore, it was demonstrated separately that
the TRBA-induced synapse also possessed classical synapse hallmarks [13], including target clustering,
ZAP70 translocation and exclusion of the negative regulatory protein, CD45, from the cSMAC [15].

While synapses formed by the function of TRBAs appear to be highly similar to normal
MHC/TCR mediated synapses, CAR-T synapses appear to be significantly different from normal T-cell
synapses [113]. CAR-T synapses are not highly organized as SMACs but rather, they are disorganized,
patchy signaling clusters lacking a defined structure [112]. Additionally, CAR-T synapses do not
require LFA-1 for stabilization and do not form the characteristic pSMAC. Thus, it is clear that immune
synapses formed by CAR-T cells with their target cells are structurally distinct from both classical
immune synapses and those formed by TRBAs (Figure 4). These structural differences between CAR-T
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synapses and classical pMHC/TCR synapses also result in functional differences [113]. CAR-T cells
yield faster proximal signaling and recruit lysosomes to the immune synapse faster than classical
synapses, suggesting that they are able to mount a more rapid killer response than TCR-mediated
killing [112]. Additionally, they have a significantly faster off-rate, that is, dissolution of the synapse
and detachment from the target cell, than found with TCR-driven T cell interactions [112,113,123].
In a time course comparison of TCR-mediated killing versus CAR-T killing after synapse formation,
CAR-T signal strength was both greater and ramped up faster than TCR signaling, perforin and
granzyme release were faster (peak release within two minutes of initiation for CAR-T vs three min
for TCR) and detachment was significantly faster (at five min for CAR-T vs seven min for TCR) [123].
Thus, CAR-Ts appear to kill target cells faster and then move on faster than CTLs. Additionally, it has
been demonstrated in vitro that a CAR-T cell can kill a target antigen-positive tumor cell within about
25 minutes of initially recognizing the target antigen [124]. Recently, Xiong et al. [125] demonstrated
that the strength of the CAR-T synapse, as measured by quantification of actin and lytic granules,
was more predictive of killing effectiveness than either cytokine production of a 4-h killing assay,
demonstrating how important the CAR-T synapse is to CAR-T function, even if it is structured
significantly different from traditional immune synapses [112].

As noted above, cytolytic TCR/pMHC synapses, TRBA-induced synapses and CAR-T-target
cell synapses all result in death of the target cells, typically by perforin and granzyme-induced
apoptosis [109], although with CAR-T cells, the FAS/FAS-L axis is also involved [123]. As expected
from the differences in structures (Figure 6), however, the TCR-independent synapses formed by
TRBAs and CAR-Ts have some unique features as compared with TCR-pMHC synapses. A few of
these differences will be highlighted below.

First, both TRBAs and CAR-T cells function independently of TCR/pMHC and thus, do not require
expression of MHC receptors on target cells. This was demonstrated in a study in which BiTE®s
were shown to kill EpCAM-positive, MHC Class-I-negative cell lines, indicating that BiTE®s could
function to kill target cells in the total absence of the MHC T cell recognition molecules [13]. Second,
the affinities of TCRs for pMHCs are typically in the range of 1–100 μM [11], whereas affinities of CARs
or TRBAs to their targets are typically below 100 nM and often below 10 nM.

Third, T-cell activation due to interaction via TCR/pMHC is in part governed by the expression
of pMHC on the target cells, which are typically found at very low copy number [126]. Targets for
TRBAs and CAR-T cells, on the other hand, typically number in the 1000 s to 10,000 s and sometimes
even higher. Nevertheless, TRBAs have been shown to elicit T-cell killing even with very low antigen
densities on target cells, such as only 200 target molecules/cell [15]. Thus, even at low target densities,
at least in some circumstances, TRBAs can still be effective killing agents.

CAR-T cells also appear to be able to kill targeted cells when antigen densities reach levels as
low as 200 target molecules/cell [127,128]. In studies directly comparing the activity of TRBAs and
analogous CAR-T cells, it appears that the CAR-T cells are more effective at killing targeted cells at
low antigen density than was the analogous BiTE®s [127,128]. Interestingly, similar to the hierarchical
threshold found with TCR signaling [129], the antigen density required to trigger CAR-T killing
(100–200 targets/cell) was significantly lower than the antigen density required to trigger CAR-T
cytokine release (~5000 targets/cell) [111,128]. Thus, it appears that, similar to TCR responses, there are
distinct thresholds in CAR-T cell activation for killing, proliferation and cytokine release, with a full
response requiring a density of at least 5000 antigens/cell [128].

On the other hand, in what appears to be very different from TRBA or pMHC/TCR-mediated
synapse formation, CAR-T cells may directly contribute to target cell antigen loss resulting in low
antigen density. In a very recent study, it was demonstrated that CAR-T cells decreased antigen
density on target cells through the mechanism of trogocytosis, a process by which targeted antigens
are transferred to the CAR-Ts [130]. This process not only decreased antigen density on the target cells
but also once the CAR-T cells obtain the target antigen, they themselves can become targets of CAR-T
fratricide, potentially contributing to lack of persistence [130].
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Fourth, it was calculated that, for the most potent BiTE® with a fM IC50, “double-digit” (i.e.,
<100) TRBA-driven cell-cell interactions were required to drive synapse formation [131]. Similarly,
with CAR-T cells, it has been estimated that as low as 100 or less CAR-antigen interactions are required
to drive synapse formation between CAR-T cells and their target cells [111]. These estimates both are
at least a log greater than the number of interactions required than the minimal number of TCR-pMHC
interactions required to initiate a synaptic killing event [107,120,121].

Finally, T-cell activation via TCR-pMHC interaction is enhanced by recruitment of CD8 [115] and
incorporates “signal 2” costimulatory pathways [9,18]. Conversely, T-cells are negatively regulated by
checkpoint interactions such as PD-1/PD-L1 and CTLA4/CD80-86 [18,132]. Both T-cells engaged by
TRBAs and CAR-T cells can function independently of signal 2. Nevertheless, the effector function and
targeted killing by T-cells engaged by TRBAs can be enhanced by costimulatory molecules such as
CD28 and CD137 (4-1-BB) [133]. For CAR-T cells, the CARs themselves are designed with intracellular
costimulatory signaling domains from CD28, OX40, ICOS and/or 4-1BB, providing the costimulatory
signal upon binding of the CAR to the targeted cells [94,125,134].

Similar to the regulation of CTLs, T-cells engaged by TRBAs [15,135–137] and CAR-T cells [138] can
be subjected to inhibition by checkpoint pathways such as PD-1/PD-L1 and CTLA4/CD80-86. With this in
mind, clinical trials are currently underway combining the treatment of B-cell lymphomas or leukemias with
the anti-CD19 BiTE®, Blincyto®, with anti-PD-1 [139,140] or anti-PD-1 and anti-CTLA4 antibodies [141].

Similarly, anti-PD-1 and/or anti-CTLA4 checkpoint inhibitor co-therapy also is being tested
clinically with CAR-T therapeutics in efforts to relieve checkpoint inhibition of the CAR-T cells [142].
In some cases, fourth generation CAR-T cells are being engineered to express antibodies or antibody
fragments that can function in an autocrine/paracrine manner to block checkpoint inhibitors such
as PD-1 or PD-L1 [143–145] or engineer into the CAR-T cells dominant-negative PD-1 that negates
the PD-1/PD-L1 inhibitory pathway [138]. In both of these cases, the inhibitory effects of PD-1 were
blocked, increasing the effector functions and persistence of the CAR-T cells. In addition, clinical trials
with CAR-T cells engineered by knocking out their endogenous PD-1 gene are being run to test their
hypothesized improved efficacy [146].

As noted above, while there are significant differences in the mechanisms by which T-cells are
activated in the CTL (TCR/pMHC), TRBA or CAR-T cell paradigms, there are also many similarities.
These include the formation of synapses by redirected T cells with target cells, ability to function as
serial killers, their mechanism of killing, (e.g., directed release of cytolytic proteins such as perforin
and granzymes to kill the targeted cells), their regulation via costimulatory and checkpoint inhibitory
pathways and their ability to proliferate and secrete cytokines [17].

3. T-Cell Redirecting Bispecific Antibodies (TRBAs)

3.1. Introduction

Bispecific antibodies are antibodies that have two different types of combining regions
(variable domain-based binding sites), which makes them capable of binding two different antigens
simultaneously. Of the approximately 858 antibodies either currently in clinical trials or approved
by a major regulatory agency (WR Strohl, BiStro Biotech Consulting Antibody and CAR-T Database,
last updated 20 June 2019), there are currently 122 unique clinical stage bispecific antibodies, 59 of which
are CD3ε-binding, T-cell redirecting bispecific antibodies and two (GT Biopharma GTB-3550 [147] and
Affimed AFM13 [148] of which are CD16a (FcγRIIIa) NK-cell redirecting antibodies (Table 2).

Fundamentally, there are two major types of bispecific antibodies used as TRBAs, bispecific antibody
fragments (e.g., Figure 7A–D) and IgG-like asymmetric heterobispecific antibodies (e.g., Figure 7E–H).
There are many variations on these two themes, some of which are absolutely critical to the unique
function of the antibodies. A sampling of these platforms is shown in Figure 7. Additional details on
these various platforms can be found in various recent reviews [60–62,149–152]. This section will describe
a few of these platforms briefly and how structure can be very important to the function of TRBAs.
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Table 2. Bispecific antibody T- and NK-cell redirecting antibody formats represented in clinical trials *,**.

Clinical Stage
Bispecific T- or NK-Cell Redirecting Antibody Format ***

Phase I/II Phase III Approved
Total

Short half-life bivalent fragments (e.g., BiTE®s, DART®s,
ImTACs, other bivalent fragments) 15 0 1 16

Half-life extended bivalent fragments (e.g., DART®-Fc,
Extended half-life BiTE®s, TriTAC) 11 0 0 11

Asymmetric bivalent IgG-like (e.g., Trion, BEAT, Xencor H/A
platform, Duobodies, other asymmetric platforms) 21 0 1 **** 22

Roche TCB 2:1, Chugai ART-Ig®-scFv and Teneobio 2:1
platforms (two binding sites for target cell, one for CD3) 4 0 0 4

ADAPTIR®and TandAb platforms (tetravalent platforms) 4 0 0 4

Chemically conjugated IgGs (tetravalent; two IgGs) 4 0 0 4

Total 59 0 2 61

Abbreviations: ADAPTIR, modular protein technology; ART-Ig®, asymmetric re-engineering
technology–immunoglobulin; BEAT, bispecific engagement by antibodies based on the T cell receptor;
BiTE®, bispecific T cell engager; DART®, dual affinity retargeting (antibody); ImmTAC, immune-mobilizing
monoclonal TCR against cancer; TandAb, tandem diabody; TCB, T-cell bispecific; TriTAC, Trispecific T cell activating
construct. * BiStro Biotech Consulting LLC database, locked 20 June 2019. Data obtained from Clinicaltrials.gov,
literature papers, company websites, analyst reports and other sources. ** Out of a total known 122 bispecific
antibodies being studied in clinical trials as of 20 June 2019. *** The platforms and abbreviations are described in the
text and in Figure 7. **** Voluntarily removed from marketing in 2017.

Figure 7. Examples of bispecific antibody platforms used to make clinical stage TRBAs. (A) Bispecific
T-cell engager (BiTE®) [45]; (B) dual affinity retargeting (DART®) antibody [153]; (C) DART®-Fc for
elongated half-life in vivo [154]; (D) TCR fused to scFv called immune-mobilizing monoclonal TCRs
against cancer (ImmTAC) [155]; (E) mouse/rat hybrid IgG [53]; (F) Asymmetric IgG with common
LC [59]; (G) Asymmetric IgG with different light chains [156]; (H) Asymmetric IgG-like molecule
with a Fab arm and an scFv arm to eliminate light chain resorting [157,158]; (I) Asymmetric IgG
using cross-mab technology for LC fidelity and extra Fab arm to make a 2:1 (target cell antigen:CD3ε)
antibody call “TCBs,” for “T-cell Bispecifics” [159,160]; (J) Chugai’s asymmetric IgG using “Asymmetric
Re-engineering Technology–Immunoglobulin” (ART-Ig®) platform [161,162] technology, with an scFv
fused to one HC to make an ART-Ig®-scFv 2:1 (target cell antigen:CDε) antibody; (K) tetravalent,
bispecific tandem diabody (TandAb) [163]; (L) tetravalent, bispecific ADAPTIR™ platform with two
different scFvs fused to each Fc [164].
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3.2. Bispecific Bivalent Antibody Fragments Used to Make TRBAs

Most of the bispecific antibody fragments in development today are based in some manner on scFv
antibodies, discovered independently by two research groups in 1988 [46,47], which are comprised
of a VH domain linked to a VL domain via a short, flexible linker. It is notable that Huston et al. [47]
utilized the (GGGGS)3 flexible linker to fuse VH to VL; this “gly-ser” linker or variations thereof, is one
of the most widely used linkers in bispecific antibodies today. From both an historical perspective
as well as a therapeutic perspective, the most significant types of bispecific antibody fragments are
tandem scFvs [165], bispecific T cell engagers (BiTE®s [166]), dual affinity retargeting (DART®s [153])
antibodies, diabodies [44] and tandem domain antibodies [167]. Additional recently described
fragment-based bispecific antibody constructs, such as HSA-antibody fragment fusions [168], bispecific
killer engagers (BiKEs) [169–171], trispecific killer engagers (TriKEs) [169–172] and dock-and-lock
Fabs [173] have also been developed as bispecific antibody fragment platforms. There are several
recent reviews that describe these bispecific antibody fragment platforms in detail [60–62,149,152,174].

As previously mentioned, the anti-CD19 × anti-CD3 BiTE®, blinatumomab, has been approved
for commercial use under the trade name of Blincyto®. Including blinatumomab, there are currently
27 bivalent, bispecific antibody fragments being tested as TRBAs in clinical trials. Of these, 11 are
short-half-life BiTE®s or bispecific scFv-based molecules similar to BiTE®s, six are next-generation
half-life extended BiTE®s (i.e., BiTE®-Fcs), one is a short half-life DART® construct, three are
long half-life DART®-Fc molecules, three are immune-mobilizing monoclonal TCRs against cancer
(ImmTACs) [155], one is a trispecific killer engager (TriKE) [147] and two are a Trispecific T cell
Activating Constructs (TriTACs) [175].

3.3. Bispecific Bivalent Asymmetric IgG-Like Antibodies Used to Make TRBAs

One of the most widely utilized approaches for making bispecific antibodies today to be used as
TRBAs is the generation of asymmetric heterobispecific IgGs containing two different types of heavy chains.
Two important components are required to make asymmetric IgG-like bispecific antibodies that can be
developed and manufactured in a consistent manner. The first is the preferred formation and/or isolation
of the asymmetric heterodimerized heavy chains (HCs) over the parental IgG homodimeric antibodies [60].
The second is the proper pairing of the light chains (LCs) of each arm with the cognate HC [176].

3.3.1. Asymmetric Pairing of HCs

It is well established that the primary driver for HC dimerization is the high affinity (ca.
10 pM [177,178]) interaction between the CH3-CH3 domains [60,156,177,178]. The interactions between
the CH3-CH3 domains, which bury over 2400Å2 of surface area [178], are driven by a strong central
hydrophobic core surrounded by a series of charged residues that provide electrostatic interactions
between the two Fc domains [60]. Essentially, three basic strategies have been used to promote
asymmetric heterodimerization over formation of the parental homodimers: (i) the first based on
physical/spatial interactions, for example, adding a protrusion to one heavy chain and a corresponding
cleft in the other (e.g., “knobs-into-holes”) [52–54]; (ii) the second depends on alteration of specific
amino acid interactions at the CH3-CH3 interface [60,156,179] and (iii) the third focuses on charge, that is,
changing charged amino acid residues to generate a repulsion of homodimers and a corresponding
charge attraction between the heterodimer pairs [178,180,181].

Several different platforms have been used to make asymmetric heterobispecific IgG-like antibodies
to be used as TRBAs. The first was the three-way fusion of a mouse B-cell, a rat B-cell and a myeloma
cell to form a quadroma cell line (Triomab® technology) [53] (Figure 7E). In this platform, the LCs
naturally sort to the proper heavy chains due to species specificity. The downside, of course, is that
any antibody made using this approach will be highly immunogenic, as mentioned previously was
one of the problems with catumaxomab. This platform also was used to generate the first asymmetric
heterodimeric IgG-like TRBA to be clinically tested in 1995 [51].
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All of the rest of the asymmetric bispecific IgG-like platforms depend on engineering of the
Fc to promote either formation of or purification of, the heterodimeric IgG over the parental
homodimeric IgGs. The first bona fide bispecific IgG-like antibody platform was the knobs-into
holes (KIH) platform [52–54]. Other platforms, which rely on charge attraction/repulsion, include the
electrostatic steering (ES) platform [178], ES plus hinge mutations [180], the Oncomed IgG2-based ES
“Bimab” technology [182] and the Chugai “Asymmetric Re-engineering Technology—Immunoglobulin”
(Art-Ig®) platform [161,162]. Other asymmetric heterobispecific IgG approaches include the
modification of specific amino acid pairings in the interface of the CH3 domains, such as the
Duobody® approach [156], the Zymeworks azymetric platform based largely on hydrophobic
interactions [179], the BEAT (bispecific engagement by antibodies based on the T cell receptor) platform
from Glenmark [157], the Xencor H/A platform [158,183] and the Merus Biclonics® Platform [184].
Additional platforms used to make asymmetric heterobispecific IgG-like antibodies include Regeneron’s
modified protein A-binding platform [185,186], the “strand exchange engineered domain” (SEED),
which consists of alternating sequences derived from IgG and IgA CH3 domains resulting in asymmetric
but complementary pairs, AG and GA, in a manner that only the heterodimeric protein would bind and
fold into an active Fc [187,188] and NovImmune’s kλ-antibody platform, which incorporates common
HCs paired with a lambda LC in one Fab arm and a kappa LC in the other Fab arm [189]. In this
case, essentially all of the binding activity rests with the LCs [189], exactly opposite of what would be
the case using heterologous HCs with a common LC. While there are several additional examples of
platforms recently developed to generate asymmetric heterobispecific IgG-like antibodies for example,
References [19,20,60–62,152,190,191], these will not be further described here.

3.3.2. LC Issue for Asymmetric Heterobispecific IgG-Like Antibodies

Whether by generating hybrid-hybridomas by the fusion of two different hybridomas or by genetic
engineering, the introduction into a cell line of four antibody genes encoding two different heavy
chains (HCs) and two different light chains (LCs), will result in the formation of ten different potential
combinations, only one of which is the desired bispecific antibody, due to promiscuous heavy chain
(HC)- light chain (LC) pairing [192]. This LC pairing problem can be reduced to four possible pairings if
there is a forced pairing of the two different heavy chains to make an asymmetric, heterologous Fc [59].
Thus, even with the high efficiency formation of the heterodimeric Fc via generation of asymmetric Fcs,
there still needs to be a solution for the light chain independent distribution issue.

Multiple solutions have been found to alleviate the light chain pairing issue in asymmetric
bispecific IgG-like antibodies. One approach, which is essentially an “avoidance” strategy, is the
formation of asymmetric IgG-like antibodies with a Fab arm on one side and an scFv on the other
half (Figure 7H), such as Xencor’s Xmab H/A platform [158,183] or Glenmark’s BEAT platform [157].
A second solution is the “common LC” approach, in which both Fabs of the asymmetric IgG-like
bispecific antibody possess identical LCs [59,161,184,185,193,194]. Another strategy is to generate
differences in the HC-LC interactions by switching out CH and CL domains on one half of the antibody
to generate a “CrossMab” (CM) [195–197]. The result of this switch is the pairing of one normal heavy
and light chain on one side of the bispecific antibody and a pairing of VH-CL-hinge-CH2-CH3 with
VL-CH1 on the other half (CMCH1-CL; [195]). A similar strategy to CrossMab would be to mutate
certain sequences in the interfaces of the HC and LC in one and/or the other Fab arm to ensure proper
pairing [198–201].

A final method to control LC distribution is via separate upstream production of the two parental
antibodies with post-Protein A recombination of the two antibody halves, typically by reduction
and re-oxidation processes [156,180,187], leading to the asymmetric heterodimeric bispecific antibody.
Two platforms are built around this concept, the Duobody® platform [156] and the SEEDbody
platform [187]. These methods depend on the fact that the heavy chains can be separated via
reduction of the interchain disulfide bonds while the HC-LC interactions and disulfide bonds remain
stable [156,187]. A variation on this theme is the production of bispecific antibodies in two cocultured
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strains of Escherichia coli, each strain containing a half antibody (HC+LC). After growth of the strains
and production of the antibody halves, the antibodies were reduced and re-oxidized to form the
heterodimeric IgGs [202]. A mammalian coculture protocol for generating asymmetric heterodimeric
bispecific antibodies also has been devised [200], combining aspects of the Duobody® [156] and the
bacterial [202] approaches.

Excluding catumaxomab, which had been approved for malignant ascites in Europe but now
discontinued, there are currently 21 known asymmetric, bivalent heterobispecific TRBAs in clinical
trials that utilize the designs mentioned above, all of which are designed to redirect T cells, via CD33ε
binding, to kill targeted cells (Table 2).

3.3.3. Trivalent, Bispecific Antibody Platforms

There are several platforms that have been developed recently to provide two binding arms
for target cells and a single binding arm for CD3ε, resulting in trivalent but bispecific, antibodies.
The concept behind these antibody formats is to provide better binding to the target cell through avidity,
while only providing a single binding arm for CD3ε [159,160], because it is known that providing two
binding arms for CD3ε may result in non-specific and undesired T-cell activation [203].

One trivalent, bispecific antibody format is an asymmetric heterodimeric IgG, constructed using
the KIH technology, with a single anti-CD3ε Fab arm appended to one of the HCs as described
earlier (Figure 7I). LC fidelity is maintained through use of CrossMab technology [159,160]. These 2:1
(target cell antigen:CD3ε) TRBAs have been dubbed by Roche as “TCBs,” for “T-cell Bispecifics.”
There are currently two clinical stage TCBs that incorporate the Fab as an extra appendage, including
cibisatamab (aka RG7802, RO6958688, CEA TCB) [159,204], which has two binding arms for CEA
and a single binding arm for CD3ε and RG6026 (aka RO7082859) [205], which has two binding arms
for CD20 and one for CD3ε [160]. Two additional TCBs, one targeting BCMA [206] and another
targeting a carboxyl-terminal fragment of HER2 expressed in about half of HER2-positive tumors [207],
have been reported but are not yet in clinical trials.

Another trivalent, bispecific antibody is ERY974, which is a silenced IgG1 asymmetric mAb with
an anti-CD3 scFv fused to the C-terminal sequence of one of the heavy chains (Figure 7J) [162]. ERY974,
which has two binding sites for glypican-3 to optimize avidity but only a single anti-CD3 arm to reduce
the chance of non-specific T cell activation [162], is in Phase I clinical trials [208].

Other trivalent, bispecific antibody platforms providing two binding sites for target cells and
a single binding site for T-cell CD3ε are “Asymmetric Tandem Trimerbody for T cell Activation and
Cancer Killing” (ATTACK) [209] and the new trivalent, IgG-shaped tri-Fab format [210]. These platforms
are not yet represented in the clinic.

3.3.4. Tetravalent Bispecific Antibody Platforms

It is generally considered that bivalent targeting of CD3ε can lead to non-specific T cell activation
and release of cytokines [203,211], which is not desirable in a T cell redirection platform. Thus,
as described in the previous sections, the vast majority of both fragment and IgG-like TRBAs are
bivalent, with one antigen combining site binding to the target cell and the other antigen combining
site binding to CD3ε on T cells. Having stated that, however, a few clinical-stage platforms stand out as
antitheses to that trend. The first of these is the Affimed tandem diabody (TandAb) platform, which is
a bispecific, tetravalent tandem diabody with a molecular weight of approximately 114 kDa [163].
Clinical stage TandAbs include AMV564, Aphivena’s anti-CD33 × CD3 TRBA for myelodysplastic
syndromes [212] and AFM13, Affimed’s NK-cell redirected anti-CD30×CD16a candidate for Hodgkin’s
lymphoma [148].

The Aptevo ADAPTIRTM platform is a tetravalent, bispecific antibody consisting of two identical
scFvs binding to target A fused to the hinges of an Fc and two identical scFvs binding to target B
fused via a short linker to the C-terminal sequences of that Fc (see Figure 7L) [164]. The anti-prostate
specific membrane antigen (PSMA) × anti-CD3 tetravalent, bispecific ADAPTIRTM TRBA molecule
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MOR209 (also called ES414) [164] is currently being tested in Phase 1 clinical trials [213] for the potential
treatment of prostate cancer. In preclinical studies, even though it possesses two CD3ε combining
regions, MOR209 did not appear to activate T cells indiscriminately and it induced lower levels
of pro-inflammatory cytokines than some other platforms [164]. Thus, TRBA geometry may play
a significant role in whether binding to two CD3ε s on the T-cell surface causes non-specific T-cell
activation or not.

Other tetravalent, bispecific platforms not currently represented in clinical trials include IgG-scFv
fusions [214], dual variable domain-immunoglobulins (DVD-Ig) [215,216] and Fabs-in-tandem
immunoglobulins (FIT-Ig) [217]. IgG-scFv fusions, which are IgGs with scFvs fused to either the
C- or N-termini of each HC or LC [214,218–220], often suffer from instability due to the unfolding
and aggregation of the scFvs, requiring additional modifications to achieve stable, manufacturable
candidates [219,220]. DVD-Igs are tetravalent, bispecific antibodies of about 200 kDa comprised
of an IgG to which an extra Fv is appended to the N-terminus [215,216]. The Abbvie team that
developed the DVD-Ig, however, has moved to the half-DVD platform for their TRBA constructs
to reduce non-specific T-cell activation [203]. Finally, the Epimab Biotherapeutics “Fabs-in-tandem
immunoglobulins” (FIT-Ig) platform is similar in some respects to the DVD-Ig, except that an entire
Fab is appended to the N-termini of each HC [217]. There are no TRBAs in the clinic currently from
any of these platforms.

3.4. Factors Affecting TRBA Potency

Factors affecting the potency of TRBAs include location of the epitope on the target antigen, size of
target antigen, affinity of the TRBA arms to target antigen and CD3ε, valency of the TRBA on the target
antigen, antibody size and geometry, antigen density on the target cell [15,17,221], effector-to-target
ratios and TRBA concentration [222]. Jiang et al. [222] used a variety of parameters to build a model of
the target cell-biologic-effector cell complex (TBE complex) to demonstrate the sensitivities to killing
potency with a variety of parameters. One key result that emerged was that TRBA concentration
appears to be critical, with a TRBA concentration greater than the KD of the lower affinity binding arm
resulting in decreased TBE complex formation due to a shift toward monovalent binding [222]. On the
other hand, too high a concentration of TRBAs can result in separate coating of both antigen-positive
cells and CD3ε -positive T cells, resulting in poorer killing [223].

While the hierarchy of factors affecting TRBA potency is not entirely understood [17,222], a few
factors have become clear over the past several years. First, the epitope for antibody binding to the
target antigen is critical, with the best epitopes being membrane proximal [15,17,221,224], especially
with larger target antigens [17]. It was demonstrated that targeting a membrane proximal epitope also
causes exclusion of the negative regulatory protein CD45 in the synapse, increasing the potency of
the T-cell response and killing [15]. This observation that membrane proximal epitopes on the target
antigen should provide the greatest TRBA potency has been supported with TRBA-based studies
on the cancer targets P-cadherin [225] and ROR1 [226]. Second, the size of the antigen, which can
effectively increase the distance within the synapse between the T-cell and target cell, also can affect
potency, with much larger targets resulting in lower TRBA potencies [15,221].

It has been shown multiple times that increase in affinity of a TRBA to the target antigen can
significantly increase potency [222,225]. Another approach to increase binding of a TRBA to target
cells is to increase the avidity, that is, to have more binding arms on the target cell. As described in
Section 3.3.3., there are two TRBA formats that provide two binding arms for the target cell with only
a single binding arm for CD3ε, the three-Fab TCB format designed by Roche scientists [159,160] and
the ART-Ig®-scFv format designed by Chugai scientists [162]. The key to understanding whether a 2:1
construct shows better potency than a 1:1 construct is to have each type of construct made for the same
target. Bacac et al. [160] compared their 2:1 anti-CD20 ×CD3ε versus a 1:1 construct made similarly and
demonstrated that the 2:1 format had a 10–100× greater potency in vitro than a similar 1:1 construct.
Additionally, the 2:1 format outperformed the 1:1 format in ex vivo assays and showed very potent
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activity in in vivo animal models [160]. Moreover, Bacac et al. [227] demonstrated that pretreatment
with the anti-CD20 mAb, obinutuzumab, prior to treatment with the anti-CD20 × CD3ε 2:1 TCB,
RG6026, resulted in significantly lower cytokine release, which may translate into a clinical benefit.

Considering that the anti-CD20 × CD3ε 2:1 TCB format appears to be more potent than various 1:1
anti-CD20 ×CD3ε formats [160], it might be interesting to see how other multiple-tumor-target-binding
× single CD3ε binding formats might behave. To that end, IGM Biosciences has an anti-CD20 ×
CD3ε IgM pentameric antibody in preclinical studies that has 10 binding arms for CD20 and one for
CD3ε [228]. It will be interesting to follow this highly avid antibody (on the target side) to see how it
ultimately compares with the 1:1 and 2:1 formats.

Significantly, antibody format and size, from small antibodies such as BiTE®s (ca. 24 kDa) to
much larger formats such as the asymmetric IgGs (ca. 150 kDa), appear to have a lower differential
effect on potency than the distance of the epitope to the membrane or affinity to the target antigen [17].
Additionally, binding geometry, which would include target epitope, antibody size and format, binding
angle and perhaps other local factors, can influence the potency of the TRBA [17]. In an unpublished
study carried out at Janssen R&D, several versions of a bispecific antibody (CD3ε arm)/centyrin (tumor
antigen arm) combination were made and tested in vitro for tumor cell killing activity. As shown in
Figure 8, the position of the tumor antigen binding arm on the molecule, that is, the geometry/distance
of binding between the CD3ε arm and the tumor antigen arm, made a ca. 100-fold difference in in vitro
killing activity.

Figure 8. Effect of geometry on in vitro activity of an example TRBA. Cartoon of two antibody-centyrin
fusions targeting CD3ε with the Fab arm and a solid tumor antigen with the centyrin (~12 kDa
engineered FN3 domain). (A). Centyrin fused to the hinge, making it close to the anti-CD3 Fab arm; (B).
Centyrin fused to the C-terminus of the heavy chain, making it distal from the Fab arm. All components,
molecule sizes and in vitro killing assay conditions (E:T 5:1, 24 h assay) were identical. Thus, only the
architecture and geometry of the two TRBAs are different, resulting in a ca. 100-fold difference in
potency. This simple example demonstrates how important the geometry of the binding arms can be in
the design of future TRBAs. Data presented were derived from experiments provided Steve Jacobs,
Janssen R&D. These data were previously presented at PEGS Boston, April 2018 with permission.

Another area that has not yet been fully investigated with respect to T cell redirection is the role of
Fc functionality. The Triomab® platform on which Removab® was designed has a highly active Fc
domain that interacts with human FcγRs to increase the immune response [229,230]. It is generally
accepted that the presence of an active Fc in a T cell redirecting bispecific antibody would increase
the likelihood of pro-inflammatory cytokine release by T cells and other effector cells in the tumor
microenvironment [229,230]. The release of these pro-inflammatory cytokines is thought to be part of
the therapeutic mechanism of action of these antibodies [231], so while it is desired, it also needs to be
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controlled [232]. On the other hand, most of the current fragment-Fc, asymmetric IgG or appended
IgG platforms have used muted or silenced Fcs so as not to over-stimulate the immune system via
interactions with myeloid effector cells. Even with the absence of Fc activity, many treatments with T
cell redirecting bispecific antibodies are accompanied by a cytokine release syndrome (CRS) that needs
to be addressed as part of the therapeutic paradigm [232]. Thus, it seems likely that many, if not most,
T cell redirecting antibodies made now and in the future, will likely continue to avoid Fc activity to
limit the potential for immune-mediated toxicities.

4. Ex Vivo T-Cell–Bispecific Antibody Approaches

4.1. T Cells Armed Ex Vivo with Bispecific Antibody Conjugates

The tetravalent bispecific TRBAs described in Section 3.3.4. are not the only tetravalent platforms
being tested. Based on protein conjugation approaches of Nisonoff and Rivers [233] and the ability to
generate monoclonal antibodies via hybridoma technologies [31], several groups in the 1980s–1990s
generated heterobispecific antibodies using conjugation methodologies [40,234,235]. The first clinical
trial ever run with a TRBA was with an anti-CD3 mAb chemically conjugated to an anti-glioma
antigen antibody [49] (Figure 2). More recently, chemical conjugation methods have been used to
generate bispecific antibodies from existing antibodies for clinical studies. One method that has been
widely used is to react the anti-CD3 antibody, OKT3, with Traut’s reagent (2-iminothiolane HCl) and
to treat the second antibody targeting cancer cells with sulfosuccinimidyl 4-(N-maleimidomethyl)
cyclohexane-1-carboxylate (sulfo-SMCC) [236]. Mixed together at equimolar concentrations, these form
1:1 heterobispecific conjugates between the anti-CD3ε mAb, OKT3 and the targeting IgGs [236–238] (see
Figure 5F). Based on pioneering efforts by Lawrence Lum and his colleagues at the Karmanos Cancer
Institute (KCI), these and similar methods have been used to generate conjugated bispecific IgGs of
several anti-tumor antibodies. These include clinical candidates such as anti-HER2 trastuzumab ×
OKT3 (Her2bi) [239] (clinical trial NCT03406858 [240]), anti-EGFR cetuximab × OKT3 (EGFR-bi) [237]
(clinical trial NCT02620865 [241]), anti-GD2 3F8×OKT3 (GD2bi) [238] (clinical trial NCT02173093 [242])
and anti-CD20 rituximab × OKT3 (called CD20bi) [243]. Note that all of these approaches utilize
long-existing antibodies (e.g., trastuzumab, rituximab and cetuximab, antibody 3F8) which are
chemically conjugated with the “original” anti-CD3ε antibody, OKT3 [244].

All four of these heterobispecific conjugates have been, or are currently being, evaluated in clinical
trials by mixing them ex vivo with patient-derived leukapheresed T cells to “arm” and activate those T
cells, followed by the administration of the armed and activated T cells autologously to the patients
from which they were isolated [21]. Other than various academic efforts, very little has been done to
advance chemically coupled bispecific antibodies. Newer technologies, however, may improve the
coupling procedures to allow for greater efficiency and the potential for manufacturability. One such
method recently described to generated chemically coupled bispecific antibodies with high efficiency
was the use of sortase enzyme, which recognized the LPxTG peptide sequence, in conjunction with
click chemistry [245]. This approach allowed for the high efficiency formation of a bispecific antibody
comprised of two fully active, heterologous anti-influenza IgGs using the mild conditions of an aqueous
environment at room temperature [245].

4.2. Cytokine-Induced Killer Cells

Another ex vivo approach combines the power of a subset of activated killer cells with the
redirection provided by a bispecific antibody. In this case, CD3+CD56+ natural killer (NK) cells,
often described as NKT cells [246], are isolated from a patient’s PBMCs (i.e., autologous), activated
ex vivo using anti-CD3 Mabs and cytokines, typically IL-1, IL-2 and IFN-γ and then combined with
a bispecific antibody with one arm binding the CD3ε on the surface of the cytokine-induced killers
(CIKs) and the other arm targeting a cancer cell surface protein (e.g., CD19, CD20, HER2, EGFR and
so forth). This preparation is then administered to the patient to redirect the autologous CIKs to the
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targeted tumor. While several examples of this approach have been tried in clinical trials, currently the
most advanced therapy is an anti-MUC1 × anti-CD3ε bispecific antibody that is dosed in conjunction
with autologous CIKs at the Fuda Hospital in Guangzhou, China in collaboration with Benhealth
Pharmaceutical Co., Ltd. (clinical trial NCT03554395 [247]).

CIKs are a particularly useful cell phenotype for immune-oncology uses. They possess properties
of both T-cells and NK cells, the latter of which can kill target cells in an MHC-independent manner and
are primed to kill upon target engagement without the need of additional signaling and stimulus [246].
Key molecular drivers of their cytotoxic activities are the NK receptors NKG2D, NKp30 and NKp46 [246].
In addition, their direct cytotoxic killing through cytotoxic granule secretion is accompanied by robust
cytokine secretion of IFN-γ, TNF-α and IL-2 that further support the overall activated immune state in
the tumor microenvironment [246].

5. Other Examples of Immune Cell Redirection

5.1. Early Immune Cell Redirection Efforts

As far back as ca. 2000, several preclinical and clinical efforts were made to use bispecific antibody
approaches to redirect CD64 (FcγRI)-bearing immune cells (monocytes, macrophages, activated
neutrophils) to kill cancer cells [248–250]. One of these, MDX-H210, an anti-CD64 × anti-HER2
bispecific antibody, reached Phase 2 clinical trials [248] but ultimately was discontinued. There are
currently no CD64-based bispecific antibody redirection programs in clinical trials. Similarly, there were
efforts to utilize bispecific antibody approaches by targeting the IgA receptor, CD89, to redirect activated
neutrophils to kill cancer cells [251–254] and HIV [255]. As yet, none of these efforts has yet resulted in
a clinical development candidate.

5.2. NK Cell Redirection, BiKEs and TriKEs

Immune cell redirection is not necessarily limited to T cells. There have been efforts since the 1990s
to redirect other types of immune cells using targets such as NKG2D [256] and CD16a [257,258] or other
surface markers on natural killer (NK) immune cells. NK cells are perhaps the most efficient immune
cell killing machines available. There is a long history of therapeutic antibodies using NK cell-mediated
antibody-dependent cellular cytotoxicity (ADCC) as a major mechanism for killing targeted cancer
cells, including rituximab (Rituxan®), trastuzumab (Herceptin®) and cetuximab (Erbitux®), targeting
CD20, Her2 and EGFR, respectively [259]. The composition and release of NK lytic granules filled with
perforin and granzymes are comparable to those of the cytotoxic T cell subset but without as strong
cytokine release [260]. Thus, there has been a recent push to use bispecific antibody technology to
redirect CD16a+ (FcγRIIIa) NK cells to kill cancer cells [169–172,261]. One of these molecules, AFM13,
an anti-CD30 × anti-CD16a TandAb [262], is currently being studied in Phase 2 clinical trials [263] for
the treatment of Hodgkin’s Lymphoma.

One approach that has been revisited recently is to redirect natural killer (NK) cells to the
cancer cells using scFv antibodies targeting CD16a (FcγRIIIa) fused via a short linker to another
scFv targeting receptors on the cancer cells (e.g., CD19), similar to a BiTE® format. At least a few
groups are renaming these bispecific antibodies “BiKEs,” for “bispecific killer cell engager” [170,171].
In some cases, a third scFv against another cancer target (e.g., CD22) is added to increase the targeting
ability [173]. These constructs are called “TriKEs,” for “trispecific killer engagers.” Another variation
on this theme is to add immune cell-stimulatory cytokines, such as IL-15, in some “TRiKE”–like
constructs, resulting in not only broader targeting with the two targeting scFvs but also NK and T
cell activation via the activity of the stimulatory cytokine [264]. Other than AFM13 mentioned above,
the only other NK cell redirecting antibody approaching clinical trials is the anti-CD33 × CD16a ×
modified IL-15 TriKE, OXS-3550 (aka GTB-3550; 161533), which is registered with ClinicalTrials.Gov
but not yet recruiting [147].
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5.3. Combining Engineered Cells with mAb Therapy

Recently, a few companies, namely Unum and Nantkwest, have generated recombinant, autologous
or allogeneic NKT or T-cells expressing on their surface the high affinity allele (158V) of the
CD16a receptor (FcγRIIIa) [25,265] normally expressed on NK cells. These cells are then used
in conjunction with existing monoclonal antibody therapeutics that naturally bind FcγRIIIa via their
Fc functionality [265]. The signaling domain for these constructs is the natural ITAM found in
FcγRIIIa [265], different from most CAR-Ts today, which utilize CD3ζ as the primary signaling domain.

There are currently three of these types of constructs in clinical trials. The first is Nantkwest’s
haNK™, which is a CD16a (158V)/IL-2 expressing NK92 cell line (i.e., allogeneic) currently in Phase
I clinical trials by itself [266] and, soon, in conjunction with the anti-PD-L1 Mab, avelumab [267]
(NCT03853317; not yet recruiting). Unum Therapeutics has two clinical stage candidates, both of
which are derived from patient’s T cells (i.e., autologous approach). The first of these is ACTR707 [268],
which is an autologous T cell construct expressing the high affinity allele (158V) of CD16a fused with
the CD3ζ activation domain, dosed in combination with rituximab to target CD20+ B cells, currently in
Phase I [269]. The second is ACTR087 [270], an autologous T cell construct expressing the high affinity
variant (158V) of CD16a fused with 4-1BB and CD3ζ activation domains. This construct is being
dosed with either rituximab [271] or with Seattle Genetics’ anti-BCMA antibody, SEA-BCMA [272],
a humanized, non-fucosylated antibody with significantly increased affinity to CD16a over a normal
IgG1 [273]. In all of these cases, the antibodies and recombinant cell are administered separately,
so there is no need for formulating for combination therapy.

The potential issue with this approach is that the CD16a-positive T-cells will interact with all
IgGs in circulation that can naturally interact with CD16a, including serum IgG1 and IgG3 isotypes
which, when combined, make up approximately 10 mg/mL of CD16a-interacting “circulation matrix”
IgG. A therapeutic IgG1, such as rituximab, typically is present in circulation at concentrations below
100 μg/mL, so it would comprise about 1% or even less, of the total molecules of antibody vying
for binding to the CD16a on the surface of the engineered therapeutic T cells. On the other hand,
antibodies engineered to possess a 10-fold (or more) higher affinity to CD16a, such as those with
either low or no fucose glycans attached at N297 in the CH2 domain [273], might be better candidates
to be used in conjunction with the CD16a-modified NK/T-cell therapeutics. It is also possible for
auto-antibodies present in the matrix of IgGs to interact with the CD16a engineered T cells and drive
autoimmunity. Although typically these auto-antibodies would not cause problems as a result of the
natural check-point systems in place with NK cell that express CD16a, the engineered T-cells may not
be governed by those same checks [274].

5.4. Engineered T or NK Cells with Recombinant Target-Specific TCRs

Another approach to targeting tumor or viral antigens is to utilize the natural TCR machinery of
αβT cells but with enhancements to increase the ability of the T cell to kill targeted cells. As differentiated
from all of the other approaches in this paper, this strategy is both TCR and pMHC-dependent. Also,
in this case, the antigens are typically intracellular and are displayed as neoantigen peptides on MHC
I [275]. Different from CARs, the engineered TCRs replace the natural αV-βV of the TCR, they signal
through the ITAMs of the TCR complex and their target is the pMHC on the surface of the targeted cells
(see Figure 1F). The potential upside of this approach is that the regulatory apparatus of the TCR is in
place. The downsides, however, include the possible loss of target with MHC loss or down-regulation
on cancer cells as noted earlier [6,12], HLA restriction and the requirement for HLA matching and the
effects of a repressive tumor environment, including T cell checkpoints [275]. Nevertheless, there are at
least 20 clinical candidates in which autologous T cells from patients have been collected, engineered
ex vivo with modified TCRs and then re-administered to the patients [275]. Cancer targets for these
clinical stage–engineered TCR T cells include: preferentially expressed antigen in melanoma (PRAME),
New York esophageal squamous cell carcinoma 1 (NY-ESO), melanoma-associated antigen (MAGE)
A4, MAGE A3/A6, MAGE A10 and alpha-fetoprotein (AFP) [276].
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The candidates noted above are all autologous. A different approach using engineered TCRs is
the introduction of the TCR machinery in the stable NK-92 cell line to produce an allogeneic cell line
that could be used as an off-the-shelf NK-TCR product [276,277]. While this approach is very attractive,
it is still in the early stages of development.

6. Chimeric Antigen Receptor (CAR)-T and NK Cells

6.1. Introduction

There are at least 225 unique, documented CAR constructs currently being tested in clinical trials.
Over 90% of the current clinical stage CAR-based cell therapies are autologous CAR-T cell products
generated from αβ-T cells (Table 3). Of these, 176 are single CAR constructs per cell, dosed alone.
Another 30 clinical candidate CARs either have multiple CARs targeting different tumor antigens
per cell or are multiple CAR-T cell lines targeting different tumor antigens and mixed for dosing.
One clinical stage autologous CAR construct is made using NKT cells. Finally, 14 CAR constructs in
clinical trials are allogeneic, 11 of which are from T cells and 3 from NK or NKT cells (Table 3).

Table 3. CAR-T formats *.

Clinical Stage
CAR-T Format

Phase I/II Phase III Approved
Total

Autologous CAR-T **—Single CAR 176 2 2 180

Autologous CAR-T **—Multiple CARs for different
targets or multiple CAR-Ts dosed in combination 30 0 0 30

Autologous CAR-NKT 1 0 0 1

Allogeneic CAR-T 11 0 0 11

Allogeneic CAR-NK or -NKT 3 0 0 3

Total 221 2 2 225

* BiStro Biotech Consulting LLC database, locked 20 June 2019. Data obtained from Clinicaltrials.gov, literature
papers, company websites, analyst reports and other sources. ** As far as can be ascertained from public documents,
all of these appear to be based on αβ-T cells.

As mentioned previously, two CAR-T cell products, Kymriah® (Tisagenlecleucel-T; aka CTL019,
CART-19) [104] and Yescarta® (Axicabtagene ciloleucel; aka KTE-C19) [105], have been approved
by the US-FDA, both in 2017. Both of the approved CAR-T products target CD19, with Kymriah®

approved for treatment of B-cell ALL and, more recently, DLBCL and Yescarta® approved for treatment
of DLBCL. The most advanced clinical candidates not yet approved are bluebird bb2121 [278] and
JCAR017 [lisocabtagene maraleucel or liso-cel] [279], both in Phase III.

Nearly half (106/225) of the clinical stage CAR-T clinical candidates have originated in China,
with the remainder originating in the US (96) or rest-of-the-world (23) (WR Strohl, BiStro Biotech
Consulting Antibody and CAR-T Database, last updated 20 June 2019). Interestingly, over half
(125/225, ~56%) of current CAR-based clinical trials are sponsored and run by academic groups,
government institutes or hospitals without apparent industry funding; the remainder (100/235, ~44%)
are either sponsored by biotechnology or pharmaceutical companies or are collaborations between
medical or academic institutions and industry (WR Strohl, BiStro Biotech Consulting Antibody
and CAR-T Database, last updated 20 June 2019). The fact that over half of the clinical trials are
investigator-driven is significant, as it demonstrates the leading role that academic (e.g., University
of Pennsylvania), medical/institutional (e.g., MD Anderson Cancer Center, Fred Hutchinson Cancer
Research Center, Memorial Sloan Kettering Cancer Center) and government (e.g., National Institutes
of Health) investigators have taken in moving CAR-T therapies forward from an idea to a new and
powerful mode of cancer therapy.
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6.2. Autologous CARs

We have briefly described the first, second and third generation of CAR-T cells (Section 1.3; Figures 2
and 3) and there are many reviews of the autologous CAR-T process [22–24,280–283], so we will only
summarize the details of a few leading CAR-Ts here. Most of the current clinical stage CAR-based
cell therapies are autologous CAR-T cell products (Table 3), that is, personalized products that are
derived from a patient, activated (e.g., typically using CD3/CD28 beads), genetically modified and
expanded ex vivo and then reinfused back into that same patient [282,283]. Vectors used to transduce
the T cells include lentivirus [284], replication-defective gamma retrovirus [285] or transposons such as
PiggyBac [286] or Sleeping Beauty [287]. Table 4 compares the salient features of the two approved
autologous CAR-Ts targeting CD19 as well as the two Phase III autologous CAR-T therapeutic
candidates, JCAR-017 [279]—targeting CD19 for treatment of NHL and bb2121 [278]—targeting BCMA
for treatment of multiple myeloma. Key features of these CAR-Ts are the source of the cells (patient
PBMCs vs defined CD4/CD8 populations), parameters for ex vivo stimulation, vector used to transduce
the T cells with the CAR (lentivirus or retrovirus), hinge and transmembrane domains, costimulatory
domains and the common use of CD3ζ signaling domain (Table 4). Where known, production from
leukapheresis to re-administration to patient took from 10 to 28 days, depending on the candidate and
all of these candidates required lymphodepletion with fludarabine and cyclophosphamide treatment,
typically two-to-three days prior to administration of the CAR-T therapeutic.

Although the currently approved products are non-standardized mixtures of CD4 and CD8 T cells,
studies are on-going to determine the optimal proportion of each cell type [288]. In addition, since these
products are not nearly 100% CAR positive, as gene modification efficiencies vary from vector to
vector and T cell pool-to-T-cell pool [280], these CAR-T cell products are typically dosed in terms of
a standardized number of CAR+ cells (Table 4). One further step in the direction of standardization
and product homogeneity is JCAR017 (lisocabtagene maraleucel or liso-cel), which is dosed using
a fixed ratio of CD4+ and CD8+ T cells [279,289].

Table 4. Brief comparison of autologous CAR-T constructs.

CAR-T Constructs

Property
Kymriah®

(Tisagenlecleucel-T;
CTL019)

Yescarta® (Axicabtagene
Ciloleucel; KTE-C19)

Lisocaptagene
Maraleucel (Liso-cel,

JCAR-017)
bb2121

Sponsor Novartis Gilead (Kite) Celgene Celgene/bluebird

KEGG Number # D11386 D11144 Na Na

Clinical stage Approved by USFDA Approved by USFDA Phase III (NCT03575351) Phase III
(NCT03651128)

Base cost (US) $475,000 for B-ALL;
$373,000 for R/R DLBCL $373,000 Na Na

Indication B-ALL, R/R DLBCL R/R DLBCL; PMBCL R/R DLBCL; CLL MM

T-cell source Patient PBMCs;
autologous; unspecified

Patient PBMCs;
autologous; unspecified

Patient CD4 and CD8 T
cells 1:1 ratio; autologous

Patient PBMCs;
autologous

Vector Lentivirus Retrovirus Lentivirus Lentivirus

Antibody Anti-CD19 mouse scFv
FMC63

Anti-CD19 mouse scFv
FMC63

Anti-CD19 mouse scFv
FMC63 Anti-BCMA

Costimulatory domain 4-1BB CD28 4-1BB 4-1BB

Signaling domain CD3ε CD3ε CD3ε CD3ε

Hinge and
transmembrane CD8α IgG1 Fc IgG4 Fc spacer; CD28tm CD8α

Other Markers Nk nk EGFRt nk

Ex vivo activation CD3, CD28 CD3, IL-2 nk CD3, CD28

Lymphodepletion Yes yes yes yes

Time from leukapheresis
to infusion 21–28 days 17 days nk 10 days
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Table 4. Cont.

CAR-T Constructs

Property
Kymriah®

(Tisagenlecleucel-T;
CTL019)

Yescarta® (Axicabtagene
Ciloleucel; KTE-C19)

Lisocaptagene
Maraleucel (Liso-cel,

JCAR-017)
bb2121

Dose
0.2 to 5 × 106

CAR-positive viable
T cells/kg

0.4–2 × 106 anti-CD19
CAR-positive viable

T cells/kg

5 × 107 CD8+ and 5 × 107

CD4+ CAR-positive
(not weight based)

50–800 × 106

CAR-positive T cells
(not weight based)

Abbreviations: B-ALL, B-cell acute lymphoblastic leukemia; BCMA, B-cell maturation antigen; DLBCL, diffuse
large B-cell lymphoma; CAR, chimeric antigen receptor; CD, cluster of differentiation; CLL, chronic lymphocytic
leukemia; MM, multiple myeloma; Na, not applicable; nk, not known to these authors; PBMC, peripheral blood
mononuclear cells; PMBCL, primary mediastinal large B-cell lymphoma; R/R, relapsed or refractory. #: Number.
References used to build this table: [278–282,290–295].

6.3. Allogeneic CARs

There are at least 14 allogeneic CAR-NK, CAR-NKT or CAR-T cells in clinical trials (Table 3).
These are all constructed uniquely and have a wide range of properties based on the host cell (NK,
NKT or T cell), the genes knocked out and how the CARs are made. For allogeneic CAR-Ts, either
primary cells from a healthy subject or stable cell lines from a source other than the treated patient
are used.

These allogeneic cell products will not naturally be histocompatible and may either be rejected by
the patient’s immune system or cause graft versus host disease (GVHD) in the case of T cell products.
To prevent rejection, the major source of histocompatibility mismatch, the class I HLA surface proteins,
can be deleted by genetic engineering [20,296,297]. To prevent GVHD, cells that are naturally devoid
of a TCR (e.g., NK cells) or T cells in which the TCR has been deleted by genetic engineering can be
used [298]. These cells or cell lines are then further engineered to express a CAR, as with the autologous
products described in Section 1.3 and above but can now be given to any patient, representing a truly
universal cell therapy. First generation allogeneic cell products were derived from NK cells and lacked
the potential to elicit GVHD [299]. However, such products would eventually be rejected by the
adaptive immune system (T and B cells), limiting their utility.

The current wave of allogeneic CAR-T cells is perhaps best described as “allogeneic, transiently
engrafted T-cell therapeutics.” To give a general sense of how these might be made, the process
developed by Cellectis is briefly reviewed here. Allogeneic cells are derived from health donors,
are typically engineered to remove the TCR function (for example, by knockout of TRAC, eliminating
TCR-α) and the pan-lymphocyte maker, CD52 (target of alemtuzumab) but are not made HLA Class I
deficient (Figure 9) [300,301]. Prior to treatment, the patients are lymphodepleted using alemtuzumab
and then the allogeneic cells, which are resistant to alemtuzumab via CD52 knockout, are dosed.
Over time, the patients’ immune systems will naturally be restored and with that, the HLA+ allogeneic
cells will be eliminated [300]. The manufacturing method for BCMA-targeted, allogeneic CAR-T
cells was described as an 18-day process including apheresis from donors, activation, transduction,
TALEN gene editing, expansion, removal of TCRα+ cells and finally storage [300].

An additional level of safety has been incorporated into the Cellectis allogeneic CAR-T cells.
The RQR8 polypeptide, which contains two anti-CD20 rituximab epitopes and a single anti-CD34
Qbend10 epitope [302] has been incorporated into the hinge portion of the CAR, which can be used as
a target for rituximab killing of the allogeneic CAR-T (Figure 9) [301,303]. While this first generation of
allogeneic CAR-Ts is perhaps not a truly “off-the-shelf” product manufactured from stable cell lines
like a biologic drug, it is a significant step in that direction.

Next generation allogeneic products utilizing state-of-the-art genetic engineering technologies in
which both the class I HLA and TCRs have been deleted are approaching the clinic. Because these cells
will not likely be recognized by the immune system, it will be imperative to include safety switches or
even multiple orthogonal kill switches, in such products. It remains to be seen whether these gene
edited allogeneic products will be as effective as autologous products and whether they represent
a commercially viable source of engineered cell products [304].
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Figure 9. Drawing depicting the construction of an example allogeneic CAR-T cell. The CAR contains,
from N-to-C terminus, anti-BCMA scFv, 136 amino acid residue RQR peptide, CD8α hinge and
transmembrane (TM) domain, 4-1BB costimulatory domain and CDζ signaling domain in a cell in
which TCR- α and CD52 have been knocked out using gene editing technology [301].

6.4. Alternative Cell Types for CAR Expression

T-cells are not the only cell type that is being explored for engineered immune cell therapies.
Natural killer cells (NK), natural killer T (NKT) cells and even macrophages expressing CARs are all
being tested in the clinic [305]. Like T cells, NK and NKT cells share many of the killer functions of T
cells but have differences that can be either an advantage or disadvantage, depending on the situation.
NK cells are derived from the same immunological precursor cells as T cells and, therefore, have many
of the same activities [306,307]. The most obvious difference is that NK cells do not possess a TCR.
As a result, it is possible to use NK cells in an allogeneic setting, as the risk of GVHD associated with
a mismatched donor TCR does not exist [299]. However, NK cells, unlike T cells, do not robustly
expand and do not persist in vivo. In scenarios where the tumor target antigen is expressed at a low
level on normal tissues, this could be an advantage, as the product would have a limited life span
and penetrance in vivo. However, the current dogma is that persistence is important to maintain good
responses and long-term remissions, which is not afforded by NK cell-based products [299,306,307].
NKT cells, on the other hand, share properties of both NK cell and T cells. Although NKT cells will
not persist like T cells, they do undergo expansion in vivo [308]. Invariant NKT (iNKT) cells—A
subclass of NKT cells—Express a TCR that does not recognize classical MHC I presented antigen but,
instead, recognizes non-classical MHC I presented antigens that are mainly confined to infectious
agents. Therefore, iNKTs are not expected to elicit a GVH response, similar to true NK cells.

Gamma/delta (γ/δ) T cells are very similar in surface marker expression and function to NKT
cells in that the γ/δ TCR does not recognize classic MHC I-peptide complexes and are also thought to
be useful in an allogeneic setting [309]. There do not appear to be any γ/δ-CAR-T cells currently in
clinical trials, although there is one registered clinical trial for collecting γ/δ-CAR-T cells as a feasibility
study for constructing CD33-CD28 γ/δ-CAR-T cells [310]. The company involved with that trial,
TC Biopharm, also claims to have a non-recombinant allogeneic γ/δ-T cell product in Phase I clinical
trials for AML (no NCT provided). Additionally, other companies such as Gammadelta Therapeutics
and Gadeta are also working with γ/δ-T cell therapeutics and Lava Therapeutics is making TRBAs that
recognize γ/δ-T cells instead of αβ-T cells, so it is expected that TRBA and/or CAR-T products utilizing
the unique biology of γ/δ-T cells will soon be tested in clinical studies. CAR constructs employed with
NK, NKT, iNKT and γ/δ T-cells utilize the same signaling molecules as αβ TCR T-cell CARs [311].

Macrophages represent the newest cell type being engineered for cell therapies. Unlike
lymphocyte-derived cell lineages, monocyte-derived lineage cells like macrophages function mainly as
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professional antigen presenters and in the removal of invaders through phagocytosis [312]. Engineering
macrophages with CARs that signal through a FcγRIIIa (CD16a) receptor intracellular domain imparts
on the cell the ability to recognize, phagocytose and then present tumor cell antigens to other T cells to
further amplify the immune response. Although not efficient killers, engineered macrophages have
the ability to broaden the immune response to the tumor cells. Carisma Therapeutics is on track to
reach the clinic with their first CAR-macrophage in early 2020.

A key shortcoming of many of these alternative cell products is the quantity of each cell type
present in normal, let alone compromised, patients. The ability to generate a sufficient amount of
product for each patient will have to be significantly improved [313].

6.5. CAR Designs

6.5.1. scFvs

The first CAR-T cells were nearly universally constructed using mouse-derived scFvs [76,281].
In fact, both of the approved CAR-T constructs, Kymriah® (Tisagenlecleucel-T; aka CTL019,
CART-19) [104] and Yescarta® (Axicabtagene ciloleucel; aka KTE-C19) [105], as well as the Phase
III candidate, JCAR017 (Table 4) and many of the other 86 CD19-targeted CARs in clinical studies,
utilize the same mouse-derived anti-CD19 scFv, FMC63 [281]. One of the first CARs to be made with
a humanized scFv was a CAR-T targeting HER2, which utilized an scFv derived from trastuzumab [314].
Only in the past several years have the antibodies for incorporation into CARs been constructed using
humanized or human scFvs, a practice that should grow significantly.

The selection and engineering of antibodies for scFvs is actually much more important than
many CAR-T engineers have historically perceived. Many of today’s CARs were constructed with
antibodies that were retrieved from the freezer, the literature or from academic colleagues. Most of
those antibodies were not designed or engineered for stability, lack of aggregation or optimized folding
as scFvs or even, in many cases as noted above, for humanization. The reformatting of an IgG antibody
into an scFv, although currently reduced to practice, can result in a less stable domain compared to the
antibody from which it was derived [315]. As noted earlier, scFvs are notorious for their instability,
unfolding, domain swapping and aggregation [220]. The consequence of this loss of stability can
have functional and toxic consequences, as a poorly stable binding domains can aggregate and lose
binding capability when on the cells surface or cause non-target-specific, tonic signaling [316]. Thus,
scFv stability, as well as human-ness, epitope targeting and affinity, are key issues that need to be
addressed in the design of future scFv-derived CARs.

6.5.2. Domain Antibodies and Alternative Scaffolds

As with the extensive protein engineering that has helped evolve the TRBAs, creative formatting
of CARs and their uses in CAR-T cells has helped expand the capabilities of functional control of
CAR T-cell products going into clinical development [317]. Most current CARs utilize scFv-formatted
antibody fragments for tumor targeting. Recently, alternatives to scFv formats have been explored,
some making it into full clinical development. Humanized llama or camelid VHH fragments or single
domain human antibody fragments, that can be engineered to possess all of the binding selectivity
and specificity of full VH/VL dual-domain antibody fragments, are becoming more frequently used for
tumor targeting [318,319]. VHH domains possess the added benefit of simplicity afforded by the single
domain, as compared to the two domains separated by a linker of the more typical scFv.

In addition to single domains, others have been pursuing alternative scaffolds based on fibronectin
repeats (e.g., Adnectins or Centyrins) [320] and ankyrin repeats (DARPINs) [321,322]. Similar in their
simplicity, these alternative scaffolds possess many of the binding properties of antibodies and antibody
fragments. Human and humanized versions of these scaffolds have lessened some of the anxiety
associated with their use in clinical settings, although with the exception of Centyrins [323], none have
been tested in the clinic. The potential to use additional scaffolds, like Centyrins or Anticalins, is only

263



Antibodies 2019, 8, 41

limited to the imagination, as clinical experiences with other protein-based scaffolds are starting to
demonstrate their additional potential use in CAR-T programs.

6.5.3. Multiple CAR Designs

In their simplest forms, CARs target only one tumor associated antigen. However, multiple
targeting domains can be linked together on one CAR to generate multi-specific CARs. Typically
separated by the common G4S linker that is used for scFv engineering, “beads-on-a-string” designs
linking scFv or single domain binding elements have produced CARs that can be activated to kill target
cells that express more than one antigen or bind to different epitopes on the same antigen [324,325].
For example, Janssen R&D and Nanjing Legend Biotech have a dual-BCMA-epitope-binding CAR-T
product, LCAR-B38M, in Phase 2 clinical development for treatment of multiple myeloma [326,327].
Perhaps more exciting are multiple CARs on the same cell in which each CAR possesses only one
signaling domain. CARs that provide signal 1 through a CD3ζ ITAM are not very effective killers
and require a second signal provided by the intracellular domains of 4-1BB or CD28. These signaling
domains can be split between two CARs, each with a different binding specificity, producing logic-based
CAR T-cells. These so-called “and” (target A and target B) CARs only produce robust target cell
killing if both target antigens are engaged on the surface of the target cell [328–330]. This strategy and
other related logic-based designs, for example, the “but not” CAR (target A but not target B) and the
syn/notch CAR, are being explored to address the complex nature of solid tumors and to generate safer
products [331,332].

The sophisticated nature of the TCR complex has been shown to be a key mechanism involved in
the many biological facets of T cell biology. Attempts to mimic this complex structure using CARs have
proven to be difficult [112]. More recently, additional protein engineering designs have attempted to
improve on the original CAR concepts. The modular nature of the various Ig-domains that encompass
the TCR α/β, CD3δε and CD3γε domains and CD4/8 chains has been open to interesting engineering.
The biotechnology company, TCR2, is exploring CD3ε-scFv fusions (Figure 10). Utilizing their TruC
platform, the tumor specific binding scFv is fused to the extracellular domain of CD3ε, allowing for
complex activation upon scFv-target binding, bypassing TCRα/β-MHC interactions [333]. Similarly,
Triumvira has fused two scFvs in place of the MHC I binding head domain of CD8. The more
membrane proximal scFv binds specifically to one of the CD3 extracellular domains and the more
distal scFv binds to tumor antigens (Figure 10). In Triumvira’s so-called TAC technology, this design
essentially locks down the tumor antigen binding to the entire TCR complex structure as a result of
the multiple ionic associations of all the players, while simultaneously including the CD8 activities
as well [334]. One final spin on this theme is Eureka’s Artemis platform that replaces TCR αV and
βV regions with antibody VH/VL regions, similar to the very first pre-CAR-like constructs made in
1989 [35]. In this format, antibody specificity is dialed into the TCR complex and can either operate
independent of MHC presentation, or, if the antibody variable regions were raised against pMHC,
retain the class I restriction, mimicking a true TCR [335]. All of the variations have one primary goal in
mind, that is, to more closely resemble the intricate control associated with the natural TCR complex.
Future studies will need to be performed to confirm the degree to which these and most certainly
others, have achieved that goal.
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Figure 10. Schematic representation of various CAR formats. Left, natural organization of a CD8+ TCR
expressed on cytotoxic T cells driving MHC-restricted CD8+ T cell effects. TCR-CARs are formed by
fusing the TCR α/β variable domains to a second-generation CAR scaffold. The Eureka Therapeutics
Artemis platform fuses antibody variable domains to TCR α/β constant regions. TCR2 platform
fuses scFvs to CD3ε. Triumvira platform fusing two scFv chains to CD8 stalk, hinge and intracellular
domains-one scFv binds to CD3ε engaging the rest of the TCR complex, while the second is free to
interact with tumor antigens.

6.6. Additional Enhancements for Tuning CAR-T Cells

In the past few years, CAR-T cells have been made with additional enhancements, either to
modulate the immune system, to help the T-cell home to the tumor or to increase the safety of the
CAR-T therapeutic [336–338]. As noted in Section 1.3, second or third generation CAR-Ts (see Figure 3)
to which these enhancements are made are sometimes called “fourth generation CAR-Ts” [338–340].
This section describes a few of these “add-ons,” some of which have already become incorporated into
clinical candidate CARs.

6.6.1. Safety Switches

As mentioned in Section 6.3, when delivering CAR-T cells that may have potential safety issues,
for example, allogeneic CAR-Ts, highly persistent CAR-Ts, CAR-Ts expressing cytokines or CAR-Ts
with the capability of generating a strong CRS, it is important for safety reasons to have a method for
either killing the CAR-T cells or turning off their function. There have been multiple approaches to
this issue, including a variety of different types of kill switches, as well as the application of adapter
molecules that link the CAR-T cells to the tumor antigens. Several different types of kill switches
have been developed for CAR-T cells, a few of which will be described here. One of the oldest
switches is the use of herpes simplex virus thymidine kinase (HSV-TK), which is sensitive to the drug
gangcyclovir [341]. Treatment of cells containing HSV-TK with gangcyclovir, however, is quite slow,
taking about 72 h to be fully effective and the viral gene product itself can lead to immunogenicity
via MHC I presentation, so this approach is not considered to be particularly attractive [342]. A more
recent and now more widely used “kill switch” is CaspaCIDE®, which couples an inducible caspase-9
(iCasp9) with a small molecule inducer known as AP1903 [98,342,343]. The effect of AP1903 treatment
in vivo on cells containing iCasp9 is quick, with 90% loss of iCasp9+ cells within 30 min and full 100%
effect within 24 h [342]. The iCasp9 kill switch system has been used in CAR-Ts cells since at least
2010 [344] and it is being employed more widely every year since. There are currently at least 11 unique
CAR-T cell constructs being tested in clinical trials today that employ the iCasp9/AP1903 system as
a safety switch (WR Strohl, BiStro Biotech Consulting Antibody and CAR-T Database, last updated
20 June 2019). A second small molecule kill switch based on caspase-9 is the very recently developed
rapamycin-induced caspase-9 dimerization safety switch (iRC9) [345].

Conversely, a different approach to regulate the activity and thus, the safety, of CAR-T cells is
to provide the CAR-T system with an inducible “only on” switch, which would rely on the constant
presence of a theoretically innocuous small molecule to keep the expression of the CAR gene cassette
going. One of these inducible “on” systems is the rimiducid-inducible MyD88/CD24-CAR (iMC-CAR)
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system [345], which give “on demand” rimiducid-dependent co-stimulation, which enhances
proliferation and activation. The CAR, however, is not fully activated until binding of the targeting
scFv to the tumor cell surface antigen triggers CD3ε signaling as well [345]. Similarly, there are multiple
versions of a tetracycline (doxycycline)-inducible (tet-inducible) CAR, in which CAR expression is
completely dependent on the presence of the tetracycline [346,347]. The tet-inducible system, however,
appears to be leaky with a significant background expression level in the absence of the inducer [347].

Another effective and popular approach to kill CAR-T cells, when required, is the use of
commercially available, approved antibodies targeting tumor targets such as EGFR and CD20.
As mentioned in Section 6.3 (see also Figure 9), the RQR8 epitope was constructed as a target for
the anti-CD20 mAb rituximab [302] and has been employed in allogeneic cells as a cell-surface kill
switch [301,303]. Additionally, a truncated version of epidermal growth factor receptor (EGFRt),
which encompasses residues 334–668 of mature EGFR (domains III and IV), has been fused to the
GM-CSF leader peptide to make a surface expressed “tag” for CAR-T cells [348–350]. This EGFRt tag
is recognized by the approved drug cetuximab (Erbitux®), which can then be used as a kill switch
to eliminate cells expressing the tag [348–350]. There are currently at least 12 unique CAR-T cell
constructs in clinical trials that have incorporated the EGFRt tag (WR Strohl, BiStro Biotech Consulting
Antibody and CAR-T Database, last updated 20 June 2019). This tag can be used not only as a kill
switch but also as a marker for sorting and tracking EGFRt-positive cells [348,349].

6.6.2. Adapters

A completely orthogonal way to control the activity of CAR-T cells is to have CAR-T cells that
recognize a molecule which is fused to the targeting antibody, that is, an “adapter molecule,” rather than
to the targeted antigen itself. In this manner, CAR-T activity only occurs when the CAR-T, the adapter
and the targeted antigen are present together [351,352]. Many adapter systems have been described in
the literature, including those that use FITC, GCN4 or biotin as the adapter molecule. In these cases,
the adapter is conjugated or fused to a tumor antigen-binding scFv (or other binding moiety) and
the CAR recognizes the adapter molecule. In this manner, the activity of the CAR-T is controlled by
availability of the adapter molecule. A potential significant upside for this kind of molecule could be
for use in the allogeneic setting. If one could construct a stable CAR+ cell line that targets an adapter,
then this could potentially be a universal, allogeneic CAR-T that could be made specific for new targets
simply by changing out the scFv that is coupled to the adapter [351,352]. A good example of this is the
peptide-specific switchable CAR (sCAR), recently developed, which specifically recognizes a 14-amino
acid residue peptide derived from yeast transcription factor GCN4 [353]. The peptide was fused to
a Fab targeting CD19 to target B cells and then fused to a CD20 Fab to demonstrate that it too would
work similarly [353]. This sCAR platform is an example of how a universal adapter CAR-T system
might work.

In a sense, the NK and T cells expressing CD16a [25,265,268,270], described in Section 5.3, would be
similar to universal adapter CARs because the only change needed to make a new “drug” would be
a different, already approved (or even one in development), targeting antibody [351].

6.6.3. Homing Receptors

At least three critical factors are required to construct a CAR-T cell to treat solid tumors. The first is
having the proper tumor antigen target, the second is efficient homing of the CAR-T cells to the tumors
and then penetration of the targeting killer cells into the tumors and, finally, the third is a successful
defense against the immunosuppressive environment within the tumor microenvironments [354].
These next two sections will cover the latter two of these requirements.

T cells traffic to different tissues based on a wide variety of different homing signals [337,355].
For example, the receptor/ligand pair CXCR4/CXCL12 will help to target T cells to the gut, lung and
bone marrow, whereas CCR4/CCL17 will help to home T cells to skin, lung and heart [355]. It is the
combination of the proper tissue-based signals and their cognate homing receptors that help home T
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cells to the proper tissues under the appropriate conditions. While this is a simplified view of very
complex biology that requires cell-cell interactions, chemokine gradients and immune signal-mediated
upregulation of chemokine receptors, it nevertheless illustrates the importance of specific chemokines
and chemokine receptors for homing T cells to target tissues. Most autologous CAR-T cell products
currently suffer from the fact that they are very heterogenous, are derived from peripheral blood rather
than tumor tissues and are deficient in many or all of the homing receptors required to traffic them
to cancerous tissues. To improve the ability of T cells to home to and then penetrate, solid tumors,
the proper receptors need to be present; if they are naturally lacking, then they will need to be
engineered into the cells.

There are now several examples of attempts to clone chemokine receptors into T cells to improve
the ability of those cells to traffic to and penetrate, solid tumor tissues. One of the keys to this approach
is understanding which tumors overexpress which chemokines, so that the proper match can be made
for each tumor. Chheda et al. [356] demonstrated that the knockout of CXCR3 and leukotriene B4
receptor (BLT1) in CTLs abrogated their ability to home to tumors in mice, which correlated with
a loss of efficacy, demonstrating the criticality of those two chemoattractant receptors in CTL migration
to the tumors. In a separate study, cultured NK cells were found to have lost the ability to express
CXCR2, which led to a defect in trafficking to RCC tumors [357]. When enforced CXCR2 expression
was reinstalled into those cells via genetic manipulation, trafficking to the RCC tumors as restored,
with a concomitant improvement in tumor cell killing [357].

In an early attempt to manipulate CAR-T cells to home to tumors, Moon et al. [100] transduced
mesothelin-targeting CAR-Ts with CCR2, which resulted in more than a 12-fold increase in trafficking
of those CAR-T cells to the mesothelin-expressing tumors in a mouse model [100]. Similarly, Siddiqui
et al. [358] demonstrated that transduction of T cells with CXCR1 significantly improved the homing
of those T cells to tumors expressing CX3CL1 in mice, with concomitant improvement in tumor
suppression. In a separate study, both mouse and human pancreatic cancers were demonstrated to
over-express the chemokine, CCL22 [359]. Transduction of T cells with CCR4, the receptor for CCL22,
led to improved interaction of the T cells with dendritic cells (DCs), increased T cell activation and
improved T cell tumor penetration in a mouse model [359], suggesting that addition of this chemokine
receptor to CAR-T cells intended for treatment of pancreatic cancer might be fruitful.

Perhaps one of the most critical findings was the apparent requirement for the expression of
CXCR3 for extravasation of T cells from the vasculature into the tumor in a mouse model [360]. Neither
CCR2 nor CCR5 could fulfil that role, indicating the likely requirement for transduction of multiple
chemokine receptors into CAR-Ts intended to treat solid tumors, each with its own function along the
path from circulation to tumor tissue. Additionally, these studies exemplify the need to understand
which chemokine attractants are expressed in which tumors under what conditions. This information
will help to design and construct “smart” CAR-Ts for targeting solid tumors.

6.6.4. Counteracting PD-1/PD-L1-Based Immunosuppression

Not only are trafficking to the site of a tumor and tumor penetration critical to the success
of CAR-Ts for solid tumors but also dealing with the typically strong immunosuppressive tumor
microenvironment (TME) [111,337,338]. The immune-repressive environments especially found in the
TME of solid tumors is clearly a potential issue for causing immune suppression of both CAR-T cells
and TRBAs. It is known that PD-1 interaction with PD-L1 has the ability to override the activating
signals from CD28, providing a dominant immunosuppressive effect in the TME [361]. To this point,
it has also been demonstrated that anti-PD-1 antibodies can rescue the CD28 function in animal
models [138]. Thus, exogenous anti-checkpoint target antibodies are being tested in clinical trials
to counteract the suppressive immune environment for either TRBA therapy [139–141] or CAR-T
therapy [142].

With CAR-T constructs, there are additional opportunities to address the PD-1/PD-L1-based
immunosuppression by modification of the CAR-T cell itself. There are multiple approaches to
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this concept. First, there are several reports of CAR-Ts in which either PD-1 or PD-L1 were
knocked out [146,362–365] or modified to generate of a dominant-negative PD-1 lacking the signaling
domain [138]. In a slightly different twist, Liu et al. [366] described the construction of a “PD1CD28”
CAR-T cell in which the extracellular domain of PD-1 was fused to the intracellular activating domain
of CD28. With these cells, the presence of PD-1 in the TME would act as a stimulatory signal through
the CD28 signaling domain [366]. Finally, CAR-T cells have been engineered not only with the CARs
but also with the ability to express and secrete into the TME either anti-PD-1 antibodies [144,145],
anti-PD-L1 antibodies [143], anti-CTLA4 antibodies [145] or decoys to block PD-1/PD-L1 interaction
such as the CH3-PD-1 fusion [367].

In a different twist to dealing with the PD-1/PD-L1 immunosuppressive axis, Xie et al. [364]
generated CAR-T cells that target PD-L1 in the tumor microenvironment. In this way, they not only
were targeting PD-L1-positive cancer cells but also stromal cells in the TME that help provide for
the immunosuppressive environment. In targeting PD-L1, Xie et al. [364] found that CAR-T cells
themselves produced a low level of PD-L1, so knock-outs of endogenous CAR-T PD-L1 were made that
were significantly better than wild-types. The PD-L1 CAR-T cells reduced tumor growth and increased
survival in an animal model. A clinical candidate CAR-T cell targeting PD-L1 has been registered but
not yet recruiting patients, for the treatment of non-small cell lung cancer (NSCLC) [368].

6.6.5. Cytokine-Expressing CAR-Ts

Another approach to dealing with the immunosuppressive environment of solid tumors is the
generation of CAR-T cells that produce T cell stimulatory cytokines themselves [111,338]. A variety of
cytokine-expressing and secreting CARs have been made and tested preclinically [340]. These constructs
have been given names such as “armored CARs” [340] or TRUCKs (i.e., T cells redirected for universal
cytokine killing) [99,339,369]. Koneru et al. [370] reported the generation of CAR-T cells targeting
MUC-16ecto which also expressed and secreted IL-12 to the TME, which now has been taken into Phase
I clinical trials [370] where it is being delivered directly into the tumor [371].

7. Targets for Clinical Stage TRBAs and CAR-T Cells

As shown in Table 1, there are currently 289 unique TRBAs and CARs being tested in clinical
trials today, targeting a total of 53 unique targets (BiStro Biotech Database, last updated 20 June 2019).
Currently, the 61 unique TRBAs in clinical trials target 31 different antigens, with seven candidates
targeting BCMA, six candidates targeting CD33, five candidates each targeting CD20 and CD123 and
four candidates targeting PSMA (Table 5). A total of 18 different targets are currently being targeted
each by a single known TRBA clinical candidate. Of the 61 clinical stage TRBAs, 31 (~51%) primarily
target heme malignancies, 25 (~41%) primarily target non-central nervous system (non-CNS) based
solid tumors, four target neurological tumors and one targets human immunodeficiency virus (HIV).
There are only two clinical-stage TRBAs currently targeting CD19, blinatumomab, which has been
approved under the trade name Blincyto® for treatment of B cell acute lymphoblastic leukemia (B-ALL)
and AMG 562, a half-life extended BiTE® construct in Phase I clinical trials [372].

On the other hand, of the 225 clinical candidate CARs, 88 (39%), including the two approved
CAR-T therapeutics, primarily target CD19 (of these, 11 target CD19 plus at least one additional
B-cell target). Other tumor antigens most frequently targeted by CAR constructs include BCMA
(26 candidates targeting), mesothelin (12), GD2 (10), CD123 (8), CD22 (8) and HER2 (6) (Table 5).
Approximately 67% of all clinical stage CAR constructs target hematological cancers, largely driven by
the vast number of CD19 targeted clinical candidates. Altogether, CAR constructs are being studied in
clinical trials against 43 known unique targets.
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Table 5. Targets of clinical stage T-cell redirected therapeutics, TRBAs and CARs *,**.

Therapeutic Format
Primary Target Primary Indications

TRBAs CAR-T/NKs
rCells Expressing

FcγRIIIa
Total

CD19 B-cell cancer (NHL, etc.) 2 88 0 90
BCMA MM 7 26 1 34
CD123 AML 5 8 0 13

Mesothelin Solid tumors 1 12 0 13
GD2 Solid and neurological tumors 2 10 0 12
CD20 B-cell cancer (NHL, etc.) 5 4 2 11
CD33 AML 6 4 0 10
HER2 Solid tumors 3 6 0 9
CD22 B-cell cancer (NHL, etc.) 0 8 0 8
CD30 HL 1 5 6
PSMA Solid tumor (prostate) 4 2 0 6

EGFRvIII Neurological tumors 2 4 0 6
EGFR Solid tumors 1 3 0 4
CD38 MM 2 2 0 4

EpCAM Solid tumors 2 2 0 4
PSCA Solid tumor (prostate) 1 3 0 4

CEA (CEACAM5) Solid tumors 2 1 0 3
HIV Virus 1 1 0 2

Glypican-3 Solid tumors 1 1 0 2
Flt3 AML 1 1 0 2

NKG2D ligands Solid tumors 0 2 0 2
Claudin 18.2 Solid tumors 0 2 0 2

DLL3 SCLC 1 1 0 2
CS1 (SLAMF7) MM 0 2 0 2

MUC16 Solid tumors 1 1 0 2
Lewis-Y Solid tumors 0 2 0 2

cMet Solid tumors 0 2 0 2
Others with single candidate Mostly solid tumors 10 16 0 26

Undisclosed/other Unknown 0 6 0 6
Total – 61 225 3 289

* BiStro Biotech Consulting LLC database, locked 20 June 2019. Data obtained from Clinicaltrials.gov, literature
papers, company websites, analyst reports and other sources. ** Abbreviations: AML, adult acute myeloid
leukemia; BCMA, B-cell maturation antigen; CAR, chimeric antigen receptor; CD, cluster of differentiation; CEA,
carcinoembryonic antigen; EGFR, epidermal growth factor receptor; EpCAM, epithelial cellular adhesion molecule;
GD2, disialoganglioside antigen; HER2, human epidermal growth factor receptor; HL, Hodgkin’s lymphoma; MM,
multiple myeloma; NHL, non-Hodgkin lymphoma; NK, natural killer (cells); NKG2D, natural killer group 2D;
PD-L1, programmed death ligand-1; PSCA, prostate stem cell antigen; PSMA, prostate-specific membrane antigen;
rCells, recombinant NK or T-cells; SCLC, small cell lung cancer; TRBA, T-cell redirecting bispecific antibody.

As mentioned in Section 5.3, there are three clinical candidate recombinant NK or T cells that
express FcγRIIIa to be redirected by therapeutic antibodies to tumors. Two of these candidates target
CD20 for NHL and one targets BCMA for MM. As noted previously, a clinical trial of recombinant
FcγRIIIa+-NK-92 cells with the anti-PD-L1 mAb, avelumab [267], is already planned, which could
potentially extend this approach to solid tumors. If this combined cell/targeting mAb approach yields
significant efficacy in the clinic, this number could rise quickly, because the cell products themselves
would not need to be changed. The existing cell product candidates would just need to be paired in
clinical trials with different approved therapeutic antibodies, such as trastuzumab for HER2-positive
tumors, daratumumab for CD38-positive multiple myeloma (this would work for T cells but not for
NK-92 cells, which are CD38-positive) and atezolizumab, avelumab or durvalumab for PD-L1-positive
tumors and so forth.

An interesting twist on choice of targets is the recent report of using CAR-T cells to target the
tumor micro-environment instead of the cancer cells themselves [364]. They generated CAR-T cells
targeting the tumor TME-specific fibronectin splice variant, EIIIB [364]. Dosing of the EIIIB CAR-T
cells helped to drive immune response to the tumor, suppressing tumor growth [364]. This strategy is
not yet in clinical trials but seems promising.
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As mentioned above in Section 6.6.3., one of the three critical issues for building successful CAR-Ts
is finding the right tumor antigen targets. Due to the potency and toxicity of CAR-Ts and TRBAs to the
target cells, it is critical to have either tumor-specific targets or targets that are vastly over-expressed
in tumors as compared with normal tissues. The search for truly tumor-specific antigens has been
ongoing for decades. Although some antigens have been discovered that are very tumor selective (e.g.,
MUC1, EGFRvIII, CEA, GD2 ganglioside, PSCA), essentially no antigens have been discovered that
are absolutely restricted to tumor cells [373]. As a result, strategies to overcome the potential toxicity
associated with killing normal cells that express these targets, even at low levels, are required.

In addition to the paucity of truly tumor-specific antigens, there is significant tumor antigen
heterogeneity, that is, not all cells within the tumor will possess the targeted antigen, which makes the
antigen selection bar even higher [374,375]. For example, antigen presence on cells within a tumor,
for example, HER2 in NSCLC tumors, may be present on only 40% of the tumor cells [375]. Moreover,
the copy number of tumor surface antigens can vary significantly from cell-to-cell within a tumor,
as well. It is common for many cancers, including lung cancer, renal cell carcinoma, breast cancer,
AML and CLL, amongst others, to have significant subclonal populations within the tumor [376].
Several genomic studies have revealed the extreme heterogeneity within tumors and even a wide range
of heterogeneity amongst patients with a single type of tumor and heterogeneity amongst different
types of tumors [377,378]. A mathematical model based on genomic analysis of tumor heterogeneity
has even been developed called “MATH” (mutant-allele tumor heterogeneity) score, which has been
used to help identify the extent of heterogeneity in various tumor types [378,379]. The problem
with tumor heterogeneity, no matter how carefully measured, is that it generally works against any
tumor-targeting approach, including TRBAs and CAR-Ts.

Even efficient killing of antigen-positive cells will only eliminate part of the tumor. Thus, it is
important to note that there are examples of both CAR-T cells [380] and BiTE®s [381] demonstrating
bystander killing of antigen-negative cells that were in direct contact with antigen-positive cells.
In the case of BiTE®-induced bystander killing, FAS and ICAM-1 were both upregulated on the
antigen-negative cells, which helped contribute to the bystander killing process that took place over
a matter of hours after initial contact of the BiTE® with the antigen-positive tumor cells [381]. It is
known that IFN-γ can upregulate Fas (CD95) on the surface of cancer cells [382]. Since both CAR-T
cells [380] and TRBA-induced T-cell killers [381] both induce the production of IFN-γ as part of their
activation and killing process, it is likely that Fas-mediated apoptosis of bystander cells may be more
prevalent than shown in just these few studies. Additional studies need to be carried out to determine
the extent to which bystander killing can help T-cell redirected strategies to eradicate tumors.

For both reasons mentioned above, that is, the need for greater tumor specificity and tumor
antigen heterogeneity, one of the key approaches is to build CAR-T cells that have the ability to target
multiple antigens, which appears to be part of a trend in tumor targeting going forward [375]. In our
most recent analysis, we count 30 “multiple” targeting CARs out of 225 total unique CARs (Table 3),
which is ca. 13% of all CARs being tested in clinical trials today.

Highly engineered CAR-T cell products in the future will not only have the ability to regulate
what combinations of targets are engaged to drive an activation response but also to control through
signal domain optimization the strength of that activation [329–332]. In any case, using either TRBAs
or CAR-T as treatment options, it will be necessary to determine the presence of tumor antigens before
treatment and to score for the change in tumor antigens after treatment [373].

8. Cytokine Release Syndrome (CRS) and Its Effect on Treatment

Cytokine release syndrome (CRS) is a significant concern for both CAR-T and TRBA mediated
therapies [383]. Virtually every CAR-T and TRBA candidate tested in the clinic thus far has had at
least some patients experiencing CRS adverse events. For Blincyto®, the only currently approved
TRBA on the market, CRS occurs in only about 7–15% of patients depending on indication but in
some cases, it was quite severe [384]. More severe cases of CRS can present clinical signs resembling
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severe inflammatory syndromes such as hemophagocytic lymphohistiocytosis (HLH) or macrophage
activation syndrome (MAS) [383].

CRS is a major concern for CAR-T cell products. For example, treatment of 101 patients for
refractory aggressive B-cell NHL with axicabtagene ciloleucel (KTE-C19) resulted in grade ≥3 CRS in
13% of the patients, whereas treatment of 51 patients with tisagenlecleucel for relapsed or refractory
DLBCL led to grade ≥3 CRS in 26% of the patients [385]. As seen in virtually all CD19 CAR-T
trials, the rapid expansion and activation upon CAR-T cell product target engagement results in
the expression of toxic cytokines including IL-6, TNF-α and IFN-γ [386]. The release of these
cytokines can be lethal, unless appropriately managed in the hospital setting. Current management
includes immunosuppressive corticosteroid infusion and/or inclusion of an IL-6R blocking antibody
(Actemra®) [386]. Most recently, the prominent role of IL-1 produced by monocyte/macrophages
during CAR-T therapy has been elucidated as a major driver of CRS; potential treatments with IL-1
blocking antibodies are being tested in the clinic [387]. Very recently, it was demonstrated that GM-CSF
stimulation of monocytes/macrophages may play a significant role in driving CRS [388,389]. Deletion
of the GM-CSF gene in CAR-T cells eliminated CRS and actually improved CAR-T functionality in
mouse models [388,389]. Similarly, GM-CSF function could be managed using an anti-GM-CSF mAb,
such as lenzilumab [388,389], or one of the other clinical-stage anti-GM-CSF mAbs (e.g., otilimab,
namilumab, TJ003234). These promising results suggest that as we learn more about the mechanisms
by which CRS occurs, improved management will quickly follow.

It is important to note that for CAR-T cells, CRS is driven by the expansion and activation of
the CAR-T cells and that in the early clinical trials in B-ALL, the CD19 target was highly and widely
expressed in the total B cell compartment [383]. This may have resulted in an over-activation paradigm
that may not be seen in more selectively targeted CAR-T cell products.

CRS often occurs with a short time window (e.g., 0–72 h) after dosing. Two of the key predictors
or correlates, of severe CRS with either TRBA or CAR-T therapy are tumor burden and therapeutic
dose [383]. For T-cell engaging bispecific antibodies, many investigators are now using step-up dosing
(low dose preceding before regular dose) [390] or, in the case of the CD20-TCB RG6026, pre-dosing
with the anti-CD20 mAb, obinutuzumab [227]. These types of dosing protocols appear to help lower
the incidence of CRS. For CAR-T cell therapeutics, investigators have tried split-dosing to help manage
CRS [391,392].

Neurotoxicity is also a significant AE that can occur with both TRBA and CAR-T therapy.
Neurological toxicities occur in about two-thirds of all patients taking Blincyto®, typically within
the first two weeks of therapy [384]. Pretreatment with dexamethasone or concomitant treatment
with corticosteroids seemed to help reduce the neurological adverse events [393]. In clinical trials,
neurotoxicity associated with CAR-T therapy (CAR-T-related encephalopathy syndrome or CRES)
occurred in about 28% of patients treated with axicabtagene ciloleucel (KTE-019) and in 13% of patients
treated with tisagenlecleucel (CTL019) [385].

9. Comparison of TRBAs and CAR-Ts Therapeutic Approaches

9.1. General Comparison of TRBAs with CAR-T Cells

Table 6 shows the overall comparisons of TRBAs with autologous and allogeneic CAR-T cells.
Since there is such diversity amongst both TRBAs (e.g., short vs log half-life; bivalent vs trivalent and
tetravalent; geometry) and CAR-Ts (affinity of antibodies used; use of different activation domains;
methods for production and activation ex vivo, T cell types included, etc.), some the comparisons are
necessarily generalized. Several other recent reviews also have compared many of the salient features
of TRBAs and CAR-Ts [27,223,394,395].

Fundamentally, it is generally considered that CAR-T cells are more potent and efficacious than
current TRBAs [17,127] but this comparison is largely made on Kymriah® and Yescarta® CAR-T
therapies versus the only currently approved TRBA, Blincyto®. It may turn out that new TRBA
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therapeutics in development may leapfrog Blincyto® in efficacy and be much more competitive with
the CAR-T therapies while maintaining the virtues of TRBAs. When it comes to cost, availability,
convenience, ability to control dosing, ability to re-dose over time and the requirement with CAR-Ts
for lymphodepletion, however, TRBAs have a significant “usefulness” advantage over CAR-T cells.

From a competitive marketing stance, Yescarta® brought in $264M (US dollars) in sales in 2018,
largely due to the need for better treatment for DLBCL [396]. Kymriah®, which was the first CAR-T
to be approved, was limited to 2018 sales of $28M (US dollars), hampered by both manufacturing
concerns and approval for only B-ALL until May 2018, when it was also approved for DLBCL [397].
Blincyto®, which is currently only approved for B-ALL, brought in $230M (US dollars) in 2018 [398],
which demonstrates that at least in B-ALL, it is competitive market-wise with the CAR-T thus far.
A significant caveat to this, however, is that Blincyto® has been approved since 2014, so it has had
a longer period to build its market share.

Table 6. Comparison of TRBAs and CAR-T cell platforms as therapeutics.

Therapeutic Approach
Properties

T cell Redirection with TRBAs Autologous CAR-T or NK Cells
Allogeneic CAR-T or NK Cells

(Projected)

Currently approved and
marketed (as of

20 June 2019)

1; Blincyto®

(anti-CD19 × CD3 BiTE®)
2; Kymriah® and Yescarta®, both

CD19-targeting autologous CAR-Ts
None

Current indications
covered R/R B-ALL DLBCL, R/R NHL, B-ALL None

Structure Bispecific antibodies that bind both
a tumor antigen and CD3ε on T cells

T cells engineered with synthetic
gene construct encoding scFv fused

to linker and activation domains

T cells engineered with synthetic
gene construct encoding scFv fused

to linker and activation domains

Source and homogeneity
of T cell component

Endogenous T cells; No homogeneity
(i.e., all CD3+ T cells may be engaged)

Expanded and activated
endogenous T cells; homogeneity

depends on process used

Could be homogeneous CD8+

T-cells, depending on cell type
and approach

Antibody Short half-life vs long half-life formats

Currently, mostly scFvs; possible
unfolding, aggregation,

tonic signaling; need for better
binding constructs

Currently mostly scFvs—possible
unfolding, aggregation,

tonic signaling; need for better
binding constructs

T-cell signaling
domain(s) CD3ζ CD3ζ + 4-1BB (or OX40)

and/or CD28
CD3ζ + 4-1BB (or OX40)

and/or CD28

PD-1 inhibition of
CD28 activity

Likely significant issue; may need to
co-dose with PD-1 inhibitor

Use of 4-1-BB signaling domain
should alleviate

Use of 4-1-BB signaling domain
should alleviate

Drug-like properties “Off-the-shelf” drug Must be engineered from patient’s T
cells (2–4 week process) Depends on cell type and construct

Dosing
Multiple dosing; short half-life

formats may require continuous
dosing via pumps

Single dose
Single dose; multiple dose

potentially available if engineered to
eliminate HLA

Route of administration IV; possible subcutaneous for
future candidates IV only IV only

Long-term persistence
and memory

Short half-life – only as long as
continuously infused; long half-life –

typically measured in weeks

Yes, but variable; longer persistence
correlated with activity

Unknown but likely to be similar to
autologous T-cells

Immune synapse Normal and concentric;
normal detachment

Abnormal and multifocal;
fast detachment

Expected to be similar to autologous
CAR-T cells

T cell signals at synapse Signals 1, 3 Signals 1, 2 (sometimes), 3 Expected to be similar to autologous
CAR-T cells

Killing mechanisms Perforin and granzyme; Secondary:
cytokine modulation of TME [123]

Perforin and granzyme; Fas/FasL
axis; Secondary: cytokine
modulation of TME [123]

Expected to be similar to autologous
CAR-T cells

Serial killing Yes, similar to CTLs Yes, faster than TRBAs an CTLs Expected to be the same as
autologous T cells

None; related to dosing and half-life Yes, in responders Unknown but expected

Bystander killing of
antigen-negative cells

Demonstrated, as long as
antigen-negative cells were in direct

contact with antigen-positive
cells [381]

Demonstrated, as long as
antigen-negative cells were in direct

contact with antigen-positive
cells [380]

Unknown but expected based on
CAR-T results

Toxicity CRS, neurotoxicity Higher CRS and neurotoxicity
than TRBAs Unknown but expected
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Table 6. Cont.

Therapeutic Approach
Properties

T cell Redirection with TRBAs Autologous CAR-T or NK Cells
Allogeneic CAR-T or NK Cells

(Projected)

Ability to attack
solid tumors

To be determined; early data are
mixed but not encouraging

To be determined; early data are
mixed but not encouraging

Potential based on TIL
correlation data

Trafficking Passive Active but limited; can be
engineered to match tumor needs

Active; possible to engineered to
match tumor needs

Trafficking into CNS Not demonstrated; Unlikely if BBB is
intact [395]

Demonstrated trafficking into
CNS [399]

Unknown but expected based on
CAR-T results

Need for
lymphodepletion prior

to treatment
No Yes Yes

Technical risk Moderate; many platforms are
working well High but may be manageable Currently very high

Need for “kill switch” or
turn-offmethodology

No but nice to have, especially for
long half-life formats Moderate; nice to have Very high; must have for safety

Accessibility High–off-the-shelf biologic drug
Only available at specific medical
centers thus far; 2–4 week process

time before therapy

Projected to eventually have
availability similar to biologic drugs

Cost of goods
Relatively low; Antibody-like or

slightly higher depending on type of
TRBA platform

Very high (more than
a $75,000 process)

Projected to be low to medium once
cell manufacturing process

is established

Cost to patient/payers Medium ($89,000/course; $178,000 for
predicted two course therapy) *

Very high ($373,000 for treatment of
DLBCL; $475,000 for Kymriah®

treatment of B-cell ALL) **

Projected as medium to high,
depending on cell type

and construct

Abbreviations: BBB, blood-brain barrier; B-ALL, B-cell acute lymphoblastic leukemia; BiTE®, bispecific T-cell
engager; CAR-T cell, chimeric antigen receptor-T cell; CD, cluster of differentiation; CNS, central nervous system;
CRS, cytokine release syndrome; DLBCL, diffuse large B-cell lymphoma; IV, intravenous; NHL, non-Hodgkin
lymphoma; NK, natural killer (cells); R/R, relapsed or refractory; PD-1, programmed cell death protein 1; scFv,
single chain, Fragment variable (antibodies); TIL, tumor-infiltrating lymphocytes; TRBA, T-cell redirecting bispecific
antibody. * Quote is for the cost of two-course treatment with Blincyto® [400]. ** Quotes for cost of CAR-T
therapies [401].

The overall therapeutic strategy behind both CAR T-cells and TRBA is the same, that is, harness
the cytotoxic function of T (or NK, NKT) cells to target and kill tumor cells, as well as to overcome the
escape mechanisms utilized by the tumor cells. However, these two technologies differ significantly.
TRBAs typically have a significantly higher affinity on the tumor antigen arm than on the T-cell arm,
so once dosed, they will largely distribute to the site of the tumor antigen and coat the antigen-positive
tumor cells. These coated cells then become targets for T cells that enter the tumor. Thus, TRBAs have
a significant dependency on both the ability of cytotoxic T-cells to enter the tumors and for those cells to
become activated upon binding. It has been shown, however, that TRBAs can even cause T-regulatory
cells to kill tumors cells [402], so the forced formation of the synapse also serves to activate the T-cells.
The activation signals for TRBAs are limited to CD3ζ and there is no provision for signal 2, at least in
the current generation of TRBAs. Thus, TRBAs are potentially limited in the TME by the suppressive
effects of PD-1/PD-L1 and similar regulatory immune checkpoints.

CAR-T cells, on the other hand already are armed with the antibodies and seek out tumor cells as
a “ready-made killing machine.” Additionally, autologous CAR-T cells are activated ex vivo, typically
by CD3, CD28, and/or cytokine treatment, providing a stimulant for killing tumor cells immediately
upon dosing. Finally, when CAR-T cells bind to the target cells, the costimulatory domains activate the
CAR-Ts further, giving them a significant edge over TRBAs in terms of killing potential.

As described in Section 4.1, another approach that falls in between CAR-Ts and TRBAs is the
use of autologous T cells, activated and armed with a TRBA ex vivo, followed by reintroduction to
the patient [21]. This approach is similar to CAR-Ts in the sense that autologous T-cells are used
and activated ex vivo but more similar to TRBAs in the sense that the “drug” is a bispecific antibody
conjugate. Also, in this case, there is no recombinant T-cell activation domain, so the activation rests
solely with CD3ζ, thus missing one of the key components of a CAR-T strategy. This is probably one
of the key reasons why the ex vivo T-cell/TRBA approach has garnered only limited interest.
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As mentioned in Section 2.2, the potency of the CAR-T cells may come from the unusual
multifocal synapses they form with the target cells, allowing for faster killing rates and quicker time
to release [112,113]. Additionally, CAR-T cells possess their own ability to provide signal 2 in the
intracellular activation domains (e.g., CD27, 4-1BB, OX40). Finally, as mentioned in Section 6.6.4.,
one potential checkpoint issue with natural T cells and bispecific antibodies is the ability of PD-1/PD-L1
interaction to override the CD28 activation signal [361]. In CAR-T cells possessing the 4-1BB signaling
domain, which is becoming an increasing number due to the activation and proliferative signaling
provided by 4-1BB as well as its ability to promote persistence and reduce T-cell exhaustion [138,403,404],
this should not be an issue. Third generation CAR-Ts can include both CD28 and 4-1BB costimulatory
domains (or other combinations; see Figure 3), so these newer CAR-T constructs should better promote
both T-cell function, proliferation and persistence [134,404].

In both CAR T-cells and TRBA therapeutics, healthy and active T cells are a prerequisite.
In most cancer patients, especially patients with hematological malignancies, multiple lines of therapy
previously administered can severely impact the number and health of circulating T cells [313].
The impact of the patients T cell status will certainly limit the effectiveness of both CAR T-cells and
TRBAs. However, during the process of generating a CAR T-cell product, the patients T-cells are
removed and manipulated ex vivo during their genetic manipulation to express the CAR, allowing
for recovery and expansion prior to dosing [313]. As a result, the impact of the pretreatment can be
mitigated to some extent and less chance is factored into the overall success of the CAR T-cell approach,
compared to TRBA approach. This will be even less of an issue for truly allogeneic CAR T-cell products
in which healthy, highly characterized cells are used as the starting material.

Currently, TRBAs do have an advantage with regard to ease of manufacturing, consistent product
and dose control. This is especially significant in situations in which multiple dosing is required
or preferred or for tumor target antigens that are also expressed on normal tissues. The ability to
titer the dose and control the exposure of the agent in vivo has a significant advantage when tight
control of the therapeutic agent is required to limit on-target, off-tumor toxicity. In contrast, currently
used autologous CAR T-cell therapeutics are usually only dosed once (or at most, twice), owing to
the challenges associated with current manufacturing technologies and the products themselves are
a heterogeneous mixture of different T-cell subtypes with varying CAR expression.

9.2. Clinical Comparison of TRBAs vs. CAR-T Cells

T-cell redirecting therapeutics, including both TRBAs and autologous CAR-Ts, have revolutionized
the treatment of hematological malignancies over the past half-dozen years or so. These forms of
therapy, as described in this review, have significant promise for use and success in many forms of
cancer. As shown in Tables 4 and 6, two autologous CAR-T cell therapies, Kymriah® and Yescarta®,
were approved by the US-FDA in 2017, just a few months apart. Kymriah® has now been approved
for treatment of B-cell ALL (August 2017) and R/R DLBCL (May 2018), whereas Yescarta® has been
approved for R/R DLBCL and PMBCL (Oct 2017). Similarly, Blincyto® was approved in 2014 for
Philadelphia-negative chromosome B-cell ALL and has more recently (July 2017) tacked on approval
for Philadelphia-chromosome-positive B-cell ALL. The CD19-targeting CAR, Lisocabtagene maraleucel
(Liso-cell; JCAR017) and BCMA-targeting bb2121 are currently in Phase 3 clinical trials for DLBCL and
multiple myeloma, respectively, so it would be expected that they may be the next T-cell redirected
biologics in line for consideration for marketing approval.

Table 7 provides a glimpse at a few example clinical trial outcomes into the current status of these
lead T-cell redirecting biologics. Key results that have enthused clinicians and patients are objective
response rates (ORR) of up to ~80% and complete responses (CRs) above 50% for CAR-T treatments of
the aggressive B-cell lymphoma, DLBCL. Median duration time for responses in DLBCL have been
over 10 months for the CAR-Ts and 7 months for Blincyto® (Table 7). Some of these responses in
DLBCL have been durable, while others have faded over time. Kymriah® has been impressive for
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the treatment of B-cell ALL, with CRs above 80%, as compared with Blincyto®, which at least for
Philadelphia chromosome-negative B-ALL, CRs were above 30% (Table 7).

Table 7. Examples of clinical data with T-cell redirecting biologics.

T-Cell Redirecting Biologic Drug
Property

Kymriah® Blincyto® Kymriah® Yescarta® Liso-cel Blincyto® bb2121 AMG420

Sponsor Novartis Amgen Novartis Gilead
(Kite)

Juno/
Celgene Amgen Bluebird/

Celgene Amgen

Format CAR-T;
4-1BB CS

TRBA
(BiTE®)

CAR-T;
4-1BB CS

CAR-T;
CD28 CS

CAR-T;
4-1BB CS

TRBA
(BiTE®)

CAR-T;
4-1BB CS

TRBA
(BiTE®)

Trial EL TW JU ZU TC Phase 1 Phase 1 Phase 1

Target CD19 CD19 CD19 CD19 CD19 CD19 BCMA BCMA

Indication B-ALL B-ALL
(PCN) DLBCL DLBCL DLBCL DLBCL MM MM

# Number of
Patients 63 271 93 101 73 11 33 42

ORR ND ND 52% 83% 80% 55% 85% 31%

CR/CR * 83% 34% 40% 58% 59% 36% 45% 17%

PR 20% ND 12% 25% 21% 18% 39% 10%

Median response
duration time NR 7.7 mo 11.7 mo 11.1 mo 10.2 mo

NR 13.3 mo 11.8 mo NR

Grade 3+ AEs ND ND 89% 98% 16% 90% ND ND

CRS incidence 77% 15% 58% 58% 37% ND 76% 38%

Grade 3+ CRS ND nk 22% 11% 1% ND 6% ND

Neurotoxicity ND 65% 21% 64% 25% 71% ND ND

Grade 3+
Neurotoxicity ND 13% 12% 32% 15% 20% ND 0%

Elimination
half-life

21.7 d RP;
2.7 d NRP NA 91.3 d RP;

15.4 d NRP ND ND NA ND NA

References [290] [384,405] [290,406] [291,407] [408] [393,409] [295,410] [411,412]

* Abbreviations: B-ALL, B-cell acute lymphoblastic leukemia; BCMA, B-cell maturation antigen; CD, cluster of
differentiation; BiTE®, bispecific T-cell engager (short half-life, continuously infused); d, days; CAR-T, chimeric
antigen receptor T-cell; CS, co-stimulation domain; DLBCL, diffuse large B-cell lymphoma; EL, ELIANA trial; JU,
JULIET trial; Liso-cel, Lisocabtagene maraleucel (JCAR017); MM, multiple myeloma; mo, months; NA, not applicable;
ND, no data; NR, not reached (during testing period covered); NRP, non-responding patients; PCN, Philadelphia
chromosome-negative; RP, responding patients; TC, TRANSCEND-CORE; TRBA, T-cell redirecting bispecific
antibody; TW, Tower trial; ZU, ZUMA-1 trial. #: Number.

It is now well known that persistence of the CAR-Ts is highly critical for their success and is
correlated with responses [413]. This is borne out by data provided in clinical trials with Kymriah®.
For B-cell ALL patients who responded to the treatment, the geometric mean half-life for the CAR-T
cells was ca. 22 days; for non-responders, the half-life was only 2.7 days [290]. The time to the last
detectable CAR-Ts was 170 days for responders versus only about 29 days for non-responders [290].
Similarly, for DLBCL responding patients treated with Kymriah®, the half-life was calculated to be
about 91 days for responders versus 15.4 days for non-responder patients. In this case, times to the last
detectable CAR-Ts in circulation were 289 days for responders versus 57 days for non-responders [290].
There are two take-aways from these data: first, the persistence of the same CAR-T was significantly
different between the two different patient populations, indicating that disease-specific factors play
a role in persistence of autologous CAR-T cells; second, it is clear that longer CAR-T persistence in both
disease types was correlated with responders. As we learn more about what differentiates responders
from non-responders, we may be able to influence the level of persistence of CAR-Ts in patients to
improve response rates.

While the data for anti-BCMA treatment of MM by CAR-Ts and TRBAs is in its infancy, a few
results recently cited from early clinical trials give hope for future MM treatment paradigms. The very
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high ORR (85%) and CR (45%) associated with bb2121 treatment of MM (Table 7) is very encouraging,
as are the data with the anti-BCMA TRBA, AMG420, which are from a Phase I ascending dose paradigm
(i.e., several of the patients dosed were dosed at below therapeutic levels, which skews the numbers
downward). At the projected optimal dose of 400 μg/day, there were four CRs [411].

The real goals of clinical treatment are durable, complete responses. Currently, both TRBAs and
CAR-Ts have high initial response rates but have a significant relapse rate. Thus, both increasing the
number of patients with CRs and extending the durability through CAR-T persistence and improved
design of TRBAs will be critical to clinical improvements. While it appears thus far that CAR-T cell
therapy is more potent that TRBA therapy, this analysis comes with huge caveats, including the very
small sample size, the fact that the only TRBA included in the analysis is Blincyto®, which due to its
short half-life must be dosed continuously and the overall toxicity profile, which appears to be higher
for CAR-Ts than for TRBAs. Moreover, it is still too early to pass judgement on the various forms of
T-cell redirected therapies, as so many new variables have been tested over the past few years that we
really are just now beginning to learn the critical quality attributes for each type of therapeutic.

It has been suggested that for TRBAs to compete with future CAR-Ts, CRs will need to be >50%
with durations longer than a year, with progression-free survival and overall survival of 12 and 18
months, respectively and cure rates of at least 30%. Those kinds of data, however, particularly extending
to treatments beyond B-ALL and DLBCL, will make virtually any TRBA or CAR-T highly competitive.

There are many reasons for failure of either a TRBA or CAR-T. Target antigen loss accounts for
about a third of all TRBA and CAR-T failures. For example, in six clinical trials using CD19 CAR-T cells
to treat B-ALL, the relapse rates ranged from 29–57% [414]. Of those relapses, 7–25% were due to loss of
the targeted antigen, CD19, on the tumor cells [414]. Related to antigen loss is antigen down-regulation,
which may change the copy number of the tumor-associated antigen from high to low and perhaps
even as low or lower than copy number on normal tissues, which presents a significant challenge with
respect to therapeutic window. Another major reason for treatment failure is modification of the tumor
antigen on the surface of cells due to mutations, many of which have lost the targeted epitope [415]
and possibly also alternative expression of splice variants. Antigen down-regulation and modification
are thought to make up a second third of treatment failures. The final major factor resulting in failures
is treatment-related toxicities. While this is being controlled by treatment with drugs to limit CRS and
by changes to dosing paradigm, it is still a significant factor in failure.

9.3. Future Improvements

9.3.1. TRBAs

There are several improvements that may be made to increase TRBA efficacy and reduce toxicity,
many of which have been described in this paper. Some of these include greater emphasis on targeting
epitopes close to the membrane that allow the greatest level of T-cell activation [221,224,226], greater
emphasis on geometry of both binding arms that allows for strongest synapse formation and killing
potency (c.f., Figure 8 [17]) and improvement in understanding and applying affinity to both the
CD3ε and tumor antigen arms. With respect to affinity, it has been often considered that the affinity
between the CD3ε arm should be lower than the affinity of the second arm to the tumor antigen.
This allows for distribution to the tumor and coating of the tumor antigen-positive tumor cells [416].
Too high of an affinity on the CD3ε arm of a TRBA can potentially lead to distribution into T-cell rich
tissues such as lymph node and spleen rather than into tumor tissues [416] and may potentially lead
to toxicity [417]. One rule of thumb, which may or may not bear out with time, is to have at least
a ten-fold higher affinity to the tumor antigen than to the CD3ε. This makes sense, since the goal
is to have the TRBA distribute to the tumor, coat antigen-positive tumor cells and attract T-cells to
those TRBA-coated tumor cells. Another approach to increasing the apparent affinity to the tumor
versus T-cells is to increase the number of tumor antigen binding arms while keeping only a single
CD3ε binding arm [227,228]. The 2:1 TCB platform recently described by Roche does exactly that,
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with a concomitant improvement in activity [227]. Intriguing designs for TRBAs in the future may
include multiple tumor antigen binding arms with only a single CD3ε binding arm, such as the IGM
Biosciences IGM-based TRBA, which has 10 binding arms for the tumor antigen and a single binding
arm for CD3ε) [228].

Getting the right TRBA dose is a significant issue. Because TRBAs are so potent and even
low doses can lead to significant CRS in some cases, the FDA carried out a study on clinical stage
TRBAs concerning first-in-human dosing and concluded that initial doses needed to follow careful
MABEL (minimum anticipated biological effect level) calculations to ensure safe dose escalation in the
clinic [418]. Additional improvements in TRBAs may be more related to dosing paradigms, including
step-up dosing when necessary to prevent or reduce the chance of CRS [390]. Another issue with TRBA
dosing is the potential to overdose, which can lead to separate coating of T-cells and tumor cells in
a manner that they will not interact, which would lead to a lack of efficacy [223]. Additionally, it is well
known that continuous stimulation of T cells can lead to T-cell anergy, so TRBA dosing paradigms may
be designed to provide oscillations in serum concentrations, which may decrease T-cell anergy [27].
Finally, since TRBAs do not provide a signal 2, combinations of TRBAs and either checkpoint inhibitors
or possibly activators may increase the efficacy and therapeutic window.

The most important improvement in TRBAs would be to develop a TRBA format that either
significantly limits or eliminates CRS, since CRS appears to be dose-limiting in most cases. A very
recent publication highlighted the development of a new TRBA format that appears, at least in vitro
and in animal experiments, to limit CRS significantly [417]. This TRBA consisted of a Fab arm binding
to CD3ε on one side and two domain antibodies binding the tumor antigen in place of the other Fab
arm [417]. Of critical importance, though, was the fact that the correlation of high potency and low CRS
was largely due to the properties of the CD3ε-binding arm, F2B, which binds the CD3δε heterodimer
at about 34 nM but does not measurably bind the CD3γε heterodimer [417]. Well-studied anti-CD3ε
mAbs such as OKT3 bind both the CD3δε and CD3γε heterodimers at relatively high affinity, indicating
that the mAb F2B epitope must be unique, which may also offer a unique signaling pattern [417].
Unfortunately, the CD3δε-specific F2B mAb does not cross-react with cynomolgus monkey CD3ε [417],
so that will make preclinical toxicology more difficult to assess. Hopefully, additional TRBA platforms
with improved binding arms, geometry, and/or affinity/avidity will be found that improve potency
with concomitant low CRS.

9.3.2. CARs

For CAR-based cell therapy designs, there are so many potential improvements that could be made,
it is difficult to define which are the most important. Clearly, if a stable, off-the-shelf allogeneic CAR-T
or CAR-NKT cell line with a defined PK/PD profile could be established that rivals the clinical results
demonstrated by the approved autologous CAR-Ts, Kymriah® and Yescarta®, that would be perhaps
the most significant advance. This type of CAR would allow for broader distribution, immediate use
as a therapeutic and hopefully, a less costly therapy. Additionally, such a cell line could be engineered
in all the ways mentioned in this paper, including making it PD-1 or PD-L1-negative [146,362–365],
engineering in the ability to produce antibodies in the local TME environment [143–145], adding in
cytokine expression to help activation and proliferation [99,339,369,370], kill switches to control any
adverse circumstances [98,301–303,341–344,348–350] and cloning in chemokine receptors to help in
trafficking the cells to tumors [100,337,355,358,360].

As shown in Tables 4 and 7, the different CAR-T therapeutics are constructed with different spacers,
transmembrane domains and costimulatory domains. Virtually all CAR-T constructs today utilized the
CD3ζ signaling domain, so that is a constant. Additionally, as mentioned previously, affinity, epitope
and type of antibody used may have a significant impact on activity. A signaling analysis recently
carried out suggested that co-stimulation with CD28 resulted in faster and higher downstream protein
phosphorylation which correlated with effector T-cell function [419]. On the other hand, co-stimulation
with 4-1BB was more correlated with genes associated with T-cell memory and as previously noted,
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also correlates with sustained activity and persistence [134,138,403,404]. The importance of one or the
other profile may change with cell types, cancer types and indications, so it is too early to state broadly
that one costimulatory form is preferable over another.

The appropriate affinity for a CAR has been a topic of considerable discussion. Early CARs
were constructed with whatever antibodies were already available, many of them of mouse origin,
as previously discussed. As CAR design has become more sophisticated, both the affinity [404,420] and
target antigen epitope [421] of the CAR have become more critically designed. It has been noted that
higher affinity CARs may interfere with serial killing and persistence, as well as potentially promoting
T cell exhaustion or even activation-induced cell death [111]. In some cases, lower affinity CARs were
correlated with greater cancer cell killing and tumor clearance [422] and may help to promote a faster
off-rate from the tumor cell [112,113], which itself correlates with increased cytokine and chemokine
expression [423]. Lower CAR affinity, however, can result in the requirement for higher target numbers
to achieve activation, which is potentially great for differentiating normal tissue with low antigen
expression from antigen-over-expressing cancer tissue but can limit tumor killing when target antigen
is decreased by either lower expression [111,128] or through trogocytosis [130]. In fact, the strategy of
lowering the CAR affinity to reduce on-target but off-tumor toxicity (i.e., binding to tissues with lower
target antigen numbers (has been used to limit toxicities associated with targeting solid tumors) [420].
Thus, a key to improvement of future CARS will be the balancing of CAR affinity with the application
of activation and signaling domains. A recent publication demonstrated that lowering the affinity of
the CAR, coupled with the combination of both CD28 and 4-1BB signaling, produced a CAR with
balanced and potentially optimal affinity/signaling properties [404].

As has been shown with TRBAs (Section 3.4) [15,17,221,224,226], it is also believed that membrane
proximal epitopes on targeted antigens provide the best activity for CARs [421]. More distal
epitopes might not be sufficient to generate a strong immunological synapse [224,424]. However,
other considerations are equally important and not as implied based on sequence of the target antigen.
For example, the “neighborhood” of the target antigen and how it can interfere with epitope access,
as well as, its structural conformation can also interfere with the interaction of the TRBA interaction [425].
Thus, understanding the activity of the CAR in the presence of primary target cells, which may possess
the most realistic target neighborhood, may be of significant benefit over cell lines into which the target
antigen has been cloned for expression.

Changes in CAR construction not involving either the target-binding scFv or the signaling and/or
costimulatory domains also can have a huge impact on CAR function and safety. A recent result
suggests that minor changes can have enormous impacts on the performance and safety of a CAR-T
cell. Ying et al. [426] generated and compared a series of modified CAR-T cells based on CTL019
(Kymriah®; Tisagenlecleucel-T) in which they altered the length of the CD8α transmembrane and
hinge used. They found that one of their constructs, CD19-BBz(86), which possessed a 10 amino
acid residue longer extracellular hinge as well as a 4 amino acid longer intracellular domain, was far
superior to CTL019 in CRS and other functions [426]. This construct was recently taken into a Phase 1
clinical trial [427], demonstrating significantly superior safety (very low CRS and neurotoxicity) over
most other clinical stage CAR-Ts and slower proliferation, while retaining high functionality (54.5%
CRS obtained with B-cell lymphoma patients) [426]. This study demonstrates how even minor changes
to “seemingly non-critical components” of the CAR can yield significantly improved CAR-Ts.

Once the CAR T-cell product is dosed, the expansion and persistence are completely under the
control of the biology and state of the patient and the CAR T-cells. This loss of control is often the
driver behind the toxic CRS and neurotoxicity observed in CAR T-cell therapeutics and has been forced
CAR T-cell developers to design safety switch technologies and other management strategies to control
these products once dosed [428,429]. Control of PK/PD and persistence of CAR-T products would be
a significant advance. It is well recognized that CAR-T persistence is correlated with response [395].
This is exemplified by data from clinical trials with Kymriah®, in which the investigators were able
to identify a clear correlation between patient population and pharmacokinetic properties of the
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CAR-T [290]. There were two distinct populations of patients, that is, responding patients in which the
geometric mean half-life of the CAR-T was over 20 days and the time to last measurable CAR-T cells
was 170 days and non-responding patients, in which the geometric mean of the CAR-T in circulation
was less than three days and the CAR-Ts were gone within a month [290]. Understanding what
biological signals or circumstances that differentiate these two populations might allow us to turn
non-responders into responders, which could make the CAR-T therapeutics significantly more effective
than they already are.

Similar to TRBAs, CAR-Ts suffer from the influences of two main biological facts: The potential
negative influences of the tumor microenvironment of the T-cells, especially for solid tumors; and our
ability to identify truly tumor specific target antigens. There are many negative influences on the
biological responses to T-cells including the upregulation of check-point molecules like PD-1/PD-L1 and
PD-L2, expression of suppressive cytokines like VEGF and TGF-β, the infiltration of myeloid-derived
suppressive cells, tumor associated macrophages, cancer associated fibroblasts and regulatory T-cells,
poor vascularization and hypoxic conditions [425]. Although we are just beginning to understand
some of the factors driving these barriers, our ability to manipulate them will be key to overcoming
them. With so many different pathways contributing to this physiochemical barrier, it is difficult to
envision that a single agent therapeutic will be able to overcome them all and allow for the immune
cells to have an effect. Consequently, TRBAs will no doubt have the most difficult time as they are only
designed to address one aspect of the therapeutic strategy of localizing and activating T-cells near the
tumor cells. The simplicity of these agents loses some of its appeal when one considers the need to now
address many additional pathways that will need to be manipulated in order to achieve therapeutic
responses. CAR T-cells, on the other hand, have built-in components that can be manipulated to
address many, if not all, of these barriers. As previously discussed, the generation of a CAR T-cell
involves genetic engineering to insert the CAR construct into the T-cell genome. It is entirely feasible
to add additional modifications, even in a single genetic manipulation step, to address some of these
barriers. For example, CAR T-cells can be engineered to express antibody fragments that will block the
action of suppressive cytokines or check-point molecules. They can be stimulated ex vivo to upregulate
chemokine receptors or other receptors that drive tumor localization [430].

Efforts to generate allogeneic CAR T-cell products will undoubtedly be highly engineered to
not only address the allo-reactivity but also many of these barriers. Future allogeneic CAR-based
cell products that are expected to be more homogenous and well characterized will be a significant
improvement over current autologous CAR products with regard to understanding dose-response
relationships. However, it still remains to be seen if even with these highly controlled allogeneic
products they will be more predictable once dosed.

10. Summary and Future State

This is an exciting time for T-cell redirected therapeutics, both for protein-based bispecifics and
cell-based CAR therapeutics. Both formats have shown significant glimpses of promise but also many
shortcomings, several of which may be able to be addressed with engineering. With so many different
types of TRBAs (Table 2) and CAR-Ts (Tables 3 and 4) being studied in clinical trials today, it will be
years before we understand the optimal structures and/or constructs with critical quality attributes that
best address each particular type of cancer or indication. The differences between the two platforms,
CAR-Ts and TRBAs, today is enormous, with ease of use, availability and costs favoring TRBAs
where sheer potency driving CRs and duration of response currently favoring CAR-Ts. If allogeneic
CAR-Ts become more widely available in easily engineered formats, this could significantly change the
outlook, as the “off-the-shelf” CAR-Ts will then start to take on more of the characteristics of regular
biologic drugs, that is, dosing and redosing, no need to wait for processing, lower costs and availability.
This review has documented many or the ways in which the molecules and/or cells can be engineered
to potentially increase the therapeutic window. Many of these engineered modifications or addons
will be much easier to accomplish by engineering cells rather than protein biologics, so in the long-run,
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there does appear to be a potentially higher upside potential for CAR-Ts than TRBAs but that remains
to be seen. The key to both formats is the ability to increase the therapeutic window by significantly
decreasing both CRS-related and neuro-related toxicity, while maintaining or even increasing potency.
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Abbreviations

AML adult acute myeloid leukemia
APC antigen presenting cell
ART-Ig asymmetric re-engineering technology—immunoglobulin
ATTACK asymmetric tandem trimerbody for T cell activation and cancer killing
B-ALL B cell acute lymphoblastic leukemia
BBB blood-brain barrier
BEAT bispecific engagement by antibodies based on the T cell receptor
BiKE bispecific killer engager
BiTE bispecific T-cell engager
CAR chimeric antigen receptor
CD cluster of differentiation
CIKs cytokine-induced killers
CLL chronic lymphocytic leukemia
CNS central nervous system
CR complete response
CRS cytokine released syndrome
CTL cytotoxic T lymphocytes
DART dual affinity retargeting (antibody)
DLBCL diffuse large B cell lymphoma
DVD-Ig dual variable domain immunoglobulins
EGFRt truncated version of epidermal growth factor receptor
EMA European Medicines Agency
EpCAM epithelial cell adhesion molecule
Fc fragment, crystallizable
FIT-Ig Fabs-in-tandem immunoglobulins
GVH, GVHD graft-versus-host (disease)
HC heavy chain
HLA human leukocyte antigen
HSV-TK herpes simplex virus thymidine kinase
iCasp9 inducible caspase-9
Ig immunoglobulin
ImmTAC immune-mobilizing monoclonal TCR against cancer
iNKT invariant NKT (cells)
ITAM immunoreceptor tyrosine activation motif
KIH knobs-into-holes
LC light chain
MATH mutant-allele tumor heterogeneity
MHC major histocompatibility complex
MM multiple myeloma
NK natural killer (cell)
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NKG2D natural killer group 2D
NKT natural killer T (cell)
NSCLC non-small cell lung cancer
OR objective response
PBMCs peripheral blood mononuclear cells
pMHC peptide-MHC complex
PR partial response
R/R relapsed/refractory
sCAR switchable chimeric antigen receptor
scFv single chain, fragment variable
SEED strand exchange engineered domain
SMAC supramolecular activation cluster
TandAb tandem diabody
TBE target cell-biologic-effector cell (complex)
TCB T-cell bispecifics
TCR T-cell receptor
TILs tumor infiltrating lymphocytes
TME tumor microenvironment
TRBA T-cell redirecting bispecific antibody
TriKE trispecific killer engager
TITAC trispecific T cell activating construct
US-FDA United States Food and Drug Administration
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Abstract: Immunoglobulin E (IgE) antibodies are well known for their role in mediating allergic
reactions, and their powerful effector functions activated through binding to Fc receptors FcεRI and
FcεRII/CD23. Structural studies of IgE-Fc alone, and when bound to these receptors, surprisingly
revealed not only an acutely bent Fc conformation, but also subtle allosteric communication between
the two distant receptor-binding sites. The ability of IgE-Fc to undergo more extreme conformational
changes emerged from structures of complexes with anti-IgE antibodies, including omalizumab, in
clinical use for allergic disease; flexibility is clearly critical for IgE function, but may also be exploited
by allosteric interference to inhibit IgE activity for therapeutic benefit. In contrast, the power of
IgE may be harnessed to target cancer. Efforts to improve the effector functions of therapeutic
antibodies for cancer have almost exclusively focussed on IgG1 and IgG4 subclasses, but IgE offers an
extremely high affinity for FcεRI receptors on immune effector cells known to infiltrate solid tumours.
Furthermore, while tumour-resident inhibitory Fc receptors can modulate the effector functions
of IgG antibodies, no inhibitory IgE Fc receptors are known to exist. The development of tumour
antigen-specific IgE antibodies may therefore provide an improved immune functional profile and
enhanced anti-cancer efficacy. We describe proof-of-concept studies of IgE immunotherapies against
solid tumours, including a range of in vitro and in vivo evaluations of efficacy and mechanisms
of action, as well as ex vivo and in vivo safety studies. The first anti-cancer IgE antibody, MOv18,
the clinical translation of which we discuss herein, has now reached clinical testing, offering great
potential to direct this novel therapeutic modality against many other tumour-specific antigens. This
review highlights how our understanding of IgE structure and function underpins these exciting
clinical developments.

Keywords: Immunoglobulin E; FcεRI; CD23; allostery; cancer immunotherapy; AllergoOncology;
IgE effector functions; monocytes; macrophages; ADCC

1. Introduction

Immunoglobulin E (IgE), named in 1968 [1–3], was the last of the five classes of human antibodies
to be discovered, and today is commonly associated with the various manifestations of allergic
disease [4]. However, its role in mammalian evolution appears to be the provision of a mechanism
for defence against parasites and animal venoms [5], and in this regard it required the acquisition
of a powerful effector function. It is precisely this power, and the possibility of understanding
and harnessing it, that makes IgE an attractive candidate for monoclonal antibody immunotherapy
against clinically important targets. IgE differs from the various sub-classes of IgG that have
hitherto been the common format for therapeutic antibodies in a number of key aspects, including
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its domain architecture, glycosylation, conformational dynamics and, as only recently appreciated,
allosteric properties [6]. In this review, we bring together our understanding of the structural and
functional properties of IgE, and show how this underpins the development of IgE as a therapeutic
antibody format.

IgE’s receptor-binding activities also present unique features. There are two principal receptors,
FcεRI, structurally homologous to other members of the FcγR family, and FcεRII/CD23, which
unlike almost all other antibody receptors, is a member of the C-type (Ca2+-dependent) lectin-like
superfamily [4]. FcεRI is expressed on tissue mast cells, blood basophils, airway epithelial and
smooth muscle cells, intestinal epithelial cells, and various antigen-presenting cells (APCs), monocytes
and macrophages [7–11]; the cross-linking of receptor-bound allergen-specific IgE on mast cells and
basophils by allergen is the signal for cell degranulation, the release of pre-formed mediators of
inflammation and an immediate hypersensitivity response that can be powerful enough to cause
anaphylactic shock and even death. Not only is it is necessary to cross-link very few IgE and FcεRI
molecules in this way, compared with IgG and FcγR, but the affinity of IgE for FcεRI (Ka ≈ 1010 M−1)
is at least two orders of magnitude higher than that of IgG for any of its receptors. Thus, most IgE
is already cell bound, and all that is required is contact with perhaps a minute amount of allergen
to trigger a rapid reaction. In contrast, IgG generally requires the formation of immune complexes
consisting of many more antibody molecules, which can then, upon contact with an effector cell, cause
FcγR clustering and cell activation [12]. With its uniquely high affinity for any antibody-receptor
interaction, FcεRI is often referred to as the “high-affinity” receptor for IgE.

FcεRII, or CD23 as it will be called here, is also known as the “low-affinity” receptor for IgE. While
the affinity of each of its lectin-like “heads” for IgE (Ka ≈ 106 M−1) is indeed much lower than that
of FcεRI, the fact that the molecule is trimeric can lead to a higher avidity if more than one head can
engage IgE; this will be discussed in detail later. CD23 is expressed on B cells, T cells, various APCs,
gut and airway epithelial cells and a range of other cell types [13–18]. On B cells, IgE binding to CD23,
the latter behaving both as a membrane protein and also as a soluble protein released from the cell
surface (in trimeric or monomeric form) by endogenous or exogenous proteases, can either up- or
down-regulate IgE levels [13,19–21]. This interplay between IgE and both membrane and soluble CD23
has been proposed to constitute a mechanism for IgE homeostasis. CD23 also transfers IgE-allergen
complexes across the airway and gut epithelia and thus promotes the presentation of airborne and
food allergens to the immune system [16–18,22].

There is a considerable body of structural data concerning the interactions between IgE-Fc and
the receptors FcεRI and CD23. There is also a good understanding, if based upon rather few examples,
of how IgE Fabs recognise allergens; this understanding was recently enhanced by the discovery
that allergen recognition may occur not only in a classical, complementarity-determining region
(CDR)-mediated manner, but also through V-region framework regions (FR) in a “superantigen-like”
mode [23]. When we put these structural data together to build models of the whole IgE molecule, it is
clear that there are constraints upon the disposition of the Fab arms when the Fc is receptor bound,
and similarly, there may be restrictions upon the receptor-binding capability of the Fc region when IgE
engages target antigens; unfortunately, we lack high-resolution structural data on the complete IgE
molecule. Appreciation of these constraints and the consequences of the flexibility and dynamics of
the IgE molecule as a whole, are clearly important for engineering an IgE molecule for immunotherapy
that combines the desired antigen-binding and receptor-mediated activities.

2. The Structure of IgE

The overall architecture of the IgE molecule differs most significantly from that of IgG in respect
to the “additional” heavy chain constant domain (Figure 1a,b) and the absence of a hinge region in the
ε-chain. The six domains comprising the IgE-Fc, a dimer of Cε2-Cε3-Cε4 domains, are evolutionarily
more ancient than the four-domain IgG-Fc. IgE-Fc resembles the (Cμ2-Cμ3-Cμ4)2 Fc structure of IgM,
the most primitive antibody class, and the (Cυ2-Cυ3-Cυ4)2 Fc domains of avian IgY, the ancestor of
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IgE and IgG [24]. The hinge region of IgG appears to have evolved to take the place of the (Cε2)2

domain pair, since the Cγ2 and Cγ3 domains of IgG-Fc are most closely homologous to the Cε3 and
Cε4 domains of IgE-Fc. IgM molecules, as pentameric or hexameric structures, are known to undergo
conformational changes upon contact with antigen that dramatically alters the disposition of the
Fab arms relative to the Fc region, as observed by electron microscopy (EM) [25]. Unliganded, the
IgM molecules appear planar and “star-shaped”, while bound to the surface of antigens they form
“table-like” structures with the Fab arms bent down and away from the Fc region. These observations
are pertinent to the discussion of the flexibility and conformational change in IgE that will follow.

Figure 1. Overall structure and glycosylation. (a) Schematic representation of Immunoglobulin G (IgG).
(b) Schematic representation of Immunoglobulin E (IgE). (c) The IgG Cγ2 domain contains complex
carbohydrate covalently attached to Asn297 [26]. (d) The IgE Cε3 domain contains high-mannose
carbohydrate covalently attached to Asn394 [27]. In panels (c,d), carbohydrate residues are labelled as
follows: FUC, fucose; GAL, galactose; MAN, mannose; NAG, N-acetylglucosamine; SIA, sialic acid.

Expectations that IgE, with the additional domain pair, might adopt a more extended Y-shaped
structure than that of IgG [28], were refuted by early biophysical studies of IgE in solution and when
FcεRI-bound that indicated a more compact conformation [29,30]. In particular, elegant work with
IgE molecules fluorescently labelled in their antigen-binding sites and at the C-termini of their Fc
regions, clearly indicated through fluorescence (Förster) resonance energy transfer (FRET) distance
measurements that the IgE molecule was not extended, but bent [31,32]. This was later confirmed
by small-angle X-ray scattering (SAXS) studies of IgE and IgE-Fc in solution, the latter indicating
that the Fc itself was a compact structure, best modelled by folding the (Cε2)2 domain pair back onto
the Cε3-Cε4 domains [33]. However, when the first X-ray crystal structure of the whole IgE-Fc was
solved [34], the bend was found to be even more acute than that which had been modelled (Figure 2a),
with the Cε2 domain of one chain even contacting the Cε4 domain of the other; furthermore, by
bending of the (Cε2)2 domain pair over towards one side of the (Cε3-Cε4)2 region, the IgE-Fc molecule
adopted an asymmetrical three-dimensional structure, despite its symmetrical primary structure
(chemical sequence). A FRET study of IgE-Fc further confirmed that this bent structure does indeed
exist in solution [35]. Might IgE-Fc be able to “un-bend”, akin to the conformational changes that IgM
appears to undergo?

307



Antibodies 2019, 8, 19

Figure 2. IgE-Fc is conformationally flexible. (a) Unbound IgE-Fc adopts an acutely bent conformation [34].
(b) IgE-Fc adopts a partially bent conformation when in complex with an omalizumab-derived Fab [36].
(c) Fully extended IgE-Fc conformation captured by aεFab [37]. (d) IgE-Fc adopts a fully extended
conformation when in complex with the 8D6 Fab that is more compact than the conformation shown in
(c) [38]. In panels (a–d), IgE-Fc chain B is coloured grey while chain A is coloured cyan, orange, pink and
blue, respectively. For clarity, the anti-IgE Fabs are not shown in panels (b–d).

Despite the identical primary structures of the two heavy (and two light) chains, IgE, like IgG
and all other antibody classes, is glycosylated [39–42], and since there is heterogeneity not only in the
pattern of glycosylation at the various potential sites but also in the composition at any particular site,
the two heavy chains within any one IgE (or IgG) molecule are not precisely identical. Whether or
not this compositional asymmetry is related to the asymmetric bending of the IgE-Fc has not been
explored. One glycosylation site is conserved across all antibody classes: Asn394 in the Cε3 domain of
IgE, structurally homologous to Asn297 in the Cγ2 domain of IgG. Other potential sites in the Cε2
and Cε3 domains are not always fully glycosylated, but Asn394, like its homologues in other antibody
classes, is always fully occupied [39–41]. The branched carbohydrate chains occupy space between the
Cε3 domains, as they do between the Cγ2 domains of IgG, but there is a major difference between
IgE and IgG in this respect: the glycosylation at Asn394 in IgE is of the “high-mannose” type, in
contrast to the “complex-type” at Asn297 in IgG (Figure 1c,d). Other glycosylation sites in IgE that
are exposed at the surface are complex-type, which suggests that the high-mannose composition at
Asn394 may be due to the Cε2 domains impeding access of the mannosidase enzymes responsible for
trimming the high-mannose structures prior to assembly of the complex-type glycoforms. The same
high-mannose structure is seen in IgY-Fc between the Cυ3 domains [43], perhaps similarly due to the
presence of Cυ2 domains. The high-mannose, branched carbohydrate chains in IgE-Fc not only make
non-covalent (hydrogen bond, hydrophobic and van der Waals) contacts with the Cε3 domains to
which they are covalently attached, and to the adjacent Cε4 domains, but also make contact with each
other, bridging the two heavy chains [27,34,44]. Despite this apparent structural role, and again in
contrast to IgG in which loss of glycosylation at Asn297 compromises FcγR binding [45], both FcεRI
and CD23 receptor-binding activity is maintained in the absence of glycosylation; IgE-Fc expressed
in bacteria and refolded [46,47], or deglycosylated following mammalian expression [48,49], binds to
both receptors. However, glycosylation at Asn394 is essential for the expression of functional IgE in
mammalian cells in vitro and in vivo [41,50].

IgE thus differs in important ways from IgG, not only in terms of its overall structure and, as will
now be discussed, its flexibility, but also with respect to the nature and the role of its glycosylation.

3. Conformational Dynamics in IgE-Fc

Crystal structures of the sub-fragment of IgE-Fc consisting of only the Cε3 and Cε4 domains, which
we term Fcε3-4, and IgE-Fc, have revealed a degree of flexibility in the arrangement of the Cε3 domains
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relative to each other, either further apart (“open”) or closer together (“closed”) [27,34,36–38,44,51–59].
Furthermore, unliganded IgE-Fc structures were only bent (Figure 2a) [27,34,44]. It was therefore a
considerable surprise to discover that in the crystal structure of the first complex between IgE-Fc and
an anti-IgE antibody Fab, aεFab, the Fc had adopted a fully extended conformation (Figure 2c) [37].
Further analysis revealed that the anti-IgE Fab, which binds at the Cε2/Cε3 interface in a 2:1 complex
with IgE-Fc, was selecting a pre-existing conformational state of the molecule in solution, and thus
the question arose: if IgE-Fc could spontaneously “un-bend” to reach a fully extended state, could
the (Cε2)2 domain pair then “flip over” to lie in a bent conformation on the other side of the Fcε3-4
region? In order to estimate the energetics of this potential “flipping” of the IgE-Fc, extensive molecular
dynamics (MD) simulations were carried out [37]. It was discovered that the bent structure lies in
a relatively deep energy well, but that once the IgE-Fc molecule had escaped this minimum, the
“conformational landscape” was relatively flat, i.e., there were no significant barriers to prevent it
reaching the extended conformation or indeed allowing the (Cε2)2 domains to bend over onto the
other side of the molecule. The MD simulations revealed that this flipping of the Cε2 domains required
the Cε3 domains to open somewhat, but the rate-limiting step for the process was clearly escape from
the energy well representing the bent conformation. Most molecules would be in the bent state at
any given time, consistent with the SAXS and FRET data in solution, but occasionally they flip over,
although the rate and frequency of this event is difficult to assess.

Anti-IgE antibodies of the IgG class, such as aεFab, directed against the Fc region clearly have
potential as anti-allergy therapeutics if, by either steric or allosteric means, they inhibit FcεRI or CD23
engagement. These activities will be discussed in the following two sections, and we first concentrate
here on the lessons learned about IgE flexibility from structural studies of these anti-IgE Fab/IgE-Fc
complexes. Omalizumab is a clinically approved anti-IgE antibody, and it binds to a partially bent
conformation, intermediate between the bent and extended structures (Figure 2b) [36]. It binds to the
Cε3 domains, also in a 2:1 complex, and causes the Cε3 domains to move further apart and adopt
a very “open” conformation. Another anti-IgE antibody, termed 8D6, directed to the Cε2 and Cε3
domains, binds to a fully extended IgE-Fc conformation (rather like aεFab, Figure 2c) but in the 8D6
structure (Figure 2d) the (Cε2)2 domain pair is twisted and compressed towards the Cε3 domains, as
in a corkscrew motion [38]. To date, these are the only structures that have been published for IgE-Fc
in complex with anti-IgE Fabs (Figure 3).

The picture that emerges from these structural studies is that of a highly flexible Fc region in
which the Cε2 domains are capable of extending and twisting relative to the Fcε3-4 region, or bending
over to either side, with the Cε3 domains adopting closed or open states. With regard to the flexibility
of the whole IgE molecule, i.e., that of the Fab arms relative to the Fc, we lack crystallographic data,
although molecular simulations suggest that the short Cε1-Cε2 linker of only five or six amino-acids
substantially restricts the available conformations compared with the Fab arm flexibility mediated
by the hinge regions in IgG subclasses [35,37]. This is consistent with earlier biophysical studies in
solution, which showed less Fab arm flexibility in IgE compared with IgG [60]. Nevertheless, despite
lacking an IgG-like hinge, the linker between the Cε2 and Cε3 domains can clearly permit bending of
the whole IgE molecule, just as is seen in IgM with its (Cμ2)2 domains and no hinge [25], although in
IgM the precise nature of the bending remains unresolved.
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Figure 3. Crystal structures of IgE-Fc in complex with anti-IgE Fabs. (a) IgE-Fc in complex with
an omalizumab-derived Fab [36]. (b) aεFab/IgE-Fc complex [37]. (c) 8D6 Fab/IgE-Fc complex [38].
In panels (a–c), IgE-Fc chain B is coloured grey while chain A is coloured orange, pink and blue,
respectively. The Fab heavy and light chains are coloured in wheat and pale yellow, respectively.

4. IgE-Receptor Interactions

The structural details of IgE binding to the soluble extracellular domains of both FcεRI and CD23
are now well established. FcεRI expressed on mast cells and basophils comprises four polypeptide
chains, αβγ2 (Figure 4a), but on other cell types it lacks the β-chain, which may serve either as
an “amplifier” of down-stream signalling, since the β-chain contains an additional copy of the
immuno-tyrosine activation motif (ITAM) present in the γ-chains, or it may affect surface expression [7].
All of the IgE-binding activity resides in the two Ig-like domains of the α-chain, termed sFcεRIα, the
only substantial extracellular part of the receptor (Figure 4a). The crystal structure of sFcεRIα bound
to Fcε3-4 first revealed the α2 domain and part of the α1-α2 linker bound across the two Cε3 domains,
close to the point of connection to the Cε2 domains [56]. When the structure of the complex with the
complete IgE-Fc was solved, contrary to expectations that the Fc might unbend, the angle was found
to become even more acute (from 62◦ to 54◦; Figure 4b) [44]. This enhanced bend seen in the crystal
structure with IgE-Fc agrees not only with a recent study in solution with a FRET-labelled IgE-Fc
molecule [35], but also, strikingly, with the work carried out more than 25 years ago with FRET-labelled
IgE bound to FcεRI on cells, which showed a more compact structure for IgE when receptor-bound
than in solution [32]. This orientation of IgE and acutely bent Fc, as indicated in Figure 4b, places
constraints upon the disposition of the Fab arms, which may well be critical for understanding how
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the IgE molecule engages both FcεRI on cells and antigen (allergen), whether soluble or on a target cell,
to enable receptor cross-linking and effector cell activation. These topological issues will be considered
in more detail below.

Figure 4. FcεRI (a) Schematic representation of FcεRI: the four chains are indicated, showing the two
extracellular Ig-like domains of the α-chain that contain the IgE-binding activity, and the locations
of the three intracellular ITAM signalling motifs. Figure adapted by permission from John Wiley &
Sons, Inc. (Sutton, B.J.; Davies, A.M. Structure and dynamics of IgE-receptor interactions: FcεRI and
CD23/FcεRII. Immunol. Rev. 2015, 268, 222–235 [6]). (b) IgE-Fc adopts an acutely bent conformation
when in complex with sFcεRIα, engaging the receptor (purple) at two distinct sub-sites [44]. IgE-Fc
chains A and B are coloured dark cyan and pale cyan, respectively.

CD23 is a homo-trimeric type-II membrane protein with its C-terminal C-type lectin-like “head”
domains, to which IgE binds, spaced from the membrane by a triple α-helical coiled-coil “stalk”
(Figure 5a). There is also a C-terminal “tail” of unknown structure that is required for binding to
CD21, a co-receptor for CD23, the engagement of which is implicated in B cell activation and cell
adhesion events [4,6,61–63]. We will focus on the IgE/CD23 interaction. The crystal structure of a
single lectin-like domain alone, lacking the stalk and tail, which we will term sCD23, binds to IgE-Fc
with a 2:1 stoichiometry, although the affinities for the two sCD23 molecules differ by more than a
factor of ten (Ka ≈ 106 M−1 and 105 M−1) [53]. The binding of both molecules can be seen clearly
in Figure 5b, one sCD23 molecule bound to each ε-chain in a similar manner, principally to Cε3 but
also contacting Cε4, in this complex with Fcε3-4 [51]. However, the structure of sCD23 bound to
IgE-Fc, which unexpectedly trapped only the first binding event (Figure 5c), explains the difference in
affinity [53]. This 1:1 complex reveals how the first sCD23 molecule binds to an asymmetrically bent
IgE-Fc, principally to Cε3 as before and also to Cε4, but with a single hydrogen bond and some van der
Waals contacts with a Cε2 domain; the (Cε2)2 domain pair remains essentially bent, but swings about
16◦ to accommodate CD23 binding (Figure 5c) [53]. The site for the second CD23 head is completely
accessible, although not occupied in this crystal structure, but this asymmetry of the two ε-chains
explains the difference in affinity at the two CD23 binding sites.

As expected for a “C-type” lectin domain there is a Ca2+ binding site, although IgE binding
does not require occupancy of this site [51,53,64]. Neither does this “lectin” interaction with IgE
involve carbohydrate, although its binding to CD21 may be carbohydrate-dependent. In the presence
of Ca2+, IgE binding is enhanced [62], 30-fold at 37 ◦C, through ordering of a loop and a subtle
conformational change that enables additional contacts with IgE [54]. Intriguingly, these additional
contact residues comprise a second Ca2+ binding site in murine CD23, an indication perhaps of a
step in the evolution of the interaction of IgE with this C-type lectin domain. The Ca2+ dependence
of the affinity, undoubtedly enhanced in the context of the trimer through an avidity effect, may be
functionally important for unloading of IgE/allergen complexes by CD23 in endosomes, where the
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Ca2+ concentration is two to three orders of magnitude lower than at the cell surface, prior to CD23
recycling to the cell surface [65,66].

Figure 5. CD23. (a) Schematic representation of CD23: the three identical chains showing the triple
α-helical coiled-coil “stalk”, C-type lectin-like IgE-binding “head” domains, and C-terminal “tails”.
Figure adapted by permission from John Wiley & Sons, Inc. (Sutton, B.J.; Davies, A.M. Structure and
dynamics of IgE-receptor interactions: FcεRI and CD23/FcεRII. Immunol. Rev. 2015, 268, 222–235 [6]).
(b) The 2:1 complex between sCD23 (orange) and Fcε3-4 [51]. (c) The 1:1 complex between sCD23
(orange) and IgE-Fc, in which IgE-Fc adopts an acutely bent conformation [53]. In panels (b,c), IgE-Fc
chains A and B are coloured dark cyan and pale cyan, respectively.

It is important to realise that although IgE can bind to two CD23 heads, these cannot belong to the
same CD23 trimer; the N-termini of the two sCD23 molecules, which connect to the stalk (Figure 5b),
are so far apart that most of the stalk would have to unravel for this to be possible [51]. However, IgE
can cross-link two membrane CD23 trimers, and soluble trimeric forms of CD23 containing both head
and stalk can cross-link membrane IgE (on B cells committed to IgE synthesis) or soluble IgE; in all of
these cases, the bivalence of IgE and trivalence of CD23 can combine to create large complexes, which
may be required for signalling in the context of B cell or APC activation [4].

5. IgE—An Allosteric Antibody

The crystal structures of the two-receptor complexes reveal a key element of the IgE molecule,
namely that there is allosteric communication between the two receptor-binding sites. It is known
that IgE cannot bind to both receptors simultaneously [67,68], and vital that this is so, since otherwise
trimeric CD23 could cross-link FcεRI-bound IgE on mast cells or basophils, causing activation and an
inflammatory response in the absence of allergen. Indeed, binding of sFcεRIα inhibits sCD23 binding,
and vice versa [51,69]. Earlier, it was thought that the two binding sites must overlap, but we know now
that although both lie principally within Cε3, they are far apart from each other at opposite ends of the
domain (Figures 4–6). This mutual inhibition is achieved allosterically [51,69], mainly through changes
in the disposition of the Cε3 domains relative to the Cε4 domains. To engage FcεRI, the Cε3 domains
must adopt an “open” state (Figure 6a), which changes the angle between the Cε3 and Cε4 domains
and prevents binding of CD23 at the Cε3/Cε4 interface. However, when CD23 binds, the Cε3 domains
move closer together and this more “closed” conformation precludes FcεRI binding (Figure 6b).
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Figure 6. Binding of IgE to its receptors is allosterically regulated. (a) sFcεRIα (purple) binds to the
Fcε3-4 region when the Cε3 domains adopt an open conformation [44]. (b) sCD23 (orange) binds to the
Fcε3-4 region when the Cε3 domains adopt a closed conformation [51]. In panels (a,b), IgE-Fc chains A
and B are coloured dark cyan and pale cyan, respectively.

Not only do the Cε3 domains undergo these domain motions, but they also appear to have
evolved a high degree of intrinsic flexibility; when compared with other immunoglobulin domains
in terms of hydrophobic core volume or other indicators of dynamics, Cε3 is clearly an outlier, and
when expressed as an isolated domain it has been described as adopting a “molten globule” rather
than a fully folded state [27,70–74]. Plasticity at the IgE-Fc/CD23 interface [55,75] and ordering of Cε3
upon FcεRIα binding [70] has been observed, with entropic contributions to the thermodynamics and
kinetics of receptor binding playing an important role [44]. Remarkably, one of the earliest biophysical
studies of IgE, not long after its discovery, identified the Cε3 domains as the most sensitive region of
the molecule to heat denaturation [76], and this lability of Cε3 may in fact be critical for IgE’s unique
receptor-binding properties and inter-site allosteric communication.

Allosteric effects in IgE-Fc were also observed when the mode of action of the anti-IgE omalizumab
was elucidated through determination of the structure of the complex, and studies in solution [36].
It was discovered that omalizumab binding to IgE-Fc not only “unbends” the molecule as described
above (Figure 2b), but causes the Cε3 domains to move so far apart that they cannot engage FcεRI, thus
allosterically inhibiting FcεRI binding while simultaneously inhibiting CD23 binding orthosterically.
Allostery and the conformational dynamics of IgE-Fc lie at the heart of a potentially even more
important phenomenon concerning the inhibition of FcεRI binding; namely, the observation that it
is possible for omalizumab not only to bind to free IgE and block binding to the receptor, but also to
bind to receptor-bound IgE and facilitate its dissociation [36,77,78]. First reported with another IgE-Fc
binding protein, a Designed Ankyrin Repeat Protein or Darpin [79], the ability of omalizumab to bind
to FcεRI-bound IgE and cause it to dissociate was a most unexpected result, but one with exciting
clinical potential. Although this “accelerated dissociation” only occurs at a very high concentration,
above therapeutic levels of omalizumab [36,77], the explanation for this phenomenon lies in the fact
that even when bound to FcεRI, IgE-Fc displays an ensemble of conformations; binding omalizumab
alters the composition of this ensemble, reducing the energy barrier to IgE/FcεRI dissociation [36].
The intrinsic flexibility and allosteric properties of IgE can thus be exploited therapeutically to actively
remove IgE from FcεRI.

Two other anti-IgE antibodies have been found to exploit allosteric effects. MEDI4212 inhibits
FcεRI binding orthosterically and CD23 binding allosterically, the latter by locking the Cε3 domains
in an open conformation [52]. Antibody 8D6, which extends the IgE-Fc as described above
(Figure 2d), inhibits FcεRI binding both orthosterically and allosterically, but does not affect the
CD23 interaction [38]; this may prove valuable therapeutically for allergic disease if down-regulation
of IgE production can be effected through the interaction of 8D6/IgE complexes with mCD23 on B cells.
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The 8D6 antibody demonstrates that selective inhibition of IgE binding to its two principal receptors
is possible.

6. Antigen (Allergen) Binding

So far, we have focussed on the Fc region of IgE and its receptor interactions. The binding of
IgE to antigens, and in particular to allergenic proteins, has been studied in detail with antibody Fab
fragments, but the flexibility of the IgE molecule as a whole, and in particular its ability to engage
both allergen and its receptors, can only currently be inferred from low resolution electron microscopy
(EM) studies and modelling; there are no high resolution structural data for intact IgE. EM studies of
IgE complex formation with anti-idiotype IgG molecules have shown a relatively restricted degree of
Fab arm flexibility [80], and a recent EM analysis of immune complex formation with IgE molecules
binding to IgE epitopes grafted onto a small protein (myoglobin) framework, showed that the relative
disposition, and in particular the proximity of the epitopes, affected immune complex formation and
their ability to activate effector cells [81]. Modelling of Fab arm flexibility within the FcεRI-bound
IgE molecule, confirmed this view that the relatively restricted range of dispositions of the Fabs,
together with the particular geometrical arrangement of the epitopes on the allergen, might be key
to an allergen’s potency in effector cell activation [35,37]. Other important requirements for a potent
cellular response, in addition to epitope specificity, are affinity and the particular combination of
antibodies present [82].

There are now several crystal structures of antibody Fabs binding to their specific epitopes on
protein allergens, although most are murine IgG antibodies raised against the allergen [83–90]; not all
of these may represent epitopes recognised by allergic patients’ IgE antibodies. Two studies generated
IgE Fabs by phage display using combinatorial libraries derived from patients allergic to either the milk
protein β-lactoglobulin (Bos d 5) [91] or the grass pollen allergen Phl p 2 [92], although these almost
certainly do not consist of the “natural” VH-VL pairing that occurred in the patient. A recent study
generated a naturally paired VH-VL combination by single B cell cloning of an IgG4 antibody from an
allergic patient undergoing immunotherapy with the grass pollen allergen Phl p 7; this antibody was
converted to an IgG1 Fab for the crystal structure analysis of the complex with allergen, and to IgE
for functional analyses [23]. In all of these studies, the allergens were recognised by the antibodies
in a conventional manner, involving many if not all of the CDRs. However, the most recent study
also revealed an additional, unconventional “superantigen-like” interaction between Phl p 7 and the
antibody, involving amino-acid residues of the VL framework region (FR) [23].

The allergen/antibody structures involving conventionally recognised epitopes demonstrate
how an allergen that can dimerise, such as Bos d 5 [91], could cross-link two identical IgE antibodies
(Figure 7a,b) and, if FcεRI-bound, lead to mast cell or basophil activation. A similar structure was
seen in the complex of two identical Fabs bound to a dimer of the cockroach allergen Bla g 2 [86];
this allergen in monomeric form can however cross-link two antibodies that recognise epitopes
on opposite faces of the allergen [93], and a similar topology arises for two different antibody
Fabs that bind non-overlapping epitopes on the monomeric house dust mite allergen Der p 1 [89].
The non-conventional, partly FR-mediated recognition of Phl p 7 by an allergic patient’s antibody,
occurring at the same time as conventional CDR-mediated recognition (Figure 7c,d), shows that
certain allergens can cross-link identical IgE molecules using this alternative mechanism [23]. B cell
superantigens, such as Staphylococcus aureas Protein A or Peptostreptococcus magnus Protein L, cross-link
antibodies by interacting with their FRs, and thus molecules that cross-link IgE in this way, such
as Protein L, have been termed “superallergens” [94]. Phl p 7 thus displays “superallergen-like”
behaviour, which may contribute to the potency of particular allergens. Intriguingly, a structure of
the monomeric cat allergen Fel d 1 in complex with an IgG Fab that blocks human IgE binding [90]
shows a FR-mediated contact in the crystal which, together with the CDR-mediated interaction, could
cross-link two identical Fabs in a manner very similar to that depicted for Phl p 7.
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Figure 7. Crystal structures of allergens cross-linking two identical antibody Fab arms. (a) Dimer of
allergen Bos d 5 (monomeric subunits coloured yellow and olive green) recognised classically by two
identical Fab molecules (VH and VL domains indicated) [91]. (b) As a), orthogonal orientation [91].
(c) Two monomeric molecules of allergen Phl p 7 (coloured green), each independently recognised by
two identical Fab molecules (VH and VL domains indicated) [23]. (d) As c), orthogonal orientation, in
which only one of the two Phl p 7 molecules can be seen, recognised classically by the Fab on the right,
and in a superantigen-like manner by the Fab on the left [23].

Activation of mast cells or basophils by cross-linking FcεRI-bound IgE may thus be envisaged as
shown in Figure 8. The regions of space accessible to the two Fab arms appear to be more restricted and
almost non-overlapping when IgE is bound to the receptor: one arm points “parallel” to the membrane
while the other points away [35,37]. These topological constraints may need to be considered when IgE
is used to target cell surface antigens, rather than soluble allergens, to allow simultaneous engagement
with FcεRI on effector cells.

Figure 8. Schematic representation of FcεRI-bound IgE cross-linking by soluble allergen. A dimeric
allergen (green) engages two identical IgE antibodies (blue and orange domains) that are bound by
the Cε3 domains (Cε4 domains not shown) to the extracellular α1 and α2 domains of FcεRI (purple).
This is representative of the structure shown in Figure 7a,b; a monomeric allergen could similarly
cross-link two identical IgE molecules as shown in Figure 7c,d, or two different antibodies recognising
non-overlapping epitopes. The restricted flexibility of the Fab arms in receptor-bound IgE may mean
that the other arm is important for engagement of cell surface antigens.

7. Rationale for Harnessing IgE-Mediated Functions against Cancer

IgE is clearly a powerful activator of the immune system by virtue of the Fc receptor interactions
described above, potentiating effector functions and antigen presentation; even well below receptor
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saturation levels, tissue-resident immune cells such as mast cells and macrophages enable this antibody
isotype to exert long-lived and powerful immune surveillance in tissues such as the gut, skin, epithelial
and mucosal surfaces. In addition to its contributions to the pathogenesis of allergic diseases and
anaphylactic reactions, IgE plays a physiological role in immune protection against parasites, triggering
inflammatory cascades that cause vasodilation and local enhancement of protective responses in
conjunction with antibodies of other isotypes [95–97]. These latter, less well-described attributes of IgE
may be of potential significance to applications in cancer immunotherapy.

7.1. Epidemiological Links between IgE, Allergy and Cancer

The concept of a role for IgE in conferring immune protection against cancer dates back many
decades, with early studies providing evidence for a role of allergic responses in restricting tumour
xenograft growth in mice, negative correlations between atopy and cancer [98–102], and decreased
prevalence of immediate hypersensitivity in patients with cancer [103]. Immunohistochemical (IHC)
evaluations on head and neck cancer showed that IgE-expressing cells were more abundant in tumours
compared with normal mucosa [104], and a pancreatic cancer patient-derived IgE antibody could
potentiate anti-tumour effector functions [105]. Certain conditions and stimuli that cause epithelial
damage and stress signals may lead to the induction of an adaptive immune response favouring B
cell class switching to IgE, which can restrict cancer growth. Such protective functions have been
reported following local exposure of skin to environmental DNA-damaging stress signals, which
triggered adaptive immune responses and the production of IgE antibodies that conferred protection
from epithelial carcinogenesis [106]. Subsequent findings of inverse associations between allergic
or atopic status and protection from cancer varied significantly. Inverse associations of allergic
or atopic disease with the risk of developing specific malignancies including glioma, pancreatic
cancer, lymphatic/hematopoietic, gastrointestinal, skin and gynaecological origin tumours have been
reported [107–111], although significant limitations of such studies include the reliance of self-reported
symptoms of allergy and lack of specific measurable biomarkers. More recent studies examined
eosinophil counts and skin prick test positivity, as well as titres of IgE and allergen-specific IgE, with
some reporting a reduced risk of developing specific cancers, and a reduced risk of developing cancer
overall [110–113]. Although taken together, epidemiological reports point to the complex relationships
between allergies, IgE levels and carcinogenesis, tantalising evidence also supports a functional role
for IgE as a passive or active component in anti-tumour responses.

7.2. Features of IgE that may Translate to Immune Protective Functions against Tumours

To date, therapeutic monoclonal antibodies designed for the treatment of cancers are typically
engineered with Fc regions belonging to the IgG isotype. IgG1 is typically chosen when effector
functions are required, while IgG4 is preferred when Fc-mediated attributes are not desired. However,
until recently, antibodies of other isotypes such as IgE or IgA had never been tested in humans [114–116].

In our studies, we hypothesised that several unique attributes of IgE could form a powerful
immunological profile, suitable for the immunotherapy of solid tumours such as ovarian
carcinomas [117]. These include high affinity for cognate receptors on a different set of immune
cells to those engaged by IgG, long tissue residency and immune surveillance, the ability to potentiate
strong effector functions at relatively low levels of Fc engagement with effector cells, and a lack of
inhibitory Fc receptors.

High affinity for cognate receptors: The affinity of IgE for FcεRI is typically 100- to 10,000-fold higher
than those of the clinically used IgG subclasses for their Fcγ receptors. Additionally, the avidity of IgE
for trimeric CD23 is comparable to that measured with IgG-FcγRI complexes. These properties mean
that IgE can persist on immune cells in the absence of antigen complex formation. If IgE antibodies are
directed against cancer antigens, these features could be highly beneficial in ensuring potent effector
functions, long persistence and immune surveillance at tumour sites.
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Lack of inhibitory Fc receptors: IgE antibodies have no known inhibitory Fc receptors to moderate
effector functions. This contrasts with IgG, which is subject to control by the inhibitory receptor,
FcγRIIb, known to be upregulated in the tumour microenvironment (TME) of different cancer types.
Lack of an inhibitory FcεR may mean that IgE is not subjected to suppressive influences imposed on
IgG by tumours.

Long immune surveillance in tissues: The half-lives of IgE and IgG antibodies vastly differ in the
circulation and tissues: 1.5 days for IgE and 2–3 weeks for IgG in the serum, partly due to the lack
of FcRn binding by IgE. The opposite is true in tissues such as the skin, where the half-life of IgE
is approximately two weeks compared with 2–3 days for IgG [118,119]. Long tissue residency and
immune surveillance in the presence of FcεR-expressing effector cells could have potential benefits
if directed against cancers, including epithelial and skin tumours such as malignant melanomas,
squamous cell and ovarian carcinomas.

Presence of IgE immune effector cells in tumours: The inflammatory milieu of the TME may include
FcεR-expressing immune effector cells such as monocytes, macrophages, mast cells, dendritic cells
(DCs) and eosinophils. Although pro-tumoural or tumour-tolerant subsets of these cells may lack the
ability to mount an anti-tumour attack, it is possible that cells armed by tumour antigen-specific IgE
tightly bound on FcεRs could overcome tolerant phenotypes.

Fc-mediated effector functions: IgE can potentiate a range of effector functions through the
engagement of FcεRI and CD23. These include: antibody-dependent cell-mediated cytotoxicity
(ADCC) by immune cell types including monocytes, macrophages, eosinophils and mast cells, with
the release of toxic mediators (e.g., nitric oxide), proteases, cytokines and chemokines (e.g., tumour
necrosis factor, TNFα, macrophage chemoattractant protein-1, MCP-1) associated with target cell lysis;
antibody-dependent cell-mediated phagocytosis (ADCP) by macrophages and monocytes; mast cell
and basophil degranulation leading to the release of proinflammatory mediators, and the enhancement
of immune cell recruitment and activation at the antigen challenge sites (Figure 9). These attributes
could result in enhanced immune cell recruitment, surveillance and anti-tumour functions.

Exerting anti-parasite effector functions: The physiological roles of IgE in protective immune
responses against parasites are well documented. Anti-parasitic IgE and IgE loaded on effector cells
such as eosinophils have been shown to confer protection against different parasites (e.g., Schistosoma
mansoni) [120]. IgE engaged with FcεRI or CD23 can engender parasite clearance by human
eosinophils, platelets and macrophages through ADCC and ADCP [121,122]. Furthermore, high
serum titres of parasite antigen-specific IgE have been associated with resistance to infection [123,124].
Macrophages, eosinophils and mast cells have all been reported to be involved in these protective
mechanisms [5,97,122,125,126]. IgE-mediated immune clearance of large parasites in tissues, including
Th2-biased environments such as the gut, draw parallels with conditions in solid tumours in which a
similar Th2 inflammatory milieu and the presence of immune cells such as macrophages may form
appropriate environments in which IgE could act to eradicate tumours by similar mechanisms.

Overcoming antibody blockade mechanisms associated with Th2-biased tumour conditions:
Tumour-associated production of alternatively activated (e.g., IL-10-driven) rather than classically
activated (IL-4-driven) Th2 environments may support local antibody class switching to inflammatory
and immunologically inert subclasses such as IgG4. Th2-biased inflammatory states that favour
B cell class switching to IgG4 have long been identified in IgG4-related diseases characterised by
chronic inflammation, circulating IgG-positive plasmablasts and high infiltration of IgG4-producing
plasma cells in various tissues [127–129]. Alternative Th2 activation states have also been reported in
several solid tumour types including pancreatic cancer, extrahepatic cholangiocarcinoma, melanoma
and non-small cell lung cancer [130–134]. These pathological conditions, likely to be promoted by
a combination of a Th2-biased inflammatory milieu and long antigen exposure, may signify that
immune responses are driven away from the classical Th2-based class switching to IgE, in favour
of IgG4. Evidence points to IgG4 antibodies not only being immunologically inert, but importantly,
being able to impair the immune-activating functions of otherwise cytotoxic IgG1 antibodies [134,135].
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Numerous mechanisms may be at play, including competition for FcγR engagement with other IgGs,
Fab arm exchange, and signalling through inhibitory Fc receptors, all supporting immunosuppressive
signals [130,136]. The latter could have implications not only for modulating the endogenous humoral
immune response but also for restricting the potency of IgG1 therapies. These regulatory mechanisms
may offer opportunities to design anti-tumour IgE antibodies that function through a different Fc
receptor, which could be less prone to the immunosuppressive signals that impair IgG functions
against cancer.

 

Figure 9. IgE functions against cancer cells. IgE can potentiate Fc-mediated effector functions by
engaging cognate receptors on immune effector cells such as monocytes, macrophages, neutrophils,
eosinophils, basophils and mast cells. Antibody-dependent cell-mediated cytotoxicity (ADCC),
and degranulation can result in the release of various toxic and pro-inflammatory mediators,
including proteases, cytokines, chemokines, and histamine, which, together with antibody-dependent
cell-mediated phagocytosis (ADCP), can result in enhanced anti-tumour functions and immune cell
recruitment. IgE can also engage APCs to enhance antigen uptake and presentation. Like anti-cancer
IgG antibodies, IgE may also exhibit direct effects against cancer cells, such as receptor dimerisation
inhibition and reductions in cancer cell growth signalling. Figure adapted by permission from Taylor &
Francis (Josephs, D.H. et al. IgE immunotherapy: a novel concept with promise for the treatment of
cancer. mAbs 2014, 6, 54–72 [117]) and John Wiley & Sons, Inc. (Jensen-Jarolim, E. et al. AllergoOncology
- the impact of allergy in oncology: EAACI position paper. Allergy 2017, 72, 866–887 [137]).
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Engaging antigen presenting cells to stimulate effective adaptive immune response: IgE can engage
with APCs to enhance antigen uptake and presentation to cognate T cells (Figure 9). IgE engagement
with FcεRI can cross-present antigen, priming a cytotoxic T lymphocyte (CTL) response [138,139].
Through such mechanisms, IgE has been reported to confer protective anti-tumour immunity and
trigger memory responses. These antigen presentation-boosting attributes could be important in the
TME where the functions and maturation of professional antigen presenting cells may be impaired.

8. Pre-Clinical Studies of IgE Antibodies Targeting Cancer Antigens: The Advent of Allergo
Oncology

The development of immunologically active, antibody-based targeted therapies with potent
Fc-mediated effector mechanisms has revolutionized the treatment of cancer patients with previously
difficult to treat tumours [140]. A promising branch of this discipline is the emerging field
of AllergoOncology, which focuses on Th2 and IgE-mediated immune responses in the cancer
context [137,141–143]. Research in this field has opened the way for the development of IgE-based
immunotherapy approaches, including monoclonal IgE antibodies as anti-cancer treatments [117,144].

The specific attributes of IgE described above, including natural immune activatory functions
in tissues and high affinity for cognate receptors, have been proposed as a strategy for
cancer immunotherapy. Antibodies engineered with IgE Fc regions, and designed to recognise
tumour-associated antigens, may promote immune cell recruitment into tumours, and both direct and
activate the Th2-biased immune stroma against cancer. Longer tissue-resident immune surveillance
may then translate to anti-cancer efficacy. Therapeutic approaches have been developed to harness the
immune-activating functions of IgE for cancer immunotherapy, including: IgE-coated cell vaccines,
IgEs as adjuvants, vaccination approaches to trigger IgE-biased immune responses against tumour
antigens, and recombinant IgE recognising tumour antigens. Here, we will focus on the development
of recombinant IgE antibodies [144]. Furthermore, we place specific emphasis on MOv18 IgE, as the
first-in-class agent that has undergone extensive pre-clinical efficacy and safety evaluations in several
model systems, prior to reaching clinical testing in patients with cancer.

8.1. Engineering Platforms for Production of IgE Antibodies for Research and Clinical Translation

Developing IgE antibodies that recognise cancer antigens relies on appropriate expression
systems and protocols to facilitate antibody cloning and production. Since the development of
hybridoma technology five decades ago, novel recombinant DNA technology, genetic manipulation
and advances in cell biology have led to remarkable improvements in therapeutic recombinant
antibody engineering [145]. Although significant efforts have focused on the optimization of expression
platforms for IgG [146], relatively meagre investment has been directed towards engineering IgE.

The study and clinical translation of IgE antibodies requires efficient and scalable production
processes, but these have historically been characterised by low and variable yields. Despite this,
several groups have shown that recombinant IgE antibodies can be produced using various cloning
strategies. In early studies, restriction enzyme-based cloning methodologies were successfully
employed using murine expression host cells to derive stable expression platforms, with Sp2/0 [147]
and FreeStyleTM-293F [148] cell lines, reaching production yields in the range of 8–25 mg/L.
Recombinant IgE antibodies have also been produced using transient expression platforms with
human (HEK293T, FreeStyleTM-293F, Expi293FTM cells), insect- and plant-based systems, reaching
yields of 30 mg/L [41,82,149,150]. More recent transient expression protocols have been implemented,
which take advantage of Polymerase Incomplete Primer Extension (PIPE) cloning [151]. PIPE does not
rely on restriction or other recombination sites, and can help expedite antibody cloning, a strategy that
we have applied to IgE antibody production [152].

We recently developed a highly expressing stable recombinant IgE expression system for
rapid production of a functional antibody, with features that allow scale-up for potential clinical
evaluations [153]. For this, we implemented PIPE cloning and generated a vector containing the
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Ubiquitous Chromatin Opening Elements (UCOE) sequence located upstream of the transgene
promoter to prevent promoter silencing. UCOE allows the expression of the transgene even if it
is randomly integrated in a heterochromatin region [154]. This platform improves IgE yields to
87 mg/L per day, at least 33-fold higher production within four days compared with the best stable
IgE expression system documented to date, and in small culture volumes of 25 mL, with the potential
for further scale-up production.

These findings suggest that, as with IgG antibody production, IgE can be produced using a range
of expression systems and with sufficient yields to facilitate the functional evaluation and translation
to clinical testing. Further efforts in the field promise to improve upon existing platforms for use in
pre-clinical studies, process development, Good Manufacturing Practice (GMP) production and supply
of material suitable for clinical studies. Other developments in antibody discovery such as knock-in
mouse strains used to derive IgE antibodies by hybridoma techniques, phage display approaches
using human antibody variable region repertoire libraries and single B cell cloning techniques may
also be applicable [155–157].

Recombinant IgE antibody production has advanced significantly with several already engineered
and tested in vitro and in vivo. There is however room for further development of improved
and effective production systems that can be translatable to GMP environments and scale-up for
clinical studies.

8.2. Functional Evaluations of Anti-Tumour IgEs

8.2.1. In Vitro and In Vivo Functional Profiles of Engineered IgEs Targeting Several Cancer Antigens

Antibody engineering has yielded the first generation of IgE antibodies that have been studied
in vitro and in vivo in numerous model systems. Anti-tumour IgE antibodies can engage various
immune effector cells such as mast cells and basophils expressing high levels of tetrameric FcεRI
(αβγ2), and monocytes and eosinophils that express trimeric FcεRI (αγ2) at lower levels. Studies
in vivo have been conducted in various mouse immunocompetent models. However, human IgE-Fc
does not cross-react with mouse FcεR and, unlike in humans, mouse FcεRs are only expressed by
mast cells and basophils, making the mouse immune system less suitable for the study of human IgE
functions. However, transgenic mouse models have shown significant tumour-restricting abilities of
IgE with human Fc domains. Examples of several monoclonal IgE antibodies evaluated over the last
30 years are discussed below.

A mouse IgE recognising the mammary tumour virus (MMTV) major envelope glycoprotein
(gp36) was tested in an immunocompetent syngeneic mammary carcinoma. The antibody restricted
the growth of subcutaneous (s.c.) mammary tumours compared with controls [158]. Another murine
IgE recognising a colorectal cancer antigen (CCA) restricted the growth of an s.c. tumour in an
antigen-specific and species-specific manner at concentrations far lower than those required for the
equivalent IgG to engender the same effect [159]. A fully human anti-HER2/neu IgE (C6MH3-B1 IgE)
restricted the growth of intraperitoneal (i.p.) tumours compared to vehicle controls and prolonged the
survival of human FcεRIα-transgenic mice [160]. The same agent was well tolerated when administered
in cynomolgus monkeys, albeit at very low doses (up to 80 μg/kg). Another IgE specific for the
epithelial tumour antigen MUC-1 restricted cancer growth when expressed locally in tumours along
with chemoattractant mediators MCP-1 and IL-5 [161]. Furthermore, a mouse/human chimeric IgE
antibody (clone AR47.47) recognising the prostate specific antigen (PSA) enhanced antigen presentation
by DCs, and triggered CD4+ and CD8+ T cell responses. The same antibody complexed with its antigen
prolonged the survival of human FcεRIα-transgenic mice subsequently challenged with prostate cancer
cells [162].

Human/mouse chimeric anti-HER2/neu IgE, and anti-EGFR (epidermal growth factor receptor)
IgE, engineered from the original trastuzumab and cetuximab (IgG1) clones respectively, were shown
to engender ADCC by human monocytic cells [163,164]. Specifically, anti-EGFR IgE triggered superior
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ADCC functions (70%) against cancer cells, compared with the corresponding IgG1 (30%) [164].
However, some episodes of anaphylaxis were observed in some patients with EGFR-positive
tumours who received the anti-EGFR human/chimeric monoclonal IgG1 antibody cetuximab.
These were caused by the presence of pre-existing IgE antibodies specific for the oligosaccharide
galactose-α-1,3-galactose (α-Gal) on SP2/0-expressed cetuximab in a subset of individuals [165,166].
Furthermore, humans are known to carry IgG and IgM antibodies recognising α-Gal [167], and it
is possible that these endogenous antibodies could have neutralised the anti-tumoural effects of
cetuximab. Therefore, caution should be exercised in translating IgE class antibodies recognising EGFR
on the grounds of safety and efficacy. An anti-human CD20 IgE triggered eosinophil-mediated
ADCC and mast cell activation and killing of CD20-expressing tumour cells. Anti-HER2/neu,
anti-EGFR, anti-CD20, anti-folate receptor alpha (FRα) IgE and anti-prostate specific antigen (PSA) IgE
antibodies were all able to trigger rat basophil leukaemia (RBL) SX-38 mast cell degranulation when
cross-linked in different ways including soluble antigen/polyclonal antibody complexes, cancer cells
expressing multiple copies of the target antigen, and polyclonal anti-IgE. Furthermore, anti-HER2/neu
(trastuzumab) IgE demonstrated the ability to exert direct effects on tumour cell viability in the absence
of effector cells, equivalent to those reported to be triggered by trastuzumab IgG [163]. This supports
the notion that anti-tumour IgE antibodies may be capable of engendering direct effects attributed to
IgG equivalent agents, whilst perhaps still able to harness class-specific effector functions (Figure 9).

The progress of the first-in-class monoclonal IgE antibody (MOv18) recognising a tumour-
associated antigen to an early clinical trial in oncology is the exemplar advance in the field. Based on
this development, herein we will focus on the evaluation and translation of this recombinant antibody,
and efforts to translate IgE class therapeutic agents to clinical testing. If firstly safety, and secondly
efficacy of this first-in-class agent could be demonstrated in the clinic, this will pave the way for further
study and translation of the above-mentioned antibodies, as well as other novel anti-cancer antibodies
of this class.

8.2.2. MOv18 IgE, the First Anti-Tumour IgE to Reach Clinical Testing: Evaluation of In Vitro
Effector Functions

An IgE antibody that has progressed to clinical testing is MOv18, a mouse/human chimeric
monoclonal IgE antibody that recognises the tumour-associated antigen Folate Receptor alpha (FRα)
(NCT02546921, www.clinicaltrials.gov). FRα is highly expressed in > 70% of ovarian carcinomas and
other tumour types and has low and restricted expression distribution in normal tissues [168,169].
The IgG1 version of MOv18 has undergone early clinical trials as a therapeutic and imaging agent in
patients with ovarian carcinomas, and treatment has been well tolerated [170–173]. FRα is considered
a promising target for cancer therapy, with considerable evidence that either directing therapeutic
antibodies to this receptor, or its inhibition by small molecules, is well-tolerated in man [174–178].

In vitro, mouse/human chimeric MOv18 IgE activated human peripheral blood mononuclear
cells (PBMCs) to kill ovarian cancer cells, compared with background cancer cell death with nonspecific
mouse/human chimeric anti-4-hydroxy-3-nitro-phenacetyl (NIP) IgE, or no antibody controls [179].
Human monocytes were subsequently identified as important effector cells in PBMCs, based on live
imaging studies in which IGROV1 ovarian cancer cells were found to contact one or more CD14-labelled
human monocytes within 30 min of incubation of PBMCs and IGROV1 cells together with MOv18 IgE.
Phagocytosis of tumour cells was evident after 90 min of incubation, with IGROV1 cells becoming
fragmented by 3 h (Figure 10a).
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Figure 10. In vitro evaluations of MOv18 IgE. (a) Live imaging studies showed contact between
IGROV1 ovarian cancer cells and CD14-labelled human monocytes within 30 min of incubation of
PBMCs and IGROV1 cells together with MOv18 IgE. Following 90 min, the phagocytosis of tumour cells
was evident and IGROV1 cells became fragmented by 3 h [179]. Figure adapted by permission from John
Wiley & Sons, Inc. (Karagiannis, S.N. et al. Activity of human monocytes in IgE antibody-dependent
surveillance and killing of ovarian tumor cells. Eur. J. Immunol. 2003, 33, 1030–1040 [179]). (b) Human
monocytes expressing cell-surface FcεRI triggered MOv18 IgE-mediated ADCC of IGROV1 ovarian
cancer cells, and IL-4 stimulated monocytes with up-regulated CD23 expression, killed tumour cells by
both ADCC and ADCP compared to background levels mediated by non-specific NIP IgE and no IgE
controls [180]. Figure adapted by permission from Springer Nature. (Karagiannis, S.N. et al. Role of IgE
receptors in IgE antibody-dependent cytotoxicity and phagocytosis of ovarian tumor cells by human
monocytic cells. Cancer Immunol. Immunother. 2008, 57, 247–263 [180]). (c) Appreciable degranulation of
RBL SX-38 cells was triggered by cross-linking of cell surface receptor-bound MOv18 IgE by polyclonal
anti-IgE antibody (left) or FRα-expressing cancer cells (right) [182]. Figure adapted by permission from
John Wiley & Sons, Inc. (Rudman, S.M. et al. Harnessing engineered antibodies of the IgE class to
combat malignancy: initial assessment of FcεRI-mediated basophil activation by a tumour-specific IgE
antibody to evaluate the risk of type I hypersensitivity. Clin. Exp. Allergy, 2011, 41, 1400–1413 [182]). (d)
MOv18 IgE-mediated killing of IGROV1 ovarian cancer cells by primary human eosinophils (right) and
microscopic evaluations revealed interactions between IGROV1 cells and eosinophils, and IGROV1
tumour cell destruction alongside piecemeal degranulation of eosinophils, following 2.5 h of incubation
with MOv18 IgE, but not with non-specific NIP IgE (right) [181]. Figure adapted by permission from
The American Association of Immunologists, Inc. (Karagiannis, S.N. et al. IgE-antibody-dependent
immunotherapy of solid tumors: cytotoxic and phagocytic mechanisms of eradication of ovarian cancer
cells. J. Immunol. 2007, 179, 2832–2843 [181]).
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Following stimulation by IL-4, which is often released from IgE-sensitized basophils and mast
cells, CD23 can be upregulated on monocytes, eosinophils and platelets. Interaction of IgE with CD23
may also have a role in ADCP of target cells by effector cells, as shown by its natural protective
role in the clearance of parasites. This function has also been described with MOv18 IgE. Human
monocytes expressing FcεRI on the cell surface triggered IgE-mediated ADCC of tumour cells, while
IL-4 stimulated monocytes killed FRα-expressing tumour cells by both ADCC and ADCP, compared
to background levels of tumour cell death with NIP IgE and no IgE controls (Figure 10b). Specific
IgE Fc receptor blockade studies in vitro confirmed that MOv18 IgE-dependent ovarian tumour cell
killing had an ADCC component, primarily mediated by FcεRl, and an ADCP component, primarily
mediated by CD23 [180,181].

The ability of MOv18 IgE to trigger functional degranulation was examined with RBL SX-38
cells engineered to over-express the human tetrameric FcεRI. Exposure of the RBL SX-38 cells to
MOv18 IgE alone did not induce significant degranulation; however cross-linking MOv18 IgE bound
to the effector cell surface using either a polyclonal anti-IgE antibody or FRα-expressing cancer cells
induced appreciable degranulation (Figure 10c) [182]. Eosinophils are key IgE effector cell types known
to express low levels of FcεRI, but not CD23 [183]. Eosinophils mediated elevated ADCC (32.4%)
with MOv18 IgE above isotype controls, and microscopical evaluations revealed contact between
eosinophils and tumour cells, frequently accompanied by eosinophil degranulation, loss of tumour cell
architecture, and apparent tumour cell death (Figure 10d) [181]. Our findings were consistent with data
by Teo and colleagues who also reported the eosinophil-mediated ADCC functions by an anti-CD20
IgE antibody [161]. Interestingly, previous studies showed a lack of eosinophil activation by IgE
cross-linked with allergens. These differences could relate to the density of the target antigen. Tumour
cells express very high numbers of tumour associated-antigens on their surface, crosslinking of which
may be required to deliver an activatory signal through the lowly expressed FcεRI on eosinophils.
However, this may not be the case for the crosslinking of FcεRI by IgE complexed with multivalent
allergens of a much lower valency [184]. In the cancer context, the target antigen density could
therefore be critical to triggering eosinophil-mediated anti-tumour IgE effector functions.

These studies established that MOv18 IgE could mediate effector functions such as degranulation
and tumour cell killing through cytotoxicity (ADCC) and phagocytosis (ADCP) by activating known
IgE effector cells.

8.2.3. In vivo efficacy studies of MOv18 IgE

The ability of MOv18 IgE to restrict tumour growth in vivo was studied against different rodent
models including human tumour xenografts established in immunodeficient (SCID and nu/nu) mice.
In immunodeficient mouse models, human effector cell populations were co-administered with MOv18
IgE because: (a) human IgE-Fc is not recognised by mouse FcεRs, and (b) in mice the high-affinity IgE
receptor FcεRI is expressed only by mast cells and basophils, and is absent in key effector cells such as
monocytes and eosinophils. These studies therefore took place in an in vivo system containing both
target and effector cells of human origin.

In an s.c. human ovarian cancer (IGROV1) xenograft grown in a SCID mouse model, animals
administered with mouse/human chimeric MOv18 IgE or MOv18 IgG1, intravenously (i.v.) exhibited
an initial inhibition of tumour growth up to day 19 post-tumour challenge. However, the tumours
in mice administered PBMCs and MOv18 IgG1 subsequently grew to the same size as the controls.
In contrast, mice administered PBMCs and MOv18 IgE exhibited reduced growth of up to 72% by
day 35 post-challenge. In a range of experiments in this model, a single treatment with MOv18 IgE
and PBMC significantly restricted the growth of ovarian tumours (Figure 11a) [147]. In specimens
sampled at the end of these studies, tumours from the mice that received PMBCs and MOv18 IgE
showed significantly larger areas of necrosis compared with those from mice treated with non-specific
control IgE plus PBMCs, or those given PBMCs alone. Furthermore, when administered to IGROV1
xenograft mice in the absence of human PBMC, MOv18 IgE did not significantly inhibit tumour
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growth. Therefore, in the IGROV1 xenograft model, the anti-tumour efficacy of MOv18 IgE was
found to be reliant on the presence of both an effector cell population and an IgE targeted to a
tumour-expressed antigen.

Subsequently, a patient-derived xenograft (PDX) model of ovarian cancer was established from
a human primary tumour sample, originating from the ascites of a moderately differentiated Grade
3, stage III ovarian serous cystadenocarcinoma. This PDX could be passaged in nude mice while
retaining its human phenotype and was found to express FRα. In efficacy studies using this model,
nude mice were challenged with i.p. ascites from donor human xenograft-bearing mice and were
then treated with saline, human PBMCs or PBMCs plus MOv18 IgE on days 1 and 16. The mean
survival time of control mice was 22 days, for those administered PBMCs alone it was 30 days, while
for those administered PBMCs plus MOv18 IgE, the mean survival time was 40 days [179]. In a study
comparing the efficacy of weekly doses of MOv18 IgG and IgE in this model, untreated mice survived
for a median of 19 days, those administered PBMCs alone survived for 26 days, those administered
PBMC plus IgG1 survived for 22 days, and those administered PBMC plus IgE survived for 40 days
(Figure 11b).

One limitation of studies in mouse models is the need to introduce exogenous human effector
cells, thus limiting the immune functions of the model and the possible duration of study as exogenous
effector cells become depleted. Therefore, an immunocompetent syngeneic tumour model in Wistar
Albino Glaxo (WAG) rats was designed to study efficacy as well as safety of MOv18 IgE prior to clinical
translation. This model was selected based on similar expression and cellular distribution of FcεRI
in rats and humans. Rat CC531 colon adenocarcinoma cells [185], engineered to express the human
FRα (CC531tFR), were administered i.v. to grow as multifocal syngeneic lung metastases, and rats
were administered a rat surrogate for the mouse/human chimeric MOv18 IgE engineered with rat Fc
domains and respective effector functions (rat MOv18 IgE). This system permitted targeting of the
rat immune system to rat tumour cells by an anti-FRα IgE. Significant efficacy of rat MOv18 IgE in
restricting the growth of lung metastases was observed at doses of 5 mg/kg and higher when the
antibody was administered fortnightly, compared with controls [186]. The efficacy of rat MOv18 IgE
and the equivalent rat IgG2b was then compared: at a 10 mg/kg fortnightly dose, rat MOv18 IgE was
significantly superior at restricting tumour growth (Figure 11c).

Overall, in three models of cancer including a patient-derived xenograft and an immunocompetent
syngeneic model, the anti-tumour efficacy of MOv18 IgE was reliant on the presence of both an effector
cell population and tumour antigen specificity. Furthermore, anti-tumour IgE was more effective than
the corresponding IgG.
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Figure 11. In vivo evaluations of MOv18 IgE. (a) In an s.c. human ovarian cancer (IGROV1) xenograft
grown in a SCID mouse model, reduced tumour growth was measured in animals treated with PBMC
plus MOv18 IgE, even at day 35 post tumour challenge. In comparison, animals treated with PBMC
plus MOv18 IgG1 showed initial inhibition of tumour growth at day 19, but by day 35 tumours
grew to the same size as the controls [147]. Figure adapted by permission from John Wiley & Sons,
Inc. (Gould, H.J. et al. Comparison of IgE and IgG antibody-dependent cytotoxicity in vitro and in
a SCID mouse xenograft model of ovarian carcinoma. Eur. J. Immunol. 1999, 29, 3527–3537 [147]).
(b) In an orthotopically-grown (i.p.) patient-derived xenograft (PDX) model of ovarian cancer, mice
treated with weekly doses of PBMC plus MOv18 IgE showed superior survival compared to untreated
animals and those treated with PBMC alone or PBMC plus MOv18 IgG [179]. Figure adapted by
permission from John Wiley & Sons, Inc. (Karagiannis, S.N. et al. Activity of human monocytes in
IgE antibody-dependent surveillance and the killing of ovarian tumor cells. Eur. J. Immunol. 2003,
33, 1030–1040 [179]). (c) Left panel: In an immunocompetent syngeneic tumour model in WAG
rats, significantly superior tumour growth restriction was measured in animals treated fortnightly
with 10 mg/kg rat MOv18 IgE compared to the rat IgG2b equivalent. Right panel: Representative
images of Indian ink-stained rat lungs (left) and lung sections (right) from each treatment group are
shown [186]. Figure adapted by permission from the American Association for Cancer Research.
(Josephs, D.H. et al. Anti-Folate Receptor-α IgE but not IgG Recruits Macrophages to Attack Tumors
via TNFα/MCP-1 Signaling. Cancer Res. 2017, 77, 1127–1141 [186]).
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8.3. Evidence for IgE Activating Monocytes and Macrophages against Cancer

8.3.1. Monocytes and Macrophages as Key Effector Cells in MOv18 IgE-Potentiated
Anti-Tumour Functions

The mechanisms by which IgE antibodies can exert their anti-tumour effects have been studied
and several pieces of evidence support a role for monocytes and macrophages as key effector cells.

In vitro evidence for monocyte-mediated effector functions: Monocytes mediate MOv18 IgE-dependent
tumour cell killing in vitro by two pathways, ADCC and ADCP, acting through FcεRI and CD23
respectively. FcεRI-expressing primary monocytes principally exert ADCC. MOv18 IgE-potentiated
ADCC by monocytes could be blocked with recombinant sFcεRIα [180,181,187], but monocytes could
kill tumour cells by ADCP, a function mediated by CD23. MOv18 IgE antibodes can thus engage both
receptors to activate effector cells against tumour cells in vitro and in vivo.

Evidence of macrophage involvement in IgE functions in mouse models: Pre-clinical in vivo studies in a
PDX model suggested that monocytes and macrophages may be important IgE receptor-expressing
effector cells that mediate enhanced survival of tumour-bearing mice treated with MOv18 IgE and
human PBMCs. Treatment with MOv18 IgE was associated with the histological evidence of tumour
infiltration by CD68+ human monocyte-derived macrophages [180,181], suggesting that these were
recruited as a part of IgE-mediated anti-tumour functions. Human macrophages were concentrated
in stromal areas adjacent to tumour cell islands, while mouse monocytes were abundant in all
xenografts examined, irrespective of treatment. In MOv18 IgE-treated mice, human CD68+ macrophage
infiltration correlated with longer survival [186]. In the same PDX model, removal of monocytes from
the PBMC effector cells abolished the anti-tumour activity of co-administered PBMCs and MOv18
IgE [181]. Reconstitution of monocyte-depleted PBMCs with purified monocytes at proportions
equivalent to those in unfractionated PBMCs restored the ability of PBMCs and MOv18 IgE to increase
survival to levels equivalent to those seen in mice given whole PBMCs and MOv18 IgE. This survival
was significantly longer than monocyte-reconstituted PBMCs alone, or depleted PBMCs with and
without MOv18 IgE.

In vivo evidence of IgE-mediated macrophage activation in a surrogate rat model: The mechanisms of
the action of rat MOv18 IgE in the WAG rat model were examined. Haematoxylin and eosin-stained
tumours from different treatment groups in the WAG rat studies revealed more prominent loss of
viability, density and demarcation of the tumour areas in rat MOv18 IgE-treated tumours compared to
those from animals treated with rat MOv18 IgG2b or a buffer alone. Rat MOv18 IgE-treated tumours
demonstrated evidence of considerable necrotic tissue surrounding the smaller tumour cell populations,
consistent with previously reported tumour necrosis observed in human xenografts. Inflammatory
cells infiltrating between the islands of tumour cells were considerably more pronounced in the rat
MOv18 IgE-treated tumours [186].

The density and location of tumour-associated rat CD68+ macrophages in tumours from rats
treated with vehicle control, rat MOv18 IgG and rat MOv18 IgE were studied by IHC and flow
cytometric analyses of freshly isolated tumour-bearing lung tissues. CD68+ rat macrophages were
detected in the TME from all treatment groups by IHC evaluations. Flow cytometric analyses also
revealed that the percentage of CD68+ rat macrophages within the tumour-infiltrating CD45+ leukocyte
population was higher in the rat MOv18 IgE-treated cohort compared to the rat MOv18 IgG2b-treated or
the vehicle alone-treated cohorts. Systemic rat MOv18 IgE treatment was associated with macrophage
infiltration deep into the tumour islets. By contrast, macrophages were largely absent from these areas
in animals that were administered vehicle alone, or rat MOv18 IgG. The ratio of CD68+ cells within
the tumour cell islets compared wth the tumour periphery was greater in the animals administered
rat MOv18 IgE than in those with rat MOv18 IgG or vehicle alone, and macrophage infiltration was
inversely proportional to tumour occupancy in rats treated with antibodies.

Together, these findings suggest that monocytes and macrophages may be mobilised towards
tumours and play crucial roles in the tumour-restricting functions of MOv18 IgE.
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8.3.2. Anti-Tumour IgE Directs Monocytes and Macrophages

The TME may influence the immune system to promote either anti-tumour immunity or tumour
progression. Tumour associated macrophages (TAMs), characterised by the immune-activating
classically-activated (M1) and the tolerance-inducing alternatively activated (M2) extreme phenotypes,
are known to suppress or promote the growth of various malignant cells, depending on the
biological context [188–190]. The activation state of macrophages induced to influx into tumours
after administration of rat MOv18 IgE was investigated.

Tumour-infiltrating macrophages from rats treated with rat MOv18 IgE demonstrated an enhanced
expression of the M1 co-stimulatory mature APC marker CD80, compared with those from MOv18
IgG2b or buffer-treated groups [186]. However, there was no difference in expression of the M2 marker
CD163 between treatment groups. Furthermore, a considerably higher proportion of freshly-isolated
CD68+ macrophages from dispersed rat lung tumours of rats administered rat MOv18 IgE were
found to express intracellular TNFα, an M1 macrophage marker, compared to MOv18 IgG2b and
vehicle-treated tumours. In addition, a higher proportion of CD68+ macrophages from rat MOv18
IgE-treated tumours expressed intracellular IL-10, considered an M2 marker, compared with rat MOv18
IgG2b- and vehicle-treated groups, although this represented a smaller subset compared with the
TNFα+ population, with a proportion of cells demonstrating double positivity (TNFα+/IL-10+) within
the rat MOv18 IgE-treated cohort. Additional analyses showed significantly elevated circulating TNFα
in IgE-treated rat sera compared with controls [191]. The tumour-infiltrating macrophages in rat
MOv18 IgE-treated tumours may therefore not be typically M1 or M2, and could instead represent a
unique cell subset. Cytokine profile analyses of rat lung (broncho-alveolar lavage, BAL) fluids revealed
four analytes, IL-10, TNFα, MCP-1 and IL-1α elevated in the rat MOv18 IgE-treated compared with
the rat MOv18 IgG2b-treated cohort [186]. Together with increased levels of macrophage intracellular
TNFα and IL-10 detected in the rat MOv18 IgE-treated rats, these data therefore indicate possible
roles for TNFα, MCP-1 and IL-10 in the anti-tumoural functions observed following treatment with
rat MOv18 IgE. Additional transcriptomic analyses demonstrated the enrichment of gene signatures
associated with immune activation pathways, including those associated with IL-12 and Natural Killer
(NK) cell-signalling in lungs from rats treated with IgE [191].

Taken together, these data suggest that MOv18 IgE may support TAM populations with mature
phenotypes and hybrid M1/M2 features that are able to enter the tumour, trigger sustained immune
activating pathways and secretion of IL-10, TNFα, MCP-1 and IL-1α in tumour-bearing lungs.

8.3.3. TNFα/MCP-1 Axis as a Mechanism of MOv18 IgE-Mediated Activation of Human Monocytes

The potential of, and mechanisms by which, human IgE activates human monocytes was
evaluated [186]. Consistent with in vivo findings in the rat model, tumour cell cytotoxicity potentiated
by mouse/human chimeric MOv18 IgE and human PBMC effector cells was associated with
significantly elevated secreted mediators MCP-1, IL-10, and TNFα in co-culture supernatants,
compared with either non-specific NIP IgE-treated or no antibody controls. Cross-linking of IgE,
but not IgG, of different antigen specificities on the surface of human monocytes was responsible for
the upregulation of TNFα. Cross-linking of IgE bound to tumour cells via the Fab region did not
trigger TNFα. Blocking of TNFα receptor reduced IgE-mediated tumour cell cytotoxicity. Together,
these findings point to a role for TNFα on IgE-mediated anti-tumour functions. Furthermore, TNFα
upregulation by monocytes could in turn promote the release of the monocyte and macrophage
chemoattractant MCP-1 by monocytes and a range of tumour cell types. This TNFα/MCP-1 cascade is
consistent with the infiltration of macrophages into tumours in at least two in vivo models of cancer,
and may point to IgE-mediated mobilisation and activation of monocytes/macrophages into tumours
by promoting TNFα-induced production of MCP-1 in the TME (Figure 12).
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Figure 12. TNFα/MCP-1 cascade as a mechanism of MOv18 IgE functions in vivo. Activation
of monocytes/macrophages by MOv18 IgE mediates a TNFα/MCP-1 axis. Cross-linking of IgE
upregulates monocyte/macrophage TNFα. TNFα in turn promotes the release of the chemoattractant
MCP-1 by monocytes/macrophages and tumour cells in the TME, which could promote potent
chemotaxis of further monocytes/macrophages into tumors, resulting in enhanced tumor cell–effector
cell interactions and subsequent tumor cell death. Figure adapted by permission from the American
Association for Cancer Research. (Josephs, D.H. et al. Anti-Folate Receptor-α IgE but not IgG Recruits
Macrophages to Attack Tumors via TNFα/MCP-1 Signaling. Cancer Res. 2017, 77, 1127–1141 [186]).

Together, these findings also draw parallels with increased expression of TNFα, MCP-1 and
IL-10 that are reported to be associated with IgE-dependent macrophage-mediated immune responses
and clearance of parasites [122,192]. It was originally hypothesised that IgE could mount an allergic
response mechanism against cancer. Nonetheless, the lack of IL-4 upregulation, a classic allergic
mediator, and the potentiation of a TNFα/MCP-1 axis observed with anti-tumour IgE effector functions,
may point to a less dominant role for an allergic, and a more prominent IgE-driven anti-tumour
mechanism normally preserved for immune defence and parasite destruction by mobilising and
activating macrophages. The implications of these findings may include the re-direction of otherwise
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inert macrophage populations into tumour lesions, and the activation of IgE-mediated anti-parasitic
functions in the Th2-biased TME against tumours [193].

9. Towards Clinical Translation of First-In-Class IgE to a First-In-Man Clinical Trial

9.1. Predicting Safety of IgE: Using Ex Vivo Functional Assays Adapted from Allergy Diagnosis

In sensitized individuals, minute allergen exposure can trigger life-threatening type I systemic
hypersensitivity reactions. Despite preclinical evidence that IgE could have superior efficacy compared
with IgG, concerns remain that exogenously administered IgE could trigger a type I hypersensitivity
reaction leading to anaphylaxis. For this to occur, monoclonal IgE antibodies bound to FcεRI on effector
cells must be cross-linked by soluble multivalent allergen in the circulation [194,195]. Potent allergens
can achieve this through forming soluble multimers as discussed above, or by aggregating into
complexes cross-linked by polyclonal antibodies, likely to be IgE, specific for these antigens [196,197].

In the context of cancer, it is hypothesised that for an anti-tumour IgE to avoid triggering type
I hypersensitivity, the target antigen should be found at low density, and in monomeric form, on
healthy cells (and in the circulation) and/or should have only a single IgE-binding epitope, so that
IgE cross-linking on the surface of effector cells or bridging with a target cell cannot be achieved [198].
In contrast, for an anti-tumour IgE to have anti-tumour effects, the tumour antigen should be
overexpressed on the cancer cells in tissues so that they are densely packed on the cell membrane or in
lipid rafts, so that IgE bridging may occur at tumour sites. Tumour-associated antigens such as FRα
fulfil these criteria.

To investigate this hypothesis, the ability of MOv18 IgE to trigger basophil degranulation was
examined using RBL SX-38 cells engineered to overexpress human FcεRI [182]. Exposure of cells to
MOv18 IgE alone did not induce significant degranulation, however the cross-linking of MOv18 IgE
bound to the effector cell surface using a polyclonal anti-IgE antibody, or by cross-linking FRα-bound
IgE using an anti-FRα polyclonal antibody to mimic the effect of a circulating multimeric antigen,
induced appreciable degranulation. In contrast, when cells were incubated with MOv18 IgE and
increasing concentrations of recombinant (monovalent) FRα alone, at levels up to 400-fold higher
than those reported in ovarian cancer-patient blood, only background levels of degranulation were
observed. This was to be expected, since monovalent antigen is generally unable to cross-link
FcεRI-bound IgE [182,199]. Furthermore, while naturally shed FRα levels in patient circulation were
significantly elevated, compared with those measured from healthy controls, sera from 32 patients
with stage III or IV ovarian carcinoma, and from 14 healthy volunteers, induced only background
levels of degranulation.

The possibility that circulating tumour cells (CTCs) or tumour cell fragments bearing multiple
copies of the target antigen could trigger degranulation was also explored by exposing RBL SX-38
effector cells to MOv18 IgE and serially increasing the number of FRα-expressing IGROV1 ovarian
carcinoma cells. Degranulation was only detected at higher E:T cell ratios, well above those recorded
in patient blood [182]. This suggests that MOv18 IgE is unlikely to activate effector cells in the presence
of even the highest reported concentration of FRα-expressing CTCs. Tumour cells that did not express
FRα did not induce degranulation, suggesting that the phenomenon is antigen-specific.

The ability of MOv18 IgE to activate blood basophils ex vivo in fresh unfractionated blood from
patients with an ovarian carcinoma was investigated using the basophil activation assay (BAT). BAT
is an increasingly useful assay conducted in unfractionated blood for detecting the propensity for
type I hypersensitivity to a large range of allergens [200–203], including medicinal drugs and those
used in oncology. It is designed to measure elevated cell surface CD63 expression within 10-15 min of
stimulation as an early sign of type I hypersensitivity, which precedes degranulation [204]. MOv18
IgE at a range of concentrations had no effect on the level of CD63 expression in whole blood samples
from healthy volunteers or from patients with an ovarian carcinoma, despite detectable circulating
concentrations of FRα in the blood of some of these patients. Furthermore, MOv18 IgE with the addition
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of exogenous soluble FRα, even at concentrations 10-fold higher than those observed in patients, did
not increase CD63 expression by human basophils. In contrast, cross-linking of effector cell FcεRI
using either an anti-FcεRI or anti-IgE polyclonal antibody clearly augmented CD63 expression [182].
MOv18 IgE was therefore unable to produce significant basophil activation in human blood specimens.

In the same study, sera from 24 patients with detectable levels of circulating FRα antigen were
also screened for the presence of anti-FRα IgG auto-antibodies. Such antibodies might potentially
cross-link the soluble FRα bound to MOv18 IgE on the surface of basophils. In 6 of 24 patient sera,
IgG auto-antibodies were detected in the range of 3–43 ng/mL. However, when tested in the RBL
SX-38 degranulation assay, sera from these patients did not trigger any functional degranulation in the
presence of MOv18 IgE. Sera from two patients were also studied in the BAT assay and induced with
no increase in CD63 expression by the patients’ blood basophils [182].

In conclusion, no evidence of effector cell activation or degranulation could be detected in
validated models of allergy using recombinant FRα or patient blood and sera. In addition, no
degranulation was mediated by MOv18 IgE at worst case physiological blood CTC-to-effector cell ratios
or by patient anti-FRα IgG auto-antibodies. Overall, these data indicate that when ovarian carcinoma
patients are treated with MOv18 IgE, FcεRI-mediated activation of effector cells may potentially occur
within the tumour mass, but is less likely in the circulation.

9.2. Predicting Safety of IgE: In Vivo Models

Selection of preclinical models to help predict the safety of IgE antibody immunotherapy of cancer
is still in its very early stages, and pharmacologically relevant species are being sought. An anti-human
HER2/neu IgE was well-tolerated when introduced to cynomolgus monkeys [160]. Cross-species
reactivity of mouse/human chimeric MOv18 IgE was demonstrated in cynomolgus monkey immune
effector cells [205]. However, the kinetics of MOv18 IgE interaction with effector cells, and the
phenotype of the activated effector cells, differed between the two species; human IgE featured a faster
dissociation from cynomolgus monkey effector cells, compared with human immune effector cells.
Human IgE triggered different cytokine release profiles by human and cynomolgus monkey immune
effector cells. Therefore, the extrapolation of cynomolgus data to humans may be unreliable [205].

For these reasons, a surrogate syngeneic tumour model in immunocompetent (WAG) rats
(discussed above) was designed to evaluate the safety profile of anti-tumour IgE. This species was
selected because the IgE system of the rat bears many similarities to that of a human, and the use of
the rat MOv18 IgE in the WAG rat would allow the characterisation of IgE-mediated responses that
would not be possible in healthy primate models.

Preclinical efficacy studies using tumour-bearing rats showed restriction of tumour growth in
the absence of any evidence of acute toxicity with rat MOv18 IgE (or with the equivalent rat MOv18
IgG2b), despite the natural presence of IgE effector cells capable of IgE-mediated degranulation
such as basophils and mast cells in this species. No evidence of a cytokine storm (lack of IL-6 or
IFNγ) or signals of an allergic response (IL-4) were detected, while elevated immunological pathway
activation gene signatures, tumour and serum TNFα elevation and enhanced macrophage infiltration
into tumours, thought to be associated with anti-tumoral efficacy, were associated with IgE treatment
(Figure 13) [191].
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Figure 13. In vivo safety evaluations of MOv18 IgE. A surrogate syngeneic tumour model in
immunocompetent WAG rats was designed to evaluate the safety profile of MOv18 IgE. Rat CC531
colon adenocarcinoma cells, engineered to express the human FRα, were administered i.v. to grow as
lung metastases and animals were treated with either rat MOv18 IgE or the IgG2b equivalent. This
model demonstrated the superior efficacy of IgE compared with the IgG counterpart (representative
images of Indian ink-stained lungs shown). Efficacy was observed in the absence of any adverse clinical
observations, off-target toxicities (H&E-stained spleen shown), or haematological or biochemical
changes. Furthermore, no evidence of cytokine storm (lack of IL-6 or IFNγ upregulation) or allergic
response (lack of IL-4 upregulation) was detected. In the same model, MOv18 IgE treatment was
associated with the restriction of tumour growth, alongside enhanced immune cell infiltration in
tumours (H&E-stained lung shown) and elevated immunological pathway activation gene signatures.
Additionally, increased tumour and serum TNFα were measured in association with IgE treatment.
Figure adapted by permission from John Wiley & Sons, Inc. (Josephs, D.H. et al. An immunologically
relevant rodent model demonstrates safety of therapy using a tumour-specific IgE. Allergy 2018, 73,
2328–2341 [191]).

In concordance, in previous immunodeficient mouse models of human FRα-expressing carcinoma
xenografts, the administration of mouse/human chimeric MOv18 IgE or MOv18 IgG1 together with
human peripheral blood lymphocytes and peripheral blood mononuclear cells did not trigger any toxic
effects, despite the presence of human basophils and eosinophils, including those from allergic human
donors [147,179,181], in these effector cell preparations. Further support for this concept comes from
published data demonstrating the induction of IgE through tumour antigen mimotope vaccination,
detected in the absence of any toxicities or signs of type I hypersensitivity [206]. Furthermore, IgE
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specific to tumour antigens and with tumoricidal properties has been reported in patients with
head and neck cancer and pancreatic cancer, in the circulation and tumour tissues [104,105], without
anaphylaxis occurring.

Finally, dogs may be an alternative model to examine the safety and anti-tumour functions of
IgE, since this species is known for susceptibility to both cancer, including spontaneous mammary
carcinomas, and allergy, with strong similarities of FcεR expression and distribution on immune cells
compared with humans [207–209]. Efforts are underway to design canine versions of anti-tumour IgEs
with a view to conduct safety and efficacy studies [152].

9.3. Monitoring Antibody Safety in Trials

Translation to clinical testing is expected to entail careful monitoring of patients and measuring
functional readouts and immunological markers of type I hypersensitivity following administration
of MOv18 IgE due to the potential for basophil and/or mast cell degranulation. Functional tests
may monitor the propensity to trigger basophil activation and mast cell degranulation in patient
blood and sera ex vivo, all measured at different points of drug administration. Monitoring would
include clinical signs of type I hypersensitivity, changes in serum levels of β-tryptase, total and tumour
antigen-specific IgE, circulating tumour antigen and autoantibodies to the target antigen. Specifically,
serum β-tryptase elevation signifying mast cell degranulation during clinical testing may be important
to help distinguish cytokine release-type infusion reactions from type I hypersensitivity [210,211].

10. Thoughts for the Design of New IgE-Based Therapeutic Agents

10.1. Expression Systems and IgE Glyco-Profiling

Production of IgE for clinical study requires the development of GMP processes that ensure
swift production of an antibody with sufficient quality, purity and stability profiles. Importantly, the
product must show physiochemical and functional profiles compatible with those of the laboratory
grade material. Additionally, IgE antibodies display seven glycosylation sites, six of which comprise
complex N-glycans, potentially with terminal galactose, fucose and sialic acid residues, as discussed
above (and illustrated for IgG in Figure 1c). Due to its heavily glycosylated structure, the glycosylation
profile of IgE antibodies must also be considered with regard to achieving a consistent antibody
structural and functional product profile for clinical application. Carbohydrates may influence
the affinity for the target antigen, biodistribution, effector cell trafficking to tissues and antibody
pharmacokinetics; the high-mannonse structure at Asn394 (Figure 1d) may, as we have discussed, have
functional significance [41,50]. Monitoring the structural and functional integrity of IgE is therefore
warranted at all stages of research, development and manufacturing for pre-clinical and clinical
evaluations. Furthermore, the nature of the expression system may impact the glycosylation profile
and must be carefully considered when designing an IgE class therapeutic agent [153]. For instance,
the carbohydrate profile of IgE antibodies produced using a human expression system, may differ
from that of plant-expressed IgE [150]. Further study of glycan content will undoubtedly provide
important information for further understanding structure-function relationships in IgE.

10.2. Selecting Tumour Targets and Malignant Indications for IgE Therapeutic Agents

Rational design of suitable therapeutic agents should aim to take advantage of the tissue-resident
immune surveillance exerted by IgE antibodies that can be directed against cancer antigens, whilst
minimising the risk of the potential toxic effects of the therapeutic agent. Malignant indications could
be selected according to whether tumour cells are likely to reside in tissues in which important IgE
effector cells such as macrophages are also found. Indications in which tumour cells and tumour
cell fragments do not circulate would be preferable, since following systemic administration of
anti-tumour IgE, basophils loaded with anti-tumour IgE could encounter circulating cancer cells
bearing multiple copies of the target antigen; such interactions might trigger degranulation and
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potential type I hypersensitivity. Important criteria for the selection of cancer antigen targets would
include high expression on the tumour with minimal and restricted distribution in normal tissues away
from patient circulation. Furthermore, selection of single epitopes on tumour antigens and antigens
that do not shed in multimeric forms in patient circulation would be key criteria for target selection.

10.3. Challenges for IgE-Based Therapies

Within the fields of Immunology, Allergy and AllergoOncology, there are many aspects of IgE
biology that are yet to be explored. The most prominent unknowns in the field are: defining the
dynamics of antibody trafficking to tumours, recruiting monocytes into tumour lesions and engaging
local tumour-associated macrophages; pharmacokinetics in patient circulation and biodistribution in
health and disease settings; the roles and anti-tumour functions of mast cells; unexplored mechanisms
of action beyond the TNFα/MCP-1 cascade; the existence of modulatory mechanisms for IgE despite
the lack of any known inhibitory FcεR; the impact of target antigen expression levels and distribution
in tumour lesions on the anti-tumour efficacy of IgE antibodies; stratification of patients with tumours
featuring immune tumour environments congruent to IgE antibody therapy; the most suitable
administration route, and malignant indication to help refine treatment and maximise patient benefit.

Evidence from a number of studies points to monocytes and macrophages as important effector
cells that participate in the anti-tumour functions of IgE in vitro and in vivo [193]. On the other
hand, mast cells express far higher levels of FcεRI compared with monocytes and macrophages, and
constitute another key effector cell population that may contribute to the cancer growth-restricting
functions of anti-tumour IgE antibodies. Mast cells can be activated upon crosslinking of FcεRI by
IgE in the presence of multivalent antigens, to degranulate and release toxic mediators in tissues
such as the skin and gut. These functions of mast cells have been known to be directed to destroy
parasites [5,97]. The significance of mast cell infiltration in tumour lesions has been controversial [212],
however there have been reports of associations with more favourable clinical outcomes [213]. Tumour-
and tissue-resident mast cells may also contribute to IgE-mediated enhanced TNFα expression and
heightened immune responses in the TME [214]. Mast cells could be recruited towards tumour lesions
either through tumour cell-produced MCP-1 [215], and more prominently through the anti-tumour
IgE-potentiated TNFα/MCP-1 axis discussed above [186,191]. However, the roles of mast cells in the
context of anti-tumour IgE mechanisms of action and efficacy require further study.

Further areas for investigation include the impact of clinically available therapies such as
chemotherapies, checkpoint inhibitors, steroids, and targeted treatments on the following: effector
cells and IgE therapeutic efficacy and safety; expression of IgE Fc receptors by immune cells in
different cancer types and patient tumours; mechanisms by which IgE acts on the TME, including IgE
receptor-expressing and non-expressing cells, and their recruitment into tumours.

A number of antibodies engineered with IgE Fc regions have been shown to engender potent
effector functions and restrict tumour growth in disparate model systems. These include antibodies
recognizing epitopes found on clinically validated tumour targets such as HER2/neu. It is to be hoped
that IgE antibodies against these targets will progress along the translational pipeline towards clinical
testing. The field of AllergoOncology, including the use of IgE antibodies for cancer treatment, will
undoubtedly enrich our understanding of human immunity and responses in health and malignant
disease, and both inform and transform the design of future immunotherapeutic agents.
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ADCC antibody-dependent cell-mediated cytotoxicity
ADCP antibody-dependent cell-mediated phagocytosis
APC antigen presenting cell
BAL broncho-alveolar lavage
BAT basophil activation test
CCA colorectal cancer antigen
CDR complementarity-determining region
CTCs circulating tumour cells
CTL cytotoxic T lymphocyte
DCs dendritic cells
EGFR epidermal growth factor receptor
EM electron microscopy
FR framework region
FRα folate receptor alpha
FRET fluorescence (Förster) resonance energy transfer
GMP Good Manufacturing Practice
IHC immunohistochemical/immunohistochemistry
i.p. intraperitoneal
i.v. intravenous
MCP-1 macrophage chemoattractant protein-1
MD molecular dynamics
MMTV mammary tumour virus
NIP 4-hydroxy-3-nitro-phenacetyl
NK Natural Killer
PBMCs peripheral blood mononuclear cells
PDX patient-derived xenograft
PIPE Polymerase Incomplete Primer Extension
PSA prostate specific antigen
RBL rat basophil leukaemia
SAXS small-angle X-ray scattering
s.c. subcutaneous
Th T helper
TME tumour microenvironment
TNFα tumour necrosis factor
UCOE Ubiquitous Chromatin Opening Elements
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Abstract: Natural immunoglobulin M (IgM) antibodies are pentameric or hexameric macro-
immunoglobulins and have been highly conserved during evolution. IgMs are initially expressed
during B cell ontogeny and are the first antibodies secreted following exposure to foreign antigens.
The IgM multimer has either 10 (pentamer) or 12 (hexamer) antigen binding domains consisting of
paired μ heavy chains with four constant domains, each with a single variable domain, paired with
a corresponding light chain. Although the antigen binding affinities of natural IgM antibodies are
typically lower than IgG, their polyvalency allows for high avidity binding and efficient engagement
of complement to induce complement-dependent cell lysis. The high avidity of IgM antibodies
renders them particularly efficient at binding antigens present at low levels, and non-protein antigens,
for example, carbohydrates or lipids present on microbial surfaces. Pentameric IgM antibodies also
contain a joining (J) chain that stabilizes the pentameric structure and enables binding to several
receptors. One such receptor, the polymeric immunoglobulin receptor (pIgR), is responsible for
transcytosis from the vasculature to the mucosal surfaces of the lung and gastrointestinal tract.
Several naturally occurring IgM antibodies have been explored as therapeutics in clinical trials,
and a new class of molecules, engineered IgM antibodies with enhanced binding and/or additional
functional properties are being evaluated in humans. Here, we review the considerable progress
that has been made regarding the understanding of biology, structure, function, manufacturing,
and therapeutic potential of IgM antibodies since their discovery more than 80 years ago.

Keywords: IgM (immunoglobulin M); hexameric; pentameric; polymeric; polyvalency; joining chain
(J-chain); avidity; complement dependent cytotoxicity (CDC); poly Ig receptor (pIgR)

1. Introduction to Immunoglobulin M (IgM)

During humoral immune responses, immunoglobulins of the IgM, IgD, IgG, IgA, and IgE isotypes
may be produced, each expressing a unique profile of effector functions capable of mediating host
defense against invading pathogens. Macro-immunoglobulin, IgM, is initially produced as a surface
bound molecule and is expressed in early B cell differentiation. Later in the immune response, IgM is
produced by plasma cells and secreted as soluble pentamers that contain 10 antigen binding sites
and the joining (J) chain, or as hexamers containing 12 antigen binding sites and no joining chain
(J-chain). IgM has a molecular weight of approximately 900 or 1050 kDa for the pentamer or hexamer,
respectively (Figure 1).
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Figure 1. Schematic diagram of an immunoglobulin M (IgM) antibody pentamer (left) and hexamer
(right). Constant regions are shown in gray and variable regions in green, and also shown on the IgM
pentamer is the small joining chain (J-chain) in red.

Due to the polyvalent nature of IgMs, they may exhibit higher avidity for antigen than the bivalent
IgG. In addition to neutralizing pathogens, IgM antibodies are highly effective at engaging complement
to target lysis of cells and pathogens.

Our understanding of the biology, structure, and function relationships for IgM antibodies
has progressed to the point where this antibody isotype can be exploited therapeutically; however,
challenges associated with their manufacture remain. Here, we review the progress and the therapeutic
potential for this class of antibodies, as well as the potential for new classes of engineered IgM antibodies.

1.1. History and Discovery of IgM

Humoral immunity has been studied since the late 1800s when George Nuttall [1] discovered that
animal immune sera could kill bacteria. Subsequent analysis of the immune serum using technologies
such as electrophoresis and ultracentrifugation allowed for biochemical characterization of the various
proteins that could mediate immunity, resulting in the discovery of immunoglobulins. Originally,
these serum components were assigned as α-globulin, β-globulin, and γ-globulin fractions to designate
the proteins by order of electrophoretic mobility [2]. The first description of IgM antibodies was
reported in 1939 by Kabat et al. [3] who evaluated the molecular weight of antibodies produced in
horse, cow, pig, monkey, and human serum after immunization with pneumococcus. Due to the
large size (approximately 990 kDa), the new antibody was referred to as γ-macroglobulin. In 1944,
γ-macroglobulins were also discovered to be expressed at high levels in multiple myeloma patients
by Waldenstrom and later independently by Kunkel [4,5]. They identified that the γ-macroglobulin
in patient sera migrated close to β-globulin using immuno-electrophoresis and ultracentrifugation
techniques. In the 1960s, methods were developed to induce plasmacytomas in mice that produced
uniform immunoglobulins that included γ-macroglobulin producing plasmacytomas, recapitulating
the data observed in multiple myeloma patients [6]. As the immunoglobulins discovered during this
time were being given arbitrary names, in 1964 the World Health Organization defined a nomenclature
system for antibody isotypes. As a consequence γ-macroglobulin was renamed IgM, and the M referred
to “macroglobulin” [7].

1.2. Evolution of IgM Antibodies

Immunoglobulins, including IgM antibodies, are found in all jawed vertebrates (gnathosomes) that
diverged in evolution from jawless fish (agnathans) approximately 550 million years ago [8,9]. Similar to
mammals, IgM expression precedes the expression of other antibody isotypes, although, in teleost fish,
IgD and IgT are the only other isotypes present [10]. The phylogeny of the immunoglobulin heavy
and light chain isotypes is illustrated in Figure 2. However, within certain species, there are distinct
differences in the structure of the IgM antibodies produced [11]. For example, the predominant form
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of IgM antibodies in mice and humans are pentameric in structure and include a J-chain that stabilizes
the pentamer, but hexamers and monomers can also be detected [12,13]. However, IgM antibodies in
frogs, for example, Xenopus, are hexameric in structure even though Xenopus IgM has been reported
to contain a J-chain [14]. In contrast, IgM from bony fish predominantly forms a tetramer structure,
whereas the IgM produced by cartilaginous fish, such as shark, are pentameric in structure [15,16].
It is unclear why hexamer IgM was produced, but it was possible that J-chain synthesis could be
limiting [17]. In addition, there are examples of IgM where the expressed μ chain lacks the cysteine
in the tailpiece required for proper insertion into the IgM structure [18,19]. Interestingly, in humans
and mice, pentameric IgM may also be present that does not contain a J-chain [20]. In fact, we have
observed hexamer, i.e., pentamer mixtures produced from recombinant IgM derived from CHO cells,
in the absence of transfected J-chain ([21] and unpublished observations).

Figure 2. Schematic diagram illustrating the evolution of immunoglobin (Ig) heavy and light chain
isotypes in vertebrates, with the IgM isotype broadly represented across phyla. Antigen-binding
variable lymphocyte receptors (VLRs) in jawless fishes (agnathans) are thought to be precursors of
immunoglobulins. The IgW isotype in cartilaginous fishes is orthologous to IgD in other groups; IgNAR
is a “new antigen receptor” isotype, identified in nurse shark, that does not associate with light chains
and does not have an ortholog in higher species. IgT appears to be the most ancient Ig specialized for
mucosal protection. IgX, originally identified in Xenopus is orthologous and functionally analogous to
IgA. IgY is the amphibian, reptilian, and avian equivalent of IgG and IgE. IgF only has two constant
domains but has homology to IgY. Open boxes represent the lack of certain heavy or light chains in the
certain vertebrate lineages; dashed boxes represent a common ancestry; and * represents the lack of κ
light chain in snakes. Figure adapted from Pettinello and Dooley 2014 [22] and Kaetzel 2014 [23].

1.3. Ontogeny of B Cells and IgM Antibodies

In mammals, B cell development occurs in a hierarchical, ordered manner in fetal liver during
embryonic development, and then in bone marrow and peripheral lymphoid tissue in adults.
Within bone marrow, CD34+ multipotent progenitors differentiate into common lymphoid precursors
(CLP) that give rise to both B and T cell lineages. CLPs subsequently differentiate into early pro-B cells
that express Igα and Igβ, essential signaling components of the B cell receptor (BCR). Initiation of the
μ heavy chain (μHC) locus rearrangement occurs during the transition to pro-B cells when the RAG1/2
recombination complex induces rearrangement of the D to JH gene segments and, subsequently, to the
V to DJH gene segments. However, no surface μHC is expressed until the cells differentiate into large
pre-B cells that express a pre-BCR composed of a μHC complexed to surrogate light chains VpreB and
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λ5 chain. Signaling through the pre-BCR results in the proliferation, differentiation, and subsequent
surrogate light chain downregulation, paving the way for λ or κ light chain rearrangement to form
surface IgM with different antigen specificities [24]. Receptor editing and selection occurs at this point
and surface IgM expressing immature B cells egress from the bone marrow into the spleen.

Within the spleen, IgM expressing immature B cells begin to express surface IgD, which separate
into the following different populations: IgMlow IgDhigh in the follicles and IgMhigh IgDlow in the
marginal zone of the spleen. B-1 cells also mature into IgMhigh IgDlow cells. Although the variable
domains of the IgM and IgD are identical, alternative transcription and splicing results in both IgM
and IgD heavy chains [25]. These populations of naïve B cells are now mature and are poised for
clonal expansion and somatic hypermutation upon an encounter with antigen. Upon antigen binding,
signaling is initiated through the IgM and/or IgD BCR, resulting in a signaling cascade involving
Lyn, Syk, Src, Btk, PLCγ2, and PI3Kδ via co-receptor CD19, resulting in activation, proliferation,
and differentiation of B cells that produce secreted IgM, IgG, IgA, or IgE [26–29]. However, B-1 cells
only produce secreted IgM and are described below (see Section 2.1, innate immunity).

During human fetal development, IgM can be detected in the serum at approximately 20 weeks
of gestation [30]. In contrast to IgGs, IgM antibodies are not transported across the placenta [31,32].
These fetal IgM antibodies are predominantly polyreactive “natural” IgM antibodies that play a role in
the innate defense against infectious pathogens [33]. Postnatal IgM concentrations increase rapidly
within the first month of postnatal life likely due to increased exposure to foreign antigens, and then
gradually level off [34]. Levels of prenatal IgM are approximately 5 mg/dL in infants at 28 weeks and
11 mg/dL at birth. At one year of age, concentrations of IgM in infants are approximately 60% of
that in an adult which is approximately 140 mg/dL, representing approximately 10% of total plasma
immunoglobulins [35,36].

2. Biology of IgM

2.1. Innate Immunity

“Natural IgM” antibodies represent the majority of secreted IgM antibodies found in normal
serum and are also located in the pleural and peritoneal compartments [37,38]. This class of IgM
antibodies are evolutionarily conserved in all jawed vertebrates [10], are spontaneously produced by a
subset of B cells, and often bind to specific antigens in the absence of immunization [39]. Natural IgMs
are encoded by unmutated germline variable gene segments with polyreactive binding specificities to
epitopes that are generally self- and non-self-antigens [10]. As previously described, these polyreactive
IgMs are found at higher frequencies in neonates than adults, both in humans and mice [40].

The source of natural IgM antibodies is somewhat controversial. In mice, natural IgM antibodies
are reported to be produced by B-1 cells residing in the bone marrow and spleen [41–45]. However,
others have reported that non-B1 plasma cells in bone marrow were the source of murine natural IgM
antibodies [46]. In humans, the B-1 cell population has not been studied as thoroughly as the murine
B-1 population, but the human B-1 cells are also believed to be the source of natural IgMs [47].

One of the roles of natural IgM antibodies includes the targeting of altered self-antigens or
neo-epitopes on dying cells for targeted removal, thereby maintaining tissue homeostasis [48].
One such antigen recognized by natural IgMs to facilitate the removal of apoptotic or dying cells is
phosphorylcholine, which is also present on the cell wall of many parasites and microbes [49–52], thus,
providing a first line of defense against pathogens. Carbohydrates, phospholipids, lipopolysaccharide,
low-density lipoprotein, plus single and double stranded DNA are other antigen specificities known to
be recognized by natural IgM antibodies [48,53,54].

In addition, natural IgM antibodies have been demonstrated to play a role in controlling B
cell development, selection, and induction of central tolerance to prevent autoimmunity. The rare
condition of selective IgM deficiency in humans, although associated with recurrent infections,
is characterized by an increased risk of developing autoimmune diseases such as arthritis and systemic
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lupus erythematosus [55]. In a study performed by Nguyen et al. [56], secretory μ chain deficient mice
(μs−/−) were found to recapitulate the selective IgM deficiency phenotype seen in humans. Although
the phenotype may have been due to the reduction in auto-antigen clearance, these knockout mice
displayed a block in the differentiation at the pre/pro-B cell stage of development and an escape from
central tolerance induction resulting in the accumulation of autoantibody-secreting cells, phenotypes
reversible with the administration of polyclonal IgM [56]. Therefore, these data support that natural
secreted IgM antibodies facilitate normal B cell development that enforces the negative selection of
autoreactive B cells, although the precise mechanism is unclear.

2.2. Early Adaptive Immunity

Upon binding to antigen, the BCR expressed on naïve follicular B cells is activated and B cells exit
the follicle, proliferate, and produce relatively short-lived IgM secreting plasmoblasts in lymphoid
tissues [57]. In the case that activated B cells engage with CD4+ T follicular helper cells through
antigen-specific MHC–TCR interactions (major histocompatibility complex and T cell receptor), the B
cells will re-enter the follicles, proliferate, and form germinal centers. During this time, the V regions
of the BCR undergo somatic hypermutation to “fine tune” the affinity of the antibodies to the specific
antigen, and then the antibody heavy chains undergo class switching recombination events to form a
variety of isoforms, including IgG1, IgG2, IgG3, IgG4, IgA, or IgE. During this time, the B cells undergo
clonal expansion within the follicles, leave the germinal centers, and differentiate into antigen-specific
class switched high affinity antibodies producing plasma cells and memory B cells [58].

However, IgM production is not limited to just the initial antigen response. In fact, IgM-expressing
memory B cells have been identified that have V region mutations suggesting that these are post germinal
center B cells [59,60]. Analysis of peripheral blood has identified that 10 to 20% of all B cells are mutated
IgM expressing cells and the IgM expression levels are higher than other less mature IgM expressing
B cells [61]. Interestingly, it has recently been described that long-lived murine plasmodium-specific
memory B cells include somatically hypermutated IgM expressing B cells [62]. The investigators identified
that upon plasmodium rechallenge, the high affinity, somatically hypermutated plasmodium specific
IgM+memory B cells proliferated and gave rise to antibody secreting cells that dominated the early
antibody response, via both T cell dependent or independent mechanisms [62].

The interaction of IgM antibodies with antigens can dramatically enhance humoral immune
responses to the antigens beyond that of IgG. This is exemplified by studies that have evaluated the
co-administration of IgG or IgM with xenogeneic erythrocytes in murine models [63]. When IgGs
were co-administered in vivo to mice with xenogeneic erythrocytes, this resulted in suppression of
erythrocyte-specific antibody responses [64]. Indeed, this immunosuppressive approach is used
clinically to prevent Rh-negative mothers from becoming immunized against Rh-positive fetal
erythrocytes, decreasing the incidence of hemolytic disease in newborns. The immunosuppressive
mechanism is hypothesized to be epitope masking [64] and does not require complement or IgG Fc
receptors [65]. This contrasts with the response observed when IgM antibodies targeting erythrocytes
were co-injected in vivo, which resulted in a stronger antibody response against the erythrocytes than
when erythrocytes were administered alone [66,67]. Studies have suggested that the activation of
complements by the IgM was an important step in this effect, since mice with inactivated complement
receptor 1 and 2 have a dampened immune response. For example, when sheep erythrocytes were
co-injected with IgM in mice that had the C1q and C3 genes knocked out, antibody responses were not
observed or were significantly muted [66]. In addition, similar studies in mice that had complement
receptors 1 and 2 (CR1/2) inactivated had a severely impaired antibody response [68]. These data
demonstrate that activation of a complement is crucial for the ability of IgM antibodies to feedback
enhance antibody responses. IgM antibodies may also increase the concentrations of antigen on
follicular dendritic cells in splenic follicles, thereby enhancing antigen presentation and downstream
immune response.
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IgM antibodies also play key roles in mucosal defense. Secondary lymphoid tissues containing B
and T cells, referred to as mucosa-associated lymphoid tissues (MALT), are associated with multiple
organ systems including the gastrointestinal and respiratory tracts. These secondary tissues are
less organized than primary lymphoid tissues. As discussed below in further detail, the J-chain of
pentameric IgM antibodies interacts with the polymeric immunoglobulin receptor (pIgR) on cells
which results in the transcytosis of the antibodies from the circulation and through epithelial cells to
mucosal surfaces to provide a first line defense against pathogens [69]. The J-chain is also incorporated
into the dimeric form of IgA, and it allows efficient mucosal transport [70].

3. IgM Antibody Structure

3.1. Primary Structure

Antibodies of the IgM isotype are typically found as pentameric or hexameric in format, where
each monomer is approximately 190 kDa, comprised of a heavy μ chain with five domains (Vμ, Cμ1,
Cμ2, Cμ3, and Cμ4) and a light chain with two domains (Vκ-Cκ or Vλ-Cλ) [18]. IgM constant chain
monomers show a greater degree of homology to IgEs than other isotypes. As shown in the alignments
in Figure 3, the constant regions of the heavy chains, CH1, CH2, and CH3 of IgG correspond to the Cμ1,
Cμ3, and Cμ4 of IgM. In contrast, the hinge region of IgG corresponds to the Cμ2 of IgM, which is an
additional constant domain also found in other isotypes (mammalian IgE and avian IgY). It is thought
that this domain functions much like the hinge region of IgGs and provides the flexibility needed to
allow IgMs to bind multiple copies of antigens on cell surfaces. The heavy chains in each monomer are
covalently linked with a disulfide bond at Cys 337 [19,71,72]. Each light chain is disulfide bonded to
the heavy chain using cysteine residues at position 136 in the heavy chain [73].

Human immunoglobulin heavy chain constant domains are shown in Figure 3 below.
As shown in Figure 4, an additional feature of μ heavy chain is the presence of a short 18

amino acid peptide sequence (PTLYNVSLVMSDTAGTCY) at the C-terminus called the “tailpiece” [75].
IgM monomers are covalently linked by disulfide bonds between the penultimate cysteine of these
tailpiece peptides. The tailpiece peptide is critical for IgM polymerization [76]. Indeed, the tailpiece can
induce the polymerization when fused at the C-terminus of other antibody isotypes such as IgG [77].
In addition, inter-monomer disulfide bonds between Cys 414 residues in Cμ3 hold the center of the
IgM in a well-defined ring-like structure.
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Figure 4. Schematic diagram of IgM monomer vs. IgM pentamer. IgM monomers are distinguished
from IgG counterparts by their extensive glycosylation at the asparagine residues indicated, the presence
of an additional domain Cμ2 in place of a hinge, and the presence of a short tailpiece peptide sequence
that is critical for multimerization. Pentameric IgM has an additional 137 amino acid joining (J)-chain.

In addition to the heavy chain and light chains, IgMs also possess a third chain, a polypeptide of
137 amino acids, known as the joining (J)-chain, which is a key feature of polymeric IgA and pentameric
IgM antibodies [78,79]. The sequence of the J-chain is highly conserved from amphibians to humans [69],
and is a distinct domain, unrelated to the immunoglobulin fold found in heavy chains and light chains
(see Figure 5). There is a very high degree of sequence conservation within the J-chain, consistent with
key structural and functional aspects of the J-chain integration into IgA and IgM oligomers [80,81]
(see Section 3.3). The J-chain allows binding and transport of IgM pentamers and IgA oligomers to
mucosal surfaces via interactions with polymeric Ig receptor (pIgR, see Sections 3.3 and 4) [82].

Figure 5. Sequence alignment (left) and hierarchical clustering (CLUSTALW, right) of IgM joining
chains (J-chains) showing the high degree of conservation across species from human, primates, rodents,
and birds.

3.2. Glycosylation

Antibodies are glycoproteins with N-linked glycosylation. In the case of IgG, there is N-linked
glycosylation at Asn 297, which influences binding to Fc gamma receptors, and hence has a role in
modulating antibody-dependent cell-based cytotoxicity (ADCC). Significantly, IgMs have more sites of
glycosylation as compared with that of IgG. Whereas IgG heavy chains have a single glycosylation site,
human and non-human primate IgM heavy chains exhibit five N-linked glycosylation sites at Asn
171 (Cμ1), Asn 332 (Cμ2), Asn 395, Asn 402 (both in Cμ3), and Asn 563, which is in the heavy chain
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tailpiece [83]. An additional glycosylation site is present on the J-chain at Asn 49. These glycans are
considered to facilitate polymerization and assembly of the oligomeric IgM structure [84], as well as
provide IgM with greater solubility and longer in vivo half-life [85]. There is no well characterized
role for the glycosylation of IgMs in mediating effector function, as has been demonstrated for IgG.
Recently, Colucci et al. showed a role for sialylation on IgM in mediating internalization on T cells and
IgM mediated immune suppression [86].

The additional sites of glycosylation increase the complexity of IgM antibodies. Detailed site-specific
carbohydrate analysis of IgM demonstrates that not all of the N-linked sites are similarly glycosylated.
N-linked glycosylation has various levels of complexity, from high mannose or simple glycans to bi-,
tri- and tetra-antennary complex glycans. Interestingly, the three sites at Asn 171, Asn 332, and Asn
395 (in domains 1, 2, and 3) exhibit complex carbohydrate moieties with sialylated termini. However,
the more carboxy terminal sites at Asn 402 and Asn 563 (in domains 3 and 4) contain high mannose
structures [84]. This pattern of glycosylation is consistent with the amino terminal regions of IgM being
more accessible to glycosylation enzymes of the intracellular Golgi apparatus, whereas the carboxy
terminal regions (the “central core” structure) are not fully processed, perhaps due to steric hindrance
and lack of accessibility of these glycans in the oligomerized form of IgM. The fourth glycosylation site
on IgM (Asn 402) is homologous to the single site of IgG (see Figure 3), which is known to have limited
accessibility and does not exhibit fully developed complex carbohydrate in either IgM or IgG.

3.3. Tertiary Structure

The nearly mega dalton size of a fully assembled IgM complex has proven to be a challenge for
determining a detailed structure. However, informative and useful models of IgM were initially created
using a combination of techniques including low resolution cryo-electron microscopy, X-ray crystallography,
NMR-derived structures of the subdomains, and homology modeling.

In some of the earliest studies [87,88], three-dimensional (3D) models were proposed based on
electron micrographs that placed the five monomers of a pentamer in a symmetrical structure around a
central ring. Indeed, both planar (antigen-free) and “stable-like” (antigen-bound) structures for IgM
antibodies were described. Subsequently, cryo-atomic force electron microscopy combined with the
known crystal structure of IgE enabled further modeling of IgM structure [89]. Similar to the earlier
models, these authors proposed a symmetrical distribution of five monomers around a central ring that
exhibited a “flexural bias”, which allowed it to remain in a planar structure in the absence of antigen
but, then, underwent a conformational change upon binding to antigen coated surfaces, such as those
on cell or microbial surfaces. The “staple-like” structure that was formed then allowed binding of
C1q, the first component of complement. Muller et al. assembled a model using crystal structure of
domains Cμ1 and Cμ4 and an NMR-derived model of Cμ3 [90]. However, a recent study [91] with and
without Fab arms attached to the central Fc ring, conclusively showed that the pentamer was actually
an asymmetric structure where a single monomer from the hexamer was substituted with a J-chain
without perturbing the position of the rest of the monomers (see Figure 6).
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Figure 6. Example cryo-electron microscopy (cryo-EM) results for hexamer (left) and pentamer (right)
forms of an anti-CD20 IgM. Consistent with published observations [91], the pentamer formed in the
absence of J-chain retains the positions of monomers around the central ring and only a single monomer
appears substituted by the J-chain. These images are a montage of a large series of negatively stained,
transmission electron micrographs obtained via collaboration of IGM Biosciences and NanoImaging,
Inc., San Diego, CA, USA (unpublished results).

Interestingly, although the mu chain tail pieces and the J-chain are known to play critical roles in
the assembly and function of IgM antibodies, for many years, the three-dimensional structures within
the IgM pentamer have largely remained elusive. In fact, until recently, only a secondary structure
for the J-chain has been proposed [92]. Importantly, in two new pivotal studies, the 3D structures
of pentameric IgM [80] and human IgA [81] were reported. In these reports, Li et al. described
the cryo-electron microscopy (cryo-EM) structure of an IgM Fc pentamer that included the J-chain
and the ectodomain of pIgR, and Kumar et al. described the atomic structure of dimeric, tetrameric,
and pentameric IgA Fc fragments linked by J-chain and in a complex with the secretory component of
pIgR. These reports clearly show a unique “two-winged” structure for J-chain that is conserved and
exhibits highly similar conformations within the IgM and IgA context. The J-chain binds to the Fcμ
pentamer of IgM and forms clasp or bridge between the Fcμ1A and Fcμ5B monomers of the IgM via
disulfide bonding of the tailpieces with J-chain cysteines [80]. With respect to the central structure of
IgM, these models also show how the ten heavy chain tail pieces assemble within the central core of
the Fc ring and interact with the J-chain. The tailpieces of IgM form parallel beta strands and the ten
tailpieces pack in anti-parallel fashion. These authors suggested that the combined set of tailpieces
formed prominent interactions that stabilized the pentamer while the J-chain served as a template
for the oligomerization of IgM. These recent studies provide a fresh view of the structure of IgM
antibodies and new functional insights into the unique biology of IgM and its interaction with the
secretory pathway (see Section 4.3.1).

4. Function

4.1. Binding to Microbial Antigens, Role of Avidity

Natural IgM antibodies, in conjunction with natural killer (NK) cells, dendritic and mast cells,
and macrophages are part of the innate immune system, the first line of defense against invading
microorganisms and aberrant human cells (see Section 2.1 and Vollmers 2006 [93]). This response
involves binding to specific antigenic motifs, such as specific carbohydrates on glycoproteins or
glycolipids and repetitive structures such as lipopolysaccharides, recognized by IgM antibodies
encoded by germ line (i.e., unmutated) genes. In so doing, these natural IgM antibodies play an
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important role in primary defense mechanisms, recognizing foreign bacteria and viruses or mutated
human cells such as cancer cells. Typically, these natural IgM antibodies utilize low affinity binding
to a range of similar foreign antigens, and their ability to eliminate these foreign antigens is, then,
amplified by the high avidity afforded by having 10 (in the pentamer) or 12 (in the hexamer) binding
sites. The potent ability of IgM antibodies to fix complement and opsonize particles make them
particularly effective against bacteria and viruses [94]. The physical and functional characteristics of
IgM and other antibody classes have been summarized by Strohl [95].

4.2. IgM vs. IgG Function: Complement Dependent Cytotoxicity (CDC) vs. Antibody-Dependent Cell-Based
Cytotoxicity (ADCC)

IgM antibodies also differ from IgG isotypes due to the relative engagement of effector mechanisms.
IgGs utilize natural killer cell engagement which can result in antibody-dependent cellular cytotoxicity
(ADCC), as well as complement dependent cytotoxicity (CDC). In contrast, IgM does not bind the Fc
gamma receptors, and therefore does not exhibit ADCC. However, IgMs have very potent CDC activity.
Their hexameric or pentameric structure allows highly avid binding of complement component C1q to
IgM, and therefore IgMs are able to fix complement substantially better than IgGs [96] (see Figure 7).
Recent work by Sharp et al., using phase-plate cryo-electron microscopy, has provided a detailed model
of how complement fixation was initiated with a large conformational change upon antigen binding,
which exposed the regions on IgM that were bound by C1q, i.e., the first protein complex needed
to initiate the complement cascade [97]. The planar or disc-like structure of free IgM changes to a
“crouching” or “staple-like” structure when the Fab regions bind antigen on a cell surface. The antigen
binding Fab regions move out of the plane of the ring formed by the Cμ3, Cμ4, and tailpiece due to the
flexibility of the Cμ2 regions, which are the equivalent of the hinge regions of IgGs. This allows many
or all of the Fab arms to contact antigens on a surface, leveraging the avidity of IgMs. Other effector
mechanisms, such as antibody-dependent cellular phagocytosis, have also been implicated in the
action of IgMs [98,99].

Figure 7. Complement binding and activation with IgM as compared with IgG.

4.3. IgM Receptors: Structure and Tissue Distribution

IgM antibodies are known to bind to multiple receptors, which are illustrated in Figure 8.
The functional roles of these three receptors are discussed below.
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Figure 8. Schematic diagram of receptors known to bind IgM. IgMs bind at least three different receptors
from those that bind IgG. The oval domains of each receptor indicate immunoglobulin fold-like regions.
Their sizes and tissue distribution are depicted above.

4.3.1. Polymeric Ig Receptor (pIgR)

J-chain containing polymeric immunoglobulins such as IgA and IgM are often found on mucosal
surfaces associated with a peptide called the secretory component (SC). The SC peptide is a proteolytic
fragment of a cell surface receptor responsible for transport of polymeric Igs from the apical to mucosal
surfaces [100]. The polymeric Ig receptor (pIgR) is expressed on the basolateral surfaces of mucosal
epithelium, showing the highest expression in small and large intestines, with expression also seen in
tissues such as lungs, pancreas, kidneys, and endometrium [101].

Structurally, pIgR belongs to the IgG superfamily with five Ig-like domains (D1–D5) that are
heavily glycosylated (see Figure 8). Hinge regions are present between D1 and D2 and also between D3
and D4 [102]. Upon binding polymeric IgM or IgA antibodies containing J-chain, pIgR is internalized
and transported by the endosome from the basal to the apical surface [103]. A membrane-proximal
region contains a proteolytically sensitive site that is cleaved when the endosomes are trafficked to
the apical side and this cleavage results in the release of polymeric Ig bound to the ectodomain of
pIgR, which is known as the secretory component. Free SC can also be released at the apical side as an
8 kDa fragment.

The crystal structure of domain 1 (D1) of pIgR reveals a structural similarity to the variable domain
of Ig that contains a highly conserved helix with a region that is implicated in binding to IgM [104].
The D1 of secretory component is both necessary and sufficient for IgM (or IgA) binding, however D2
through D5 contribute to increased affinity. The apoSC protein forms a compact structure in the absence
of IgM or IgA but undergoes a drastic conformational change upon binding to polymeric IgM or IgA.
The interaction of Fcμ of IgM with J-chain and pIgR form a ternary complex (Fcμ-J-SC) that facilitates
transport of IgM (and IgA) to the apical side of epithelial cells. The molecular mechanism of pIgR/SC
secretion of IgM (and IgA) is not fully understood. However, recent reports on 3D cryo-imaging of
IgM with J-chain and pIgR/SC in complex, have contributed to a better understanding of both the
structure and function of the secretory pathway components [80,81].
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4.3.2. Fcα/μR

The Fcα/μ receptor was identified in a screen of receptors from a cultivated mouse lymphoma
cell line capable of binding IgMs. This receptor is approximately 70 kDa in size, belongs to the
immunoglobulin superfamily, and is extensively glycosylated. The Fcα/μ receptor is localized
to all lymphoid tissues including lymph nodes and the appendix, and is also widely expressed in
non-lymphoid tissues including kidney and intestine, with lower expression observed in the lungs, liver,
and myocardium [105]. Residues 76–98 are homologous to the CDR1 region of pIgR, which constitutes
a conserved binding site for both proteins. The predominant cells expressing Fcα/μ receptors are the
follicular dendritic cells in the germinal centers [106]. As with pIgR, the Fcα/μ receptor appears to
interact with IgMs, primarily with determinants in Cμ3 and Cμ4 [107]. The presence of the Fcα/μ
receptor on intestinal macrophages, plasma cells, and Paneth cells implicates its role in local and
systemic aspects of mucosal immunity.

4.3.3. FcμR, the TOSO Receptor

The most recently identified receptor interacting with IgM is FcμR, which is a transmembrane
sialoglycoprotein of approximately 60 kDa [108]. FcμR, also known as the TOSO receptor, is highly
expressed on chronic lymphocytic leukemia B cells and has been demonstrated to internalize upon
IgM binding [109]. It is distinct from pIgR and Fcα/μ in that it only recognizes IgM and not polymeric
IgA. The CDR1 region of FcμR that is predicted to recognize IgMs is very short, i.e., only five amino
acids. Notably, FcμR does not require a J-chain for binding pIgM and its interactions are primarily
thought to be with domains Cμ3 and μ4 [110]. Cells expressing FcμR were predominately adaptive
immune cells, such as B and T cells [111].

5. Manufacturing Considerations

The need for scalable production processes will grow as the therapeutic interest in the use of IgM
antibodies increases. IgMs have been considered to be difficult to express, due to their large size and
complexity (see Table 1), resulting in low expression levels, and therefore expectations of a high cost of
goods associated with therapeutic IgMs [112,113]. However, improvements in cell lines, production
media, and process monitoring have made it such that production of a high-quality IgM is possible.

Table 1. IgM antibody complexity.

IgM Form
Molecular

Weight
Peptides in

IgM Complex
Inter-Chain

Disulfide Bonds
N-Linked Sites of

Glycosylation

Pentamer
(with J-chain) 950 kD 21 27 51

Hexamer
(without J-chain) 1150 kD 24 30 60

5.1. Expression of IgM

Biotherapeutic proteins, in general, including immunoglobulins, can be expressed in a variety
of expression host cells [114]. Mammalian cells are typically used as host cells for IgM expression,
in order to preserve the glycosylation patterns that are optimal for bioactivity or pharmacokinetic
properties. Among mammalian cell hosts, Chinese hamster ovary (CHO) cells are most commonly
used for producing antibodies because of the ability of these cells to grow in serum-free media at
high density in large bioreactors [115]. CHO cell production of IgG antibodies has shown a steady
improvement over the last 30 years of development and can reach a specific productivity of 50 to 60
picograms/cell/day and high titers of 10 to 15 g per liter. However, production of IgM antibodies in
CHO cells is still a challenge. Kunert et al. first described the production of a class-switched anti-HIV
IgM antibody, designated 4E10, in CHO-DUKX-B11 cells in serum containing medium, but were only
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able to achieve a specific productivity of 10 pg/cell/day [116]. To improve productivity and quality,
Tchoudakova et al. utilized a different mammalian cell line, PER.C6, which was a transfected primary
human embryonic retinoblast cell line, to make a panel of IgM antibodies and they were able to
achieve a volumetric productivity of 20 pg/cell/day [117]. An additional host used for production
of IgM is the tobacco plant [118]. By engineering in the expression of human sialyltransferase and
galactosyltransferases, Loos et al. were able to demonstrate that fully functional IgMs with human-like
glycoforms could be produced in tobacco plants.

The manufacture of IgM molecules for early clinical trials was done using hybridoma cells derived
from rat or mouse myeloma cells or a heteromyeloma between human lymphoid cells and murine
myeloma cells (see Table 3 in Section 6.1). Using these approaches, yields of 200 mg/L in batch process
and 700 mg/L in a medium exchange process [117] were achieved. The two recombinantly expressed
IgM antibodies, PAT-SC1 and PAT-SM6, were produced in PER.C6 cells and achieved fed-batch titers
of 800 to 900 mg/L [117,119].

5.2. Purification of IgM

The purification of IgM for Good Manufacturing Practice (GMP) manufacturing has not been able
to take advantage of affinity resins such as Protein A, which has been the standard recovery method
for IgG. IgM does not bind to protein A. However, other affinity resins are available and are quite
useful for research scale purification but are not currently available for scale-up with an associated
GMP-compliant regulatory support file. IgMs also appear to have a narrower range of conditions
under which they remain soluble as compared with IgGs, which can present difficulties in purification.
Although low pH steps can be used for viral inactivation with IgMs, detergent-based approaches are
more commonly used for viral inactivation in IgM downstream processing.

Early methods for purification of IgMs have included isoelectric precipitation and gel
chromatography [120]. These investigators showed that product recovery of 40% could be achieved
with 99% purity. For hybridoma cultures, polyethylene glycol (PEG) precipitation was optimized and
combined with anion exchange chromatography for several antibodies. With the exception of two
examples, greater than 95% purity with yields that varied from 28% to 84% was achieved using this
approach [117]. This process was further improved by initially digesting the genomic DNA with the
endonuclease benzonase.

In 2007, a three-step purification strategy for IgM antibody molecules was presented at a conference
on purification of biological products [121]. The investigators used ceramic hydroxyapatite (CHT)
chromatography for primary capture with a 90% purity and 79% recovery. The purification strategy
subsequently used anion exchange (AEX) and cation exchange chromatography to achieve 99% purity
with recovery of 50% to 80%. In 2010, Gagnon et al. reported the use of a monolithic anion exchanger
with more than two-fold increased IgM dynamic binding capacity when compared to a porous particle
anion exchange resin [122]. This approach was associated with greater genomic DNA removal due in
part to the 15-fold higher charge density of the monolith exchanger. These results suggest that the
convective nature of the monolithic matrix, rather than diffusion in porous resin, was perhaps better
suited for IgM purification. This process was utilized at the 250 L scale with PER.C6 cell expression
for producing PAT-SM6 which, at the time, was under evaluation in a Phase 1 melanoma study [119].
In this downstream process, CHT chromatography was used as the primary capture column with viral
inactivation performed utilizing Triton X-100 wash step on column. Then, the DNA level was reduced
with a Sartobind Q membrane, followed in succession by anion and cation exchange monolithic
chromatography. The overall process yield was reported to be 55%.

Large scale GMP manufacture of IgM products is possible with a variety of traditional columns.
New mixed-mode resins also may provide even greater capabilities. In 2011, at an IgM meeting
in Germany, GE Healthcare reported on the use of layered beads in which the inner core was
functionalized and the outer core was inert and porous [123]. This led to the launch of CaptoCore
700 and, more recently, CaptoCore 400 with an inert shell acting in a size exclusion mode and an
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anionic core, which are ideal for the large IgM molecule. Purification matrices such as these, along with
bringing affinity resins to a scalable, regulatory-compliant state, should make the purification of clinical
IgM antibodies more tractable with high yields and good safety clearance.

6. Therapeutic Uses of IgM Antibodies

As has been well demonstrated with IgG antibodies, IgM antibodies also have the potential to
provide therapeutic benefit in humans. Indeed, IgM antibodies have been shown to be efficacious in a
variety of animal models, including non-human primates [124] and were some of the first mAbs to be
tested clinically (see Figure 9 and [125]).

Figure 9. History of selected IgM human clinical trials.

Currently, there are hundreds of therapeutic IgG antibodies that have advanced to clinical trials,
and more than 90 antibody-based products have achieved FDA approval [126]. However, only about
20 IgM antibodies have been tested in humans (Table 2). Included in this group are rat, mouse, and human
IgMs that target a variety of infectious disease, oncology, and autoimmune disease antigens.

Taken together, the studies described below demonstrate that IgM antibodies can be safely
administered to humans. However, the IgM antibodies tested to date have not typically produced
sufficient efficacy in humans to obtain (or maintain) regulatory approval. This result is likely due to
the fact that most, if not all, of the IgM antibodies tested were of natural origin and, as a consequence,
essentially contained germ-line gene sequences that have not undergone extensive somatic mutation,
and thus were of low affinity and specificity [127]. It is also likely that the particular indications tested
in these early studies, such as a major focus on sepsis and septic shock, has limited the ability of IgM
antibodies to achieve regulatory success.

6.1. IgM Clinical Trials

Shown in Table 3 are additional details regarding the IgM mAbs so far examined in humans,
organized by the nature of the target antigens. For all of these studies, administration of the IgM
antibodies was well tolerated. Of particular interest is the fact that more than half of these IgMs target
antigens that are poorly immunogenic and for which it has been difficult to generate IgG mAbs [128].
Included in this category are lipopolysaccharides (LPS) and its component core structure lipid A,
gangliosides, proteolipids, and glycans. Since many of these structures are composed of polymeric
or repeated antigenic motifs, the avidity effects of having 10 binding sites on the IgM antibody may
well provide significant advantages for such antigens over their IgG counterparts. It is apparent,
however, that the approaches for finding such antibodies need to be changed significantly, focusing on
the incorporation of affinity optimized V domains into the IgM backbone rather than using naturally
occurring IgMs.
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6.1.1. Lipopolysaccharide Antigens

Five of the IgM product candidates (from a total of nine mAbs) in Table 3 targeted
lipopolysaccharide (LPS), a component of the Gram-negative bacterial cell outer membrane, and two of
these antibodies, E5 and HA-1A, were some of the earliest and most extensively studied IgM antibodies
to enter clinical trials. LPS is highly inflammatory and has been the subject of numerous interventional
strategies. E5, a murine anti-lipid A IgM mAb isolated by Lowell Young at UCLA (U.S. patent 4918163)
and licensed to Xoma (Xomen-E5), and HA-1A, a human anti-lipid A IgM mAb isolated by Nelson
Teng at Stanford [146] and licensed to Centocor (as Centoxin), entered clinical trials for sepsis in the
early 1980s; both IgMs were evaluated in a number of clinical trials, and product license applications
(PLAs) for both products were submitted to the FDA in early 1989 [147]. CentoxinTM (nebacumab)
received regulatory approval in Europe in 1992. However, this approval was withdrawn in 1993,
following the inability of subsequent trials to demonstrate a clinical benefit [147].

Around this same time, several additional clinical trials were initiated with other anti-LPS
antibodies. Chiron initiated a Phase 1 trial with MAB-T88, and reported that it was safe and well
tolerated [131]. A second Phase 1 study was also conducted in six sepsis patients with a high likelihood
of Gram-negative bacteremia [148]. MAB-T88 was again shown to be safe, but additional clinical
trials were never conducted. Similarly, a cocktail of five human IgM anti-Pseudomonas aeruginosa LPS
antibodies was tested in normal adults and in patients with P. aeruginosa bacteremia [132]. This cocktail
also appears to have been well tolerated, but additional studies do not appear to have been conducted.
More recently, Aridis tested AR-101, an anti-P. aeruginosa LPS IgM originally developed by Kenta
(KBPA-101, panobacumab) [149], in patients with nosocomial pneumonia. These studies went as far
as a Phase 2a trial [133], but more recent efforts appear to have focused on the IgG anti-LPS mAb
AR-105 [150]. Similarly, multiple clinical trials have also been completed [151] or are in progress [152],
using IgM-enriched IVIG for the treatment of sepsis or septic shock.

While the above results are, at first, discouraging, it is also now clear that many of the issues
associated with the anti-LPS IgM mAb trials likely reflect the difficult nature of this clinical indication
(numerous other therapeutics have failed in sepsis and infectious disease trials) [153] as well as the
specific characteristics of the natural, non-affinity-matured mAbs tested [124].

6.1.2. Glycolipid and Proteolipid Antigens

Another three IgMs, in Table 3, target gangliosides or proteolipids. Of the two IgMs targeting
gangliosides, L612 targets ganglioside GM3, while MORAb-028 targets ganglioside GD2. Antibody
L612 was derived from Epstein–Bar virus (EBV)-transformed B cells from a patient with melanoma,
and was shown to kill melanoma cells via complement-dependent cytotoxicity (CDC) [154]. However,
when tested clinically in patients with melanoma, L612 showed no adverse side effects but lacked
evidence of efficacy [134]. Subsequently, and because it lacked a J-chain, L612 preparations were found
to contain roughly 20% hexameric and 74% pentameric forms of the IgM [155]. Since the hexameric
form of L612 appeared to exhibit most of the CDC activity, a recombinant hexamer-dominant form of
L612, CA19, was selected and produced approximately 80% hexamer from CHO cells. While promising
in animals, CA19 does not appear to have been tested in the clinic.

MORAb-028 is an IgM that targets ganglioside GD2 licensed from Micromet and originally
designated MT228. MORAb-028 entered two Phase 1 clinical trials in 2010, one for intratumoral
injection [135] and one for IV administration of radiolabeled MORAb-028 [156]. The studies were both
completed in 2012, but little information regarding their results is available. The program appears to
have been discontinued in 2014 [157].

rHIgM22 binds to a complex myelin proteolipid antigen that is only expressed in CNS white
matter and has been reported to promote remyelination in animal models [158]. It was developed at
the Mayo Clinic and licensed to Acorda. rHIgM22 has been investigated following IV infusion in two
Phase 1 studies in patients with multiple sclerosis, one starting in 2013 [159] and one in 2015 [160].
The results for the first study have been published [136]. In this study, rHIgM22 was well tolerated in
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the 55 patients treated, and the IgM was detected in the CSF, but no statistically significant changes
were observed in the exploratory outcome measures.

6.1.3. Glycan Antigens

Despite the fact that IgM antibodies are well suited to target repetitive antigens [161], very few
clinical trials testing carbohydrate-reactive IgM mAbs have been conducted to date. Two such studies
are listed in Table 3. MAb216 recognizes a blood group antigen (CDIM) that is present on human B
cells [162]. This antibody, also obtained by Nelsen Teng and colleagues at Stanford, was isolated from
a patient with lymphoma and, after scale up at the NCI, was tested in a small Phase I clinical trial in
patients with B cell acute lymphoblastic leukemia. While the results were encouraging [139], limited
production of mAb216 by heteromyeloma cells inhibited further testing.

On the basis of these results, a recombinant human IgM variant of mAb216, termed IGM-55.5,
was generated. The antigen recognized by both mAb216 and IGM-55.5 on human B cells is a linear
lactosamine epitope that is sensitive to the enzyme endo-beta-galactosidase. This ligand, termed “cell
death inducing molecule” (CDIM), is similar to the “i” antigen of cord blood red blood cells [163,164].
The “i” antigen is only found on the red blood cells of the developing fetus and newborn infants and,
in rare cases, in human adults whose red blood cells did not convert this simple linear carbohydrate
into the more complex branched carbohydrate named “I” antigen. Natural autoantibodies to the
“i-antigen” often circulate in the blood of healthy adults and are usually of the IgM isotype.

Interestingly, IgM antibodies of this class often have heavy chain variable regions encoded by
the human Vh4-34 V region gene [165], and they are able to kill antigen-expressing B cells via the
formation of large complement-independent pores [166]. This process, which has also been reported
for other IgM antibodies [167,168] and has similarities with oncosis, involves ”wounding” target cells
in a complement-independent manner such that large holes or pores are formed in the cell membrane.
The precise mechanism by which these IgM antibodies mediate cell killing is not yet known, but it has
been speculated that degradation of actin-associated proteins permits the aggregation of membrane
components, thus leading to the formation of pores and loss of intracellular contents [168].

Patrys Ltd. in Australia was one of the first companies to focus on investigating the therapeutic
potential of natural human IgM antibodies, and two of the candidates tested clinical target glycan-based
epitopes. PAT-SC1, originally isolated by Peter Vollmers and colleagues at the Institute of Pathology
at the University of Würzburg [169] targeted a specific glycoform on CD55 that appeared to be
overexpressed on the surface of many cancer cells. PAT-SM6, also isolated by Vollmers [170], targeted
an O-linked glycoform on GRP78, a multifunctional glucose-regulated protein that was possibly only
present on tumor cells. Both PAT-SC1 [138] and PAT-SM6 [140] have completed Phase 1 trials, and both
appear to have been well tolerated. Currently, only PAT-SC1 is still under development, having been
licensed to Hefei Co-source Biomedical Co. in 2015, for all oncology indications in China [171].

Lastly, NeutroSpecTM (fanolesomab-Tc99m) is a radioimmunodiagnostic agent consisting of a
murine IgM monoclonal antibody labeled with technetium-99m (99mTc). Fanolesomab is directed
against the carbohydrate moiety 3-fucosyl-N-acetyl lactosamine that defines the cluster of differentiation
15 (CD15) antigen (NeutroSpecTM package insert) [172]. The CD15 antigen is expressed on the surface
of polymorphonuclear neutrophils (PMNs), eosinophils, and monocytes, cells that are often localized in
sites of infection. Initial clinical trials have indicated product safety [137] and, in 2004, NeutroSpecTM

received FDA approval for scintigraphic imaging of patients with equivocal signs and symptoms
of appendicitis who were five years of age or older. However, the product was suspended in 2005
following reports that patients taking the drug suffered serious and life-threatening cardiopulmonary
events. NeutroSpecTM was subsequently discontinued in 2008.

6.1.4. Protein Antigens

One of the first IgM antibodies to be tested clinically was Campath-1M. This antibody, which
recognized the lymphocyte antigen CD52, was an IgM mAb isolated by Herman Waldmann and
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colleagues from rats immunized with human lymphocytes [125]. Early clinical trials for the prevention
of graft vs. host disease (GvHD) involved the ex vivo purging of donor allographs with Campath-1M
plus complement were encouraging, and two patients (one with non-Hodgkin’s lymphoma and one
with acute lymphoblastic leukemia) received intravenous infusions with Campath-1M [125]. However,
overall efficacy of the treatments was low and there were concerns regarding immunogenicity of the
rat IgM [173].

Ultimately, Campath-1M was first class-switched to a rat IgG2b (Campath-1G) [174], and then
became the first antibody to be humanized by successful transplantation of the six heavy and light chain
variable regions from the rat IgG2b mAb into a human IgG1 [175], creating Campath-1H. Campath-1H
was subsequently shown to be safe and effective in humans and is currently marketed under the trade
name Lemtrada® (alemtuzumab) for B cell chronic lymphocytic leukemia [176].

In addition to Campath, four other IgM antibodies to protein antigen targets have been tested
in clinical trials. Two of these IgM mAbs are of mouse origin (ABX-CBL, TOL101), one is chimeric
(ARG098) and one is human (Mab 16.88). ABX-CBL (murine hybridoma-derived IgM) and TOL101
target human CD147 and the αβ T cell receptor, respectively. ABX-CBL was tested in patients
with steroid-refractory acute graft-versus-host disease (aGvHD) at doses up to 0.3 mg/kg/day [143].
Among 51 evaluable patients in the Phase 1 study, roughly half (51%) responded following nine daily
doses. However, in a randomized Phase 2/3 clinical trial (95 patients) in acute GvHD comparing
ABX-CBL to standard of care, anti-thymocyte globulin (ATG), the patient outcomes were insignificantly
different [177]. These data indicated that ABX-CBL did not offer improvement over ATG and as a
result, further clinical development of ABX-CBL was terminated.

TOL101 targets the human αβ T cell receptor and was tested in renal transplant patients.
Interestingly, in an effort to minimize T cell activation and its consequences that were observed with
higher affinity IgG antibodies, this IgM was explored as a lower affinity/lower avidity therapeutic
targeting this antigen. In a Phase 2 study [178], patients received five daily doses, up to 42 mg/day,
and prolonged CD3 modulation occurred at doses above 28 mg. There were no cases of patient or
graft loss, the treatments were well tolerated, and CD3 levels recovered within seven days after the
cessation of therapy. No additional updates were found.

ARG098 is a mouse/human chimeric IgM antibody that targets FAS receptor and was tested in
subjects with rheumatoid arthritis. Unlike the other IgM antibodies discussed here, ARG098 was
administered via intraarticular injection into the knee at very low doses (up to 10 μg per knee).
As ARG098 exhibited evidence of clinical activity, a placebo-controlled Phase 2a study was initiated and
the program was partnered with Centocor, however trials were apparently discontinued in 2015 [179].

Lastly, 16.88 is a human IgM antibody that was derived from colorectal cancer patients immunized
with autologous tumor cells admixed with BCG [180]. Of relevance to the current discussion is
that all 13 of the natural human antibodies isolated in these studies, including 16.88, were of the
IgM isotype. Following several pharmacokinetic studies in mice and humans [181], considerable
efforts were made to examine the pharmacokinetics and tissue distribution of radiolabeled 16.88 in
humans [182]. These studies demonstrated that 16.88 effectively targeted human tumors, and that it
may be useful for radioimmunotherapy, but such studies were apparently not conducted.

6.2. IgM Pharmacokinetics

In 1964, Barth and colleagues published one of the first articles examining the pharmacokinetics
(PK) of normal, unaltered human IgM antibodies in humans [183]. The IgM test material was purified
from the serum of a healthy donor, radiolabeled with iodine-131, and then injected into seven normal
adults. Serum samples were collected daily and analyzed in a gamma counter. According to these
studies, the terminal half-life of normal human IgM in humans was calculated to be 5.1 days, with a
range of 3.8 to 6.5 days (Table 4). Notably, these values for IgM half-life are four-fold less than the
half-lives commonly reported for human IgGs in humans (e.g., 18–21 days) [184], most likely reflecting
the fact that IgM antibodies do not bind to the recycling FcRn receptor (see Section 4.2).
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Table 4. Pharmacokinetics of IgM antibodies in humans.

Antibody Antigen Indication Model
Terminal
Half-Life

Reference

Serum IgM (hu)
I131-labeled - Humans Two-compartment 5.1 days (122 h) Barth 1964 [183]

E5 (mu) LPS (Lipid A) Sepsis One-compartment 19.3 h Harkonen 1988
[129]

HA-1A (hu) LPS (Lipid A) Sepsis One-compartment 15.9 h Fisher 1990 [130]

Sepsis One-compartment 14.5 h Romano 1993
[185]

MAB-T88 Lipopolysaccharide neutropenia Two-compartment 41.5 h Daifuku 1992
[131]

AR-101 Lipopolysaccharide Nosocomial
pneumonia Two-compartment 102 h (after 3rd

dose) Lu 2011 [133]

5G2 LPS (O-side
chain) Sepsis One-compartment 56 h Meng 1993 [186]

rHIgM22 CNS myelin
proteolipid Multiple sclerosis (not stated) 99 h (2 mg/kg) Eisen 2017 [136]

ABX-CBL CD147 GvHD Two-compartment 15–19 h Deeg 2001 [143]
TOL101 ab TCR Renal transplant One-compartment 23.8 h Getts 2014 [144]

PAT-SM6 GRP-78 Multiple
myeloma (not stated) 5.9 to 8.4 h Rasche 2015 [140]

Fanolesomab-Tc99 CD15 Healthy
volunteers Two-compartment 8 h Package insert

[187]

Mab 16.88 Colon cancer
antigen Cancer (not stated) 20 h Haisma 1990

[181]

The pharmacokinetics of several therapeutic IgM mAbs have also been studied in some of the
clinical trials described in Section 6.1 (see Table 3). In general, the half-lives reported for these IgMs in
humans are shorter than that described for the preparation of normal human IgM tested previously
(Table 4). Importantly, it should be noted that there are several critical differences between the IgM
antibodies tested clinically and the prior preparation used for human PK studies. First, the material
tested by Barth was pooled normal human IgM and, as such, it would not bind to human antigens,
whereas many of the other IgMs subsequently tested were selected for binding to human antigens.
As a consequence, the clinically tested IgMs would bind to tissues expressing those targets and
would likely be cleared more quickly. Second, the material tested by Barth was isolated from human
serum, whereas most of the other IgMs were produced in mouse, rat, or hamster (e.g., CHO) cells.
Since changes in production host cells and culture conditions for IgGs are known to result in changes in
glycosylation [188], and similar changes have been noted with IgM antibodies [189], such differences
in PK are not unanticipated. Lastly, differences in analytical techniques (isotope vs. ELISA) and subject
populations (normal vs. diseased) are also contributing factors.

Combined, these differences make direct comparisons of the reported data quite difficult, not only
between trials but also with the published data for normal human IgM. However, despite these
differences it is encouraging to note that IgM antibodies can have relatively long half-lives in humans,
thereby allowing weekly or bi-weekly dosing in the clinic.

6.3. IgM Safety and Immunogenicity

As indicated in Table 3, a number of clinical trials have been conducted with rodent or human IgM
antibodies in a range of clinical indications. For these trials, nearly 400 subjects were treated with doses
up to 27 mg/kg, and no apparent safety issues were reported. Importantly, for the studies conducted
with human IgM antibodies, little or no immune responses were noted. However, it should be
emphasized that the specifics of the immunogenicity assays used, as well as their relative sensitivities,
were not typically reported.

Of the IgM antibodies listed in Table 3, two products (E5 and HA-1A) were tested in Phase 2 and
Phase 3 clinical trials that enrolled a large number of patients. Both of these antibodies target LPS,
the outer-most layer on Gram-negative bacteria, and were tested in sepsis patients. In the Phase 3 trials
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alone, E5 was administered to approximately 715 patients [190,191], and HA-1A was administered to
approximately 730 patients [192,193]. Thus, when combined with the subjects listed in Table 3 (n = 398),
the total number of subjects treated with IgM antibodies was more than 1800 patients.

The observations that several human IgM antibodies have been safely administered in the clinic
are particularly encouraging, given the theoretical concern that multivalent, high-avidity antibodies
may exhibit off-target binding that could result in unexpected toxicities or rapid clearance. In some of
the IgMs isolated as naturally occurring antibodies to tumor targets, there may be low affinity binding
with high avidity which may contribute to unexpected, off-target binding. In the clinical studies
reported to date, no such concerns have been raised. However, these concerns can only be addressed
by further development and clinical testing of additional IgM antibody product candidates.

6.4. Other Oligomeric Antibody Forms

In addition to the more traditional IgM antibodies, a number of new molecular constructs have
been generated that seek to approximate the hexameric structure of the IgM molecule. One such class
of molecules, the HexaBody™, was generated by introducing mutations in the IgG heavy chain that
allow oligomers up to hexamers form in a concentration-dependent fashion on the surface of cells [194].
The most advanced HexaBody™ in development is GEN1029, a mixture of two noncompeting anti-DR5
HexaBody™molecules. A Phase 1/2 study of GEN1029 in patients with solid cancers was initiated in
May, 2018 [195].

7. Future Applications of Therapeutic IgM

As our understanding of expression systems and manufacturing of IgM antibodies progresses,
we anticipate the utilization of IgM as a new modality of engineered antibodies for treatment of
various therapeutic indications. Most importantly, IgM has 10 or 12 binding sites and is capable
of binding its antigen targets with high avidity. For cell surface targets where there is repetitive
display on a cancer or other target cell, high avidity allows for multiple antigen engagements per
IgM. As a consequence, IgMs are particularly well suited for targeting difficult antigens. In some
earlier IgM-based development efforts (Sections 6.1.1 and 6.1.2), antibodies against tumor antigens
consisting of carbohydrate moieties or glycolipids were evaluated in clinical trials. In these cases,
the affinity of corresponding IgGs on these glycotopes can be insufficient for effective targeting,
whereas the IgMs exhibit strong binding and effector function appropriate for biotherapeutic use.
Another challenging aspect of selected-tumor targets is often the low expression observed on tumors,
especially treatment-resistant tumors. IgM-based antitumor agents with high avidity may yield
antibodies with increased potency on low expression or otherwise difficult targets.

Given the greater valency of IgM, these macromolecules offer considerable opportunity for higher
order cross-linking of cell surface receptors. In addition, the flexibility of the IgM may provide the
appropriate architecture for binding multiple targets on a cell surface. The potential for IgM-induced
multimerization of cell surface targets makes the IgM an ideal candidate platform for developing
TNF receptor superfamily agonists. For example, IgM antibodies directed to death receptor 4 [196]
have shown excellent efficacy in vitro and in vivo. Wang et al. also demonstrated significant potency
and enhanced efficacy with IgMs specific for death receptor 5 as compared with the corresponding
agonist IgGs [197]. In subsequent investigations, Wang, et al. demonstrated strong in vivo efficacy on
established tumors that exhibited resistance to anti-DR5 IgG therapy in murine xenograft models [198].
Similarly, recent studies with IgM antibodies targeting the receptor binding site of influenza B have
shown excellent potency and broad cross-reactivity in vitro and in animal models [199].

Many of the earlier programs that tested IgM in human clinical trials used natural IgM antibodies
often isolated from patients or humanized from a murine hybridoma. However, there is significant
opportunity for more engineered versions of IgM, where the variable domains of an affinity matured
IgG can be grafted onto IgM constant domains. This “domain swap” of affinity matured variable
domains from IgG onto the backbone of IgM can lead to marked increases in binding avidity and
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potency of an engineered IgM. As a platform for engineering oligomeric binding units, IgM offers a
much wider variety of multimeric interaction with antigens.

Although engineering of antigen binding sites can yield novel IgM constructs with improved
antigen binding, there also exists additional unique sites on IgM for adding multispecific binding.
For example, bispecific IgG antibodies and other bispecific variants of IgG exhibit extremely potent
tumor targeting agents [200]. However, these antibodies have just a single binding site to a tumor
antigen, instead of the two binding sites of a traditional IgG. In contrast, a bispecific IgM may allow
very high avidity binding to difficult or rare tumor antigens, with selective engagement of T cells for
efficient tumor cell killing. We found that fusion of a single CD3 binding domain to the J-chain allowed
for the production of engineered bispecific IgM antibodies that exhibited controlled engagement of
T cells. For example, we recently described the use of a CD3 binding unit fused to the J-chain to
generate T cell-engaging bispecific IgM antibodies that contained 10 binding sites for a cancer antigen
and a single binding site for CD3 [201]. A key feature of this approach was the ability to make fully
assembled bispecific IgM antibodies in a single, high expressing cell line.

One such antibody, IGM-2323, is an anti-CD20 x CD3 IgM with “10 × 1” bispecificity (10 binding
sites for CD20 and one binding site for CD3ε) [202]. This novel bispecific IgM has very potent activity
via T-cell directed cytotoxicity (TDCC), and it also retains the robust CDC activity typical of an IgM.
Importantly, this IgM platform for T cell engagement exhibits potent TDCC via a mechanism that
does not lead to high levels of cytokine release in vitro or in animals. On the basis of these properties,
IGM-2323 is currently being tested in clinical trials for treatment of refractory or resistant non-Hodgkin’s
lymphoma [202].

With renewed focus on IgM antibodies and the engineering of IgM antibodies, there may well be
advantages inherent to the IgM platform that can yield improved biotherapeutic agents for treatment
of unmet medical needs. The recently published three-dimensional structure of IgM Fc pentamer
may also allow better understanding of this complex macromolecule [80]. We anticipate that the
higher order valency of IgM with enhanced receptor cross-linking and the highly effective bispecific
IgMs should provide new opportunities for antibody engineering and the development of more
effective therapeutics.
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Abstract: Immunoglobulin A (IgA) plays a key role in defending mucosal surfaces against attack by
infectious microorganisms. Such sites present a major site of susceptibility due to their vast surface
area and their constant exposure to ingested and inhaled material. The importance of IgA to effective
immune defence is signalled by the fact that more IgA is produced than all the other immunoglobulin
classes combined. Indeed, IgA is not just the most prevalent antibody class at mucosal sites, but is
also present at significant concentrations in serum. The unique structural features of the IgA heavy
chain allow IgA to polymerise, resulting in mainly dimeric forms, along with some higher polymers,
in secretions. Both serum IgA, which is principally monomeric, and secretory forms of IgA are
capable of neutralising and removing pathogens through a range of mechanisms, including triggering
the IgA Fc receptor known as FcαRI or CD89 on phagocytes. The effectiveness of these elimination
processes is highlighted by the fact that various pathogens have evolved mechanisms to thwart such
IgA-mediated clearance. As the structure–function relationships governing the varied capabilities of
this immunoglobulin class come into increasingly clear focus, and means to circumvent any inherent
limitations are developed, IgA-based monoclonal antibodies are set to emerge as new and potent
options in the therapeutic arena.

Keywords: immunoglobulin A; IgA; structure; FcαRI; CD89; immune evasion; therapeutic antibodies

1. Introduction

The human immune system expends a considerable amount of energy in production of
immunoglobulin A (IgA), since more IgA is made than all the other classes of immunoglobulin
(Ig) combined. IgA is present in both serum, where at 2–3 mg/mL it is the second most prevalent
circulating Ig after IgG, and in external secretions such as those that bathe mucosal surfaces, where
it is the predominant Ig. It has been calculated that around 60 mg of IgA is produced per kilogram
of body weight per day in the average human [1,2], much of it being localised at mucosal surfaces.
Such surfaces, which collectively have a surface area in adult humans of around 400 m2 [3], are major
sites of vulnerability, given their exposure to the environment, and IgA clearly plays a critical role in
their protection against attack by invading pathogens.

In humans, there are two subclasses of IgA, named IgA1 and IgA2. Like all Ig, each subclass
comprises a basic molecular unit of two identical heavy chains (HCs) and two identical light chains
(LCs). Each chain begins at its N-terminus with a variable region, which is followed by a constant
region. The LCs are the same in each subclass, but the HCs differ within their constant regions, which
are encoded by distinct Cα genes. Two allotypic variants of human IgA2, known as IgA2m(1) and
IgA2m(2), have been characterised. A third IgA2 variant, termed IgA2(n), has been described [4],
but while presumed to be an allelic form, its penetrance in the population remains to be investigated.

Unlike other Ig classes, IgA exists in multiple molecular forms. In human serum, the predominant
IgA form is monomeric, i.e., comprises 2HC and 2LC, with a subclass distribution of about 90% IgA1
and 10% IgA2. In contrast, the main molecular form found at mucosal surfaces, known as secretory IgA
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(SIgA), is dimeric, although some higher molecular weight species, including trimers and tetramers,
are also present. Here the relative proportion of the two subclasses is more closely matched; an average
distribution being about 40% IgA1 and 60% IgA2, though this varies depending on the particular
mucosal site sampled.

Genetic sequence analysis has confirmed the presence of IgA in all categories of mammals
(placental, marsupials, and monotremes) and in birds. However, there are notable species differences.
Most mammals have a single IgA isotype. IgA1 and IgA2 subclasses akin to those in humans are only
present in related primates, including chimpanzees, gorillas, and gibbons [5], consistent with IgA1
arising relatively recently in evolutionary terms. Orangutans have an equivalent of IgA1, but appear
to have lost their form of IgA2. The other group of mammals to have more than one IgA are rabbits
and other lagomorphs, which have a massively expanded number of IgA genes, resulting in 14 known
subclasses, 11 of which are expressed. A 15th IgA was recently described in domestic European
rabbits [6]. While IgA is known to play a common role in protection at mucosal surfaces [7], the levels,
forms, and distribution of IgA vary. For example, in species commonly used in experimental research,
including mice, rats, and rabbits, the main form of IgA in serum is dimeric rather than the monomeric
form seen in humans. In these same species, unlike humans, the main source of IgA in the gut lumen is
from bile. Another species difference relates to the prevalent Ig found in colostrum and milk. While in
humans this is IgA, in cows, sheep, goats, and horses, the main immunoglobulin isotype present is IgG.

Such species differences have tended to constrain research on the general features of IgA, and mean
that there are inherent problems with extrapolation of results on IgA from animal models to humans.
This review will focus primarily on human IgA, and will explore structure and function relationships
and the prospect for developing IgA-based therapeutic monoclonal antibodies (mAb). The issue of
species differences within the IgA system remains of relevance, given the growing interest in IgA as a
potential therapeutic option and the requirement for meaningful models to robustly assess capabilities
in this context.

2. IgA structure

2.1. General Features

In common with other Igs, both the HCs and LCs of IgA are folded into a number of variable
(V) and constant (C) domains, each encoded by a separate exon. These number four in the HC
(namely VH, Cα1, Cα2, and Cα3, starting from the N-terminus) and two in the LC (namely VL and
CL, from the N-terminus). Each domain folds into a similar globular secondary structure, known
as the immunoglobulin fold, a feature of all Igs. Typically stretching some 110 amino acids, each
domain comprises two β-sheets made up of anti-parallel β-strands, which sandwich together around a
stabilising disulphide bond.

Interposed between the Cα1 and Cα2 domains of each HC lies a flexible hinge region, which is
particularly extensive in human IgA1 but shorter in human IgA2. Indeed, the hinge is the region of
greatest difference between the two subclasses. Unlike IgG, there are no interchain disulphide bridges
within the hinge region, which presumably affords the IgA hinge sequences, particularly the longer
ones of IgA1, the ability to flex independently of each other, but may also increase the susceptibility
to proteolysis.

The hinge of IgA1, rich in proline, serine, and threonine, contains a sequence missing in IgA2 that
comprises two eight amino acid repeats (Figure 1). The hinge in human IgA is encoded in a sequence
present at the 5′ end of the exon encoding the Cα2 domain, rather than by a separate exon or exons as
seen for IgG. As in other Igs, the hinge affords flexibility to the whole IgA molecule that is critical for
activity. It varies considerably in length and sequence between IgAs from different species (Figure 1).

At the C-terminus of the IgA HC lies an 18 amino acid extension known as the tailpiece. While a
corresponding feature is lacking in IgG and IgE, a highly similar sequence is found at the C-terminus
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of the HC of IgM. For both IgA and IgM, the tailpiece is crucial to the Ig’s ability to polymerise into
primarily dimers and pentamers, respectively.

Figure 1. Hinge sequences of IgAs from different species. Numbers following the species name indicate
the IgA subclass, and allotype where appropriate. Amino acid numbering above human IgA1 is
according to the commonly adopted scheme used for IgA1 Bur [8].

Two HCs and two LCs are organised into two Fab regions (each comprising VH, Cα1, VL,
and CL domains), responsible for binding to antigen, linked via the hinge region to a single Fc region
(comprising two Cα2 and two Cα3 domains), responsible for triggering elimination processes (Figure 2).
The interaction between chains is stabilised by disulphide bonds between the HCs and LCs within
the Fab region and between the two HCs at the Cα2 domains, and by close pairing of opposing
domains: VH with VL, Cα1 with CL, and one Cα3 domain with the other one. Such pairing relies on
an array of non-covalent interactions, chiefly hydrogen bonds and van der Waals contacts, between the
domains involved.

Figure 2. Schematic diagram of IgA structures—monomeric, dimeric, and secretory IgA. In IgA1, the
heavy chain domains are in blue, and those of the light chains in yellow. In IgA2, the heavy chain
domains are in red, and the light chain domains in yellow. The tailpieces are shown as extensions to the
C-termini of the Cα3 domains in the monomeric forms. Dimeric and secretory forms of IgA2 are not
depicted. J chain, which is present in both dimeric and secretory IgA, is shown in cyan. The domains
of secretory component, derived from the extracellular region of pIgR, are present in secretory IgA and
are shown in orange.
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The Cα2 domains do not form a close pair, but instead have N-linked oligosaccharides that
overlie the surfaces normally involved in pairing. N-linked oligosaccharides in fact make rather a
significant contribution of the total mass of IgA, accounting for 6–7% of the mass of human IgA1,
and 8–10% of the mass of human IgA2 [9]. The aforementioned Cα2 domain sugars are found in both
IgA1 and IgA2, attached to residue Asn263. Both subclasses have another N-linked sugar attached
to the tailpiece at residue Asn459. Recently, it has been reported that the glycans attached at Asn459
can interact directly with certain viruses and thereby neutralise them [10]. Human IgA2 has further
N-linked sugars attached at residues Asn166 in the Cα1 domain and Asn337 in the Cα2 domain.
IgA2 molecules of the IgA2m(2) allotype have a further N-linked sugar attached at Asn211 in the Cα1
domain. In terms of composition, the N-linked sugars of serum and secretory IgA comprise a family of
related structures centred on a biantennary mannosyl chitobiose core, with a small proportion being
more branched, mostly with triantennary structures. Fucosylation level varies, as does the numbers of
sugars (galactose and sialic acid) found at the branch termini (Figure 3) [11–13]. Further glycosylation
complexity arises through the attachment of usually between 3 and 6 core 1 and/or Tn O-linked sugars,
composed principally of N-acetyl galactosamine, galactose, and sialic acid, to the hinge of IgA1 [12,13].
These O-linked glycans introduce further heterogeneity, since they consist of a family of structures,
varying in terms of the presence or absence of sialic acid and galactose.

Figure 3. Schematic structures of IgA (A) N-linked and (B) O-linked glycan side chains. Structure (A)
occurs in both IgA1 and IgA2, while structure (B) is present only attached to the hinge region of
IgA1. NeuNAc, N-acetyl neuraminic (sialic) acid; Gal, galactose; GlcNAc, N-acetyl glucosamine; Man,
mannose; Fuc, fucose; GalNAc, N-acetyl galactosamine. ±Gal, ±NeuNAc, or ±Fuc indicate that some
chains terminate at the preceding sugar.

2.2. IgA Fab Region

In terms of structural components unique to IgA, within the Fab region it is the Cα1 domain that
constitutes the IgA-specific component, with the VH, VL, and CL being common to other Ig classes.
Solved X-ray crystal structures of the Fab regions of mouse IgA myeloma proteins have provided
earlier structural insights. From two different plasmacytoma IgAs, the elbow bend angle between the
VH and Cα1 domains was seen to range between 133 and 145◦, suggesting a degree of flexibility within
the Fab region [14,15]. However, more recently, the crystal structure of a human IgA1 Fab has been
determined at high resolution [16]. The position of the disulphide between the LC and HC, together
with the markedly hydrophobic interface between the VH and Cα1 domains, appears to constrain the
IgA1 Fab, making it somewhat rigid. When compared to a matched IgG featuring the same VH and
VL domains, the IgA1 Fab exhibited a difference of about 5◦ in the elbow angle from that in IgG. It has
been suggested that the greater rigidity inherent in IgA1 Fab may exert subtle allosteric effects on the
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antigen binding site with resultant impact on antigen binding affinity. Such considerations are relevant
to engineering of therapeutic antibodies, and are explored in depth elsewhere [17].

The IgA subclasses differ in the arrangement of their interchain disulphides, including those
between LC and HC within the Fab region. While IgA1 and IgA2(m)2 have the usual disulphide
bridges between HC and LC, these are located at different positions—between a common Cys in LC
and Cys133 in IgA1 HC and Cys220 in IgA2m(2) HC. These HC Cys are located close to the VH–Cα1
interdomain region and at the C-terminal end of the Cα1 domain (penultimate residue), respectively.
Remarkably, in IgA2m(1), such HC–LC disulphides are generally lacking. Instead, disulphide bridge
links the two LCs, and the association between HC and LC is stabilised by non-covalent interactions.

2.3. IgA Fc Region

Turning to the Fc region, important structural information has been gained from the solved X-ray
crystal structures of human IgA1 Fc in complex with the extracellular domains of FcαRI [18] and with
the staphylococcal protein SSL7 (Figure 4) [19]. In terms of overall configuration, the structure of the
Fc region is similar to that of IgG and IgE, but there are important distinctions. Notably, the location of
the disulphide bridges between the two HCs, and the attachment sites and positions of the N-linked
glycans are different in IgA from these other Ig classes.

 

Figure 4. X-ray crystal structure of human IgA1 Fc generated from PDB accession code 1OW0 using
only the IgA coordinates. One heavy chain is shown in blue, the other in gold. Residues critical for
binding to FcαRI are shown in red on the middle image, and those implicated in the interaction with
pIgR are shown in purple on the right hand image.

Unlike IgG, where there are numerous inter-HC disulphide bridges in the hinge region, IgA
lacks hinge disulphides and, instead, has disulphide bridges between the upper reaches of the Cα1
domain (Figure 2). Thus, Cys242 in each HC can link to Cys299 in the opposite HC. Further disulphide
bonds are presumed to exist, for example, between Cys241 in each HC, or between Cys299 in each HC,
or between Cys241 in one HC and Cys301 in the other, but the truncated forms of IgA1 Fc used in
crystallisation did not allow direct resolution of these.

The Cα2 domains are not closely paired, a feature similar to the equivalent domains in IgG (Cγ2)
and IgE (Cε3). Such non-pairing might be expected to expose a considerable area of domain surface
to solvent, but this potentially less stable scenario is avoided to some extent due to attachment of
N-linked glycans at Asn263. The sugar moieties attached at this site lie over the outer surfaces of the
Cα2 domains and, in doing so, bury around 930Å2 per Fc from solvent contact. The glycans also make
contact with the Cα3 domains, thereby burying another 914Å2 per Fc from solvent, further stabilising
the Fc region.

The 18 amino acid tailpiece at the C-terminus of each HC was missing from the IgA1 Fc fragments
used for crystallisation, and hence no information on its structure was obtained. Recently it has been
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modelled to occupy a range of conformations [20]. The tailpiece carries a cysteine residue at position
471, and the potential linkages that this cysteine residue may make with other “free” Cys residues in
IgA remains somewhat of an enigma.

2.4. Structure of Monomeric IgA

As with other Igs, the inherent flexibility of intact monomers of IgA tend to frustrate crystallisation
efforts. Thus, in order to probe the conformation of entire IgA monomers rather than the separate Fab
and Fc regions, lower resolution techniques, including electron microscopy (EM), and more recently,
X-ray and neutron scattering of IgA in solution, have been used. These have been useful in predicting
the overall dimensions of IgA molecules, and have led to an understanding that the IgA1 has a greater
average Fab centre to Fab centre distance than IgA2: 16.9 nm for IgA1 compared with just 8.2 nm for
IgA2 [21–26].

Models arising from solution scattering studies originally suggested that both human IgA
subclasses adopt average T-shaped structures (Figure 5), which presumably reflected averages of the
different conformations available to these molecules as a result of flexibility. Indeed, more recent work
using these techniques has reported IgA1 to have an extended Y-shaped structure, with the Fab regions
positioned well away from the Fc, in keeping with previous electron micrographs. Given the major
advances made in recent years in cryogenic electron microscopy (cryo-EM), it can be envisaged that
definitive understanding of the structure of monomeric IgA is likely to emerge from this technique.

 

Figure 5. Molecular models of human IgA1 and IgA2(m)1 using coordinates from PDB accession codes
1IGA and 1R70, respectively, seen face on (upper image in each case) and from above (lower image in
each case). In IgA1, heavy chains (HCs) are shown in blue and light chains (LCs) in yellow, while in
IgA2m(1), HCs are shown in red and LCs in yellow.

2.5. Dimeric IgA

The IgA destined for the mucosal surfaces is produced locally to the mucosa in polymeric
form. These are principally dimers comprising two IgA monomers covalently linked to an additional
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polypeptide known as joining chain or J chain. J chain is a 15 kDa polypeptide, expressed by
antibody-producing cells, and is also present in larger IgA polymers and pentameric IgM. It is
incorporated into polymeric IgA or IgM prior to secretion [27]. In the case of IgA, marginal zone B and
B-1 cell-specific protein (MZB1) has been shown to promote J chain binding to IgA in plasma cells [28].
J chain is very highly conserved across species (mammals, birds, reptiles, fishes, and amphibian) and is
not known to resemble any other protein. It has one N-linked glycan attached at Asn48 which exists in
five major forms, principally sialylated biantennary complex structures [13]. J chain’s ability to join
HCs in polymeric Igs relies on two key Cys residues, from amongst the eight cysteines it possesses.
Six of the eight are involved in interchain disulphide bridges (Cys12–Cys100, Cys17–Cys91, and
Cys108–Cys133) [29,30]. Presently, the three-dimensional structure of J chain is unresolved. Models
have tended to favour a two-domain structure [30,31].

Early studies of dimeric IgA structure utilised EM to view myeloma IgA preparations. It was seen
to have a double-Y shape, in which the Fc regions joined to each other via their C-terminal regions.
The length of the joined Fc region was in the range 125–155 Å, consistent with two Fc regions of about
65 Å long being arranged end-to-end (Figure 2). The J chain is interposed between the two Fc regions,
and links to each of the monomers through disulphide bridges formed between the penultimate
Cys residues of the tailpieces (Cys471) and the two J chain cysteines alluded to above (Cys14 and
Cys68). The critical roles played by these cysteines in the linkage has been verified through targeted
mutagenesis of both the tailpiece and J chain [32,33]. In keeping with these observations, solution
structure analysis of dimeric IgA1 have predicted a near-planar structure with end-to-end Fc contacts,
although in this study, the J chain structure and orientation used in the modelling was arbitrary [34].
Further analysis, possibly from techniques such as cryo-EM, will be necessary to provide an in-depth
view of the relative arrangement of Fc regions and J chain.

2.6. Secretory IgA

In external secretions, the predominant form of IgA is SIgA, which derives from local synthesis by
Ig-producing cells in organised mucosal-associated lymphoid tissues, most of which are committed to
the IgA isotype. SIgA is mostly in dimeric form, with some tetramers also being present. The relative
proportions of each varies from mucosal site or secretion. For example, in saliva and milk, the ratio of
dimeric/tetrameric SIgA is around 3:2. Secretions can also contain some monomeric IgA, but again, the
amounts vary. In saliva and milk, about 5–10% of the IgA is monomeric, whereas in cervical fluid, a
much higher proportion can be present [35].

Another factor accounting for the high relative concentration of IgA in secretions is the presence
of a receptor known as the polymeric Ig receptor (pIgR), which mediates the specific transport of
polymeric Igs across the mucosal epithelium into the secretions (Figure 6). pIgR is expressed on the
basolateral surface of epithelial cells lining mucosal sites, and binds and transports only polymeric
Igs. At mucosal surfaces, the predominant ligand is dimeric IgA, since the larger size of IgM restricts
diffusion from serum, and hence, the smaller, and locally-produced, dimeric IgA is preferentially
transferred [36].

pIgR is a single polypeptide receptor, comprising a ~620 amino acid extracellular portion which
folds up into five Ig-like domains with particular homology to Ig variable domains, a 23 amino acid
transmembrane section, and an internal tail of around 103 amino acids [37]. The extracellular domains,
named D1–D5 from the N-terminus, are each stabilised by one or more internal disulphide bridges,
and are decorated by seven N-linked glycans. Between the end of D5 and the membrane lies a short
stretch of non-Ig-like sequence.
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Figure 6. Schematic diagram illustrating the role of pIgR in transporting IgA across the mucosal
epithelium. Gut epithelium is shown as an example. (1) Dimeric IgA (shown in red) produced locally
at the mucosal surface binds pIgR (cyan) at the basolateral surface of the epithelial cell layer. (2) The
complex is internalised and undergoes vesicular transport across the cell. (3) pIgR is cleaved to release
secretory component (SC), which becomes disulphide-bonded to the dimeric IgA. (4) At the apical
surface, SIgA is released. (5) SIgA binds to and neutralises bacterial and viral pathogens (shown in
purple and dark blue). (6) Some pathogens (shown in bright pink) may gain access to the lamina
propria underlying the epithelium. (7) Such pathogens can be bound by dimeric IgA. (8) The dimeric
IgA–pathogen complex binds to pIgR. (9) The pathogen is carried out across the epithelium and released
back out into the lumen. (10) Some pathogens (shown in lime green) can be intersected by dimeric
IgA during transit across the epithelial cells. (11) The pathogen is ejected upon release of SIgA at the
mucosal surface. (12) Dimeric IgA can mediate clearance mechanisms against pathogens (in salmon
pink) through engaging phagocytes.

Transport of dimeric IgA across the epithelium (transcytosis) involves its binding to pIgR at
the basolateral surface of the epithelial cell, followed by internalisation and transport via vesicular
compartments to the apical surface of the cell (Figure 6). During the process, pIgR is cleaved between
D5 and the membrane to release a major fragment of the receptor referred to as secretory component
(SC). A disulphide bridge forms between SC and dimeric IgA, and when the complex is released at the
apical surface, SC remains as part of the released IgA, then known as SIgA. EM studies of SIgA from
colostrum show a double Y-shaped configuration.

Domains D1–D3 of pIgR are known to play critical roles in binding to dimeric IgA, with domains
D4 and D5 also making smaller contributions. In particular, loops lying at the end of D1, akin to the
complementarity determining regions (CDR) of variable domains, are central to the binding and are
known to lie close to each other based on the solved X-ray crystal structure of the domain [38–40].
Residues in CDR1, CDR2, and CDR3 have been implicated in the binding to dimeric IgA [37].

Turning to the elements of dimeric IgA involved in the interaction, it is believed that the initial
interaction involves engagement of D1 of pIgR with an exposed loop (residues 402–410) and other
close lying residues (Phe411, Val413, Thr414, Lys377) on the Cα3 domain of IgA, along with a region on
the Cα2 domain (Pro440–Phe443) lying at the Cα2–Cα3 domain interface (Figure 4) [41–43]. Thereafter,
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a disulphide bound formed between one of two cysteine residues in D5 of pIgR (Cys468 or Cys502)
and Cys311 in the Cα2 domain of IgA anchors SC and dimeric IgA together [44]. It has also been
demonstrated that direct interactions between J chain and pIgR occur [45].

More recently, the structure of free SC has been elucidated by X-ray crystallography and shown to
adopt a triangular arrangement, with a large interface between domains D1, D4, and D5, which buries
some 1480 Å2 of surface area from solvent contact (Figure 7) [46]. The five domains lie in a plane,
giving the triangle shape a thickness similar to that of a single domain (about 40 Å). To further explore
SC structure and its relationship to function, the same study used double electron–electron resonance
spectroscopy on spin-labelled variants of SC in solution as a means to explore the flexibility of the
protein domains. This analysis confirmed the crystal structure to represent the predominant solution
structure of free SC at the D1–D5 interface. However, when the spin-labelled SC was incubated with
dimeric IgA, a dramatic separation of D1 and D5 was apparent, consistent with an increase in distance
of more than 42Å between these domains, resulting in a final separation of more than 85 Å. Analysis of
the binding characteristics of shortened constructs of SC supported the key role of D1 in binding to
dimeric IgA and indicated a role for D5 in mediating non-covalent interactions with dimeric IgA [46].
The results also suggest that D2, and possibly D3, contribute to binding either directly or through
promoting interactions between D5 and dimeric IgA. Thus, we are left with a current model that
involves opening up of the pIgR extracellular structure upon binding to SIgA, with initial contact
through D1, but later involvement of the other pIgR domains. The final separation of D1 and D5 would
be sufficient to allow engagement of D1 and D5 with domains in the same IgA monomer or across the
two different IgA monomers present in the dimer.

 

Figure 7. Crystal structure of the extracellular domains of human pIgR (using coordinates from PBD
accession code 5D4K). Each of the five domains (D1–D5) has been coloured differently.

3. IgA Function

3.1. Neutralisation

Through direct engagement of their antigen binding sites with antigens on pathogens,
IgA molecules neutralise or block the activity of a range of viruses, bacteria, and protozoa, and prevent
their attachment to host cells [47]. Similarly, binding of IgA to pathogenic products such as toxins can
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neutralise their activity and prevent the disease symptoms associated with them [48]. The attachment of
several types of pathogenic microorganisms to the mucosal surfaces can be prevented by the interaction
of the glycans on IgA with sugar-dependent receptors or fimbriae on their surfaces [10,49–51]. Thus,
IgA contributes to immune exclusion, a process by which the adsorption of pathogens to mucosal
surfaces is prevented through agglutination, such that the aggregates formed are unable to penetrate
though the mucus that lines mucosal surfaces. The multiple antigen binding sites of SIgA enable both
high avidity binding and crosslinking of particulate matter, resulting in efficient blocking activity.
Moreover, IgA can interact with other innate defence factors in mucosal secretions to enhance immune
protection. These include mucins [52,53], lactoferrin, and the lactoperoxidase system [54].

In vitro studies suggest that mucosal IgA can also mediate protective functions during its passage
through the epithelium or by carrying pathogens or their products encountered on the basolateral side
of the epithelium out across the epithelium (Figure 6) [55]. The latter reflects the fact that pIgR can
transport dimeric IgA alone or in complex with antigen. This mechanism can drive removal or excretion
of soluble antigens from various origins, as well as viral particles [56]. Antigen-specific dimeric IgA has
been seen in vitro to neutralise endocytosed bacterial lipopolysaccharide (LPS) within epithelial cells,
whilst undergoing pIgR-mediated transcytosis. Following colocalisation within the apical recycling
compartment, the IgA was able to prevent the proinflammatory events usually triggered by LPS [57].
Similarly, while undergoing epithelium transcytosis, dimeric IgA targeted to certain viruses have
been able to block viral growth, seemingly following intersection of the IgA and viral proteins in the
apical recycling endosomes. Such effects have been reported for Sendai virus [58], influenza virus [59],
measles virus [60], rotavirus [61,62], and HIV [63,64]. However, questions remain as to whether these
processes reflect the situation in vivo, although experiments in mouse models suggest that there may
be some physiological relevance [65,66].

3.2. Complement Activation

IgA lacks the site for C1q binding present in IgG and does not bind C1q, and therefore is not
expected to activate the classical pathway of complement. Interestingly, a recent study looking at
complement-dependent cytotoxicity of B cells by CD20-specific IgA suggested that complement
was activated by IgA. However, in vivo, the activity of the anti-CD20 IgA to deplete B cell targets
was not abrogated in C1q- or C3-deficient mice, suggesting that complement activation was not the
predominant killing mechanism in action [67]. The ability of IgA to activate the alternative pathway of
complement has been somewhat contentious, but the prevailing view is that the reported activation is
likely via the lectin pathway as a result of binding to mannose-binding lectin [68]. However, the ability
to activate via this route is likely dependent on glycosylation status.

3.3. Interaction of the IgA Fc Region with Host Receptors

In addition to the above-mentioned functions, IgA mediates a variety of effector functions through
interaction with a number of different host receptors expressed on various cell types. The interaction
with pIgR and the resultant transport into mucosal secretions has already been discussed. Now,
we will turn to consideration of the IgA-specific receptor FcαRI, a key means by which IgA can trigger
clearance mechanisms against invading pathogens. Other receptors which have been described to
have specificity for IgA are generally less well characterised in terms of their roles and will not be
addressed further here. These include Fcα/μR, which exhibits specificity for polymeric forms of
IgA and IgM, in the case of IgA through a site at the Cα2–Cα3 domain interface [69]; transferrin
receptor (CD71), which has been implicated in retrograde transfer of SIgA immune complexes back
through the epithelium [70]; a microfold (M) cell receptor, possibly Dectin-1, which may mediate
reverse transcytosis of SIgA immune complexes through M cells [71]; dendritic cell (DC)-specific
intercellular adhesion molecule-3-grabbing non-integrin (DC-SIGN), which appears to take up SIgA
immune complexes into sub-epithelial dendritic cells [72]; the inhibitory IgA receptor Fc receptor-like
4 (FcRL4) thought likely to be important for immune complex-dependent regulation of B cells [73];
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the asialoglycoprotein receptor (ASGPR) on hepatocytes, which mediates clearance of IgA from the
circulation [74]; β-1,4-galactosyltransferase 1, which, along with CD71, has been identified as a potential
IgA receptor on kidney mesangial cells [75]; and lastly, the putative receptor for SC and SIgA on
eosinophils [76].

3.4. FcαRI

Although a less closely related member, FcαRI belongs to the Ig Fc receptor family, which also
features specific receptors for IgG (FcγRI, FcγRII and FcγRIII) and IgE (FcεRI) [77–79]. It is expressed
on neutrophils, eosinophils, monocytes, macrophages, Kupffer cells, and some DC subsets. Also known
as CD89, it is encoded by a gene lying on chromosome 19, within the leukocyte receptor cluster
(LRC) close to killer cell immunoglobulin-like receptors (KIR) and leukocyte immunoglobulin-like
receptors (LILR) receptors. In contrast, other Fc receptors in the family are clustered on chromosome 1.
In keeping with this gene location, FcαRI shares closer amino acid similarity with LRC members than
with the IgG and IgE Fc receptors.

FcαRI is organised into two extracellular Ig-like domains, a transmembrane segment, and a
short cytoplasmic tail devoid of signalling motifs. It associates with a dimer of the FcR γ chain,
a short transmembrane polypeptide originally characterised as a component of the IgE receptor,
FcεRI. The γ chain carries two immunoreceptor tyrosine-based activation (ITAM) motifs within its
cytoplasmic region, important for signalling to the cell interior upon receptor crosslinking by binding
to IgA-containing immune complexes or to IgA concentrated on a pathogen surface. The outcome
of such signalling can be a range of responses depending on the cell involved, from phagocytosis,
superoxide generation (respiratory burst), release of cytokines, chemoattractants, or inflammatory
mediators, through to release of neutrophil extracellular traps (NET) [80,81]. On the other hand,
binding of monomeric IgA to FcαRI has been reported to trigger inhibitory signals via the γ chain
ITAM as opposed to the aforementioned activatory ones. Such inhibitory ITAM (ITAMi) signalling is
considered to dampen down excessive IgA immune complex-mediated responses. The underlying
signalling processes and the specifics of responses are detailed elsewhere [82].

Alternatively spliced isoforms of FcαRI exist, with those known as a.1 and a.2 being expressed
on phagocytes [83,84]. The a.1 version has a molecular weight of 55–75 kDa on neutrophils and
monocytes, while additional glycosylation renders it a little heavier (70–100 kDa) on eosinophils.
The a.2 version is lacking 22 amino acids from the second extracellular domain, and is only present on
alveolar macrophages. In terms of allelic variation, a common, nonsynonymous, single nucleotide
polymorphism (SNP) has been described in the coding region of FcαRI, which results in a change of
residue 248 from Ser to Gly within the cytoplasmic domain [85].

The structure of the ectodomains of FcαRI has been solved at high resolution, in complex with the
Fc region of IgA1 [18]. The globular extracellular domains lie at an angle of around 90◦ to each other,
and it is notable that their relative orientation is very different from the corresponding domains of
other Fc receptors [18,86].

FcαRI binds both subclasses of human IgA with similar affinity, and also engages both serum IgA
(monomeric) and SIgA (polymeric), albeit with some differences in outcome [82]. However, it has been
observed on polymorphonuclear leukocytes that SIgA cannot bind to FcαRI in the absence of CR3 or
Mac-1 [87]. The affinity of FcαRI for IgA molecules in solution is low (Ka of approximately 10−6 M−1),
but IgA immune complexes, or IgA aggregated for example on a pathogen surface, bind with higher
avidity. The crystal structure of the complex of the ectodomains of FcαRI and IgA1 Fc revealed that
each IgA Fc region is capable of binding two FcαRI molecules [18]. The physiological relevance of this
observed stoichiometry is a subject of some conjecture. The site of interaction on IgA, originally defined
by mutagenesis [88–90] and further defined by crystallography [18], lies at the Fc domain interface,
with important contributions from Cα2 residues Leu257 and Leu258 and Cα3 residues Met433, Leu441,
Ala442, Phe443, and the aliphatic portion of Arg382 (Figure 4). On the receptor, the hydrophobic
core of the interaction relies on contributions from a region in the membrane distal domain (Tyr53,
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Leu54, Phe56, Gly84, His85) with contributions also from Lys55 [18,91,92]. This mode of Fc receptor–Ig
interaction is very different from the FcγR–IgG and FcεRI–IgE interactions, which involve sites on the
upper reaches of the respective Fc regions, and on the membrane proximal domains of the respective
receptors [86].

The contribution of N-linked glycans, both on FcαRI and IgA, in the interaction have
been investigated. Studies using a glycoengineering approach to generate IgAs carrying distinct
homogeneous N-glycans have indicated that different glycoforms of IgA1 and IgA2 do not exhibit
radically different binding to FcαRI [20], in keeping with earlier analysis that showed that variation in
or lack of the N-linked glycans at Asn263 in the Cα2 domain did not significantly impact on binding to
FcαRI [12,93]. In contrast, specific N-linked sugar moieties on FcαRI have been shown to impact on
binding to IgA [20,94]. A FcαRI glycovariant with oligomannosidic N-glycans has been reported to
bind IgA 2–3 times more tightly than variants with complex N-glycans [20], while deglycosylation of
FcαRI at Asn58 has been shown to increase binding to IgA [94].

Recently, binding of FcαRI to IgA has been demonstrated to propagate conformational changes
within IgA as far as the hinge region [95]. Thus, FcαRI binding was shown not only to cause a decrease
in IgA Fc intradomain and interdomain flexibility, but also to impact on the hinge, such that binding of
lectins to the IgA1 hinge was affected.

It has been reported that peptide mimetics, consisting of either linear or cyclised peptides of 7–18
amino acids spanning regions of FcαRI or IgA known to be involved in the interaction site, may serve
as a means to inhibit IgA–FcαRI interactions [96]. Such peptides were shown to reduce IgA effector
functions mediated through FcαRI such as phagocytosis and production of activated oxygen species.
Blocking strategies based on peptides such as these, or on antibodies directed against FcαRI, have
been proposed as possible routes to prevent undesirable inflammatory conditions triggered through
aberrant IgA immune complexes [79,97].

Specific elements of the innate immune system are also known to interact directly with FcαRI and
impact on IgA binding. Thus, pentraxins such as C reactive protein and serum amyloid P component,
which adopt pentameric ring-like structures, have been shown to bind to FcαRI, in part, via a similar
region as IgA. Although the pentraxin interaction site on FcαRI appears to be more extensive than
that responsible for binding IgA, these acute phase proteins are able to competitively inhibit IgA
binding [98].

4. Circumvention of IgA Function by Pathogens

On the basis of phylogenetic and diversity analysis, the IgA–FcαRI interaction has been proposed
to be the focus of an evolutionary arms race between pathogens and humans [99,100]. The site on IgA
central to the interaction, which has been conserved in order to bind FcαRI, has been placed under
pressure to evolve by IgA binding proteins that certain pathogens produce. These IgA binding proteins
have evolved to interact with the same site, thereby subverting the IgA response, and driving an
iterative selective process in which both mammalian and pathogen proteins have continued to evolve
in an attempt to “outsmart” the other. In fact, targeting of the FcαRI interaction site is just one of the
strategies that pathogenic microorganisms have used to circumvent the protective capabilities of IgA.
The existence of different IgA-targeting mechanisms, together with the fact that these mechanisms
seem to have arisen independently in different organisms, suggests that they offer significant benefits
to microorganisms by allowing easier mucosal colonisation and spread. Examples include the IgA
binding proteins mentioned above and the production of enzymes that cleave and inactivate IgA,
which will be discussed in more detail below, and the generation of proteins that bind SC or pIgR and
aid adherence and invasion within the mucosae [101–104].

4.1. Bacterial IgA Binding Proteins

Certain important pathogenic bacteria, including Group A and B streptococci and Staphylococcus
aureus, express proteins on their surface, which bind specifically to IgA. Group A streptococci, which
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cause a range of diseases from mild skin and throat infections to life-threatening systemic conditions,
express Sir22 and Arp4, while group B streptococci, responsible for serious, sometimes deadly, infections
in new-born infants, express the unrelated β protein [105–107]. Staphylococcus aureus, which can cause
bacteraemia, infective endocarditis, and skin and soft tissue infections, expresses an IgA binding
protein known as Staphylococcal superantigen-like protein 7 (SSL7). Despite these proteins not being
related to each other, all bind at the Cα2–Cα3 interdomain region of IgA Fc at sites that overlap with
that for FcαRI [19,108,109]. They have been shown to competitively inhibit FcαRI binding; further,
the streptococcal proteins have been demonstrated to block triggering of elimination mechanisms via
FcαRI. Thus, these IgA binding proteins provide the bacteria in question with effective ways to evade
IgA-mediated clearance.

4.2. Bacterial Proteases That Target IgA

The protective capabilities of IgA can also be compromised through the actions of proteolytic
enzymes produced by a number of important pathogenic bacteria. These proteases all cleave in the
hinge region of IgA. With few exceptions, they act specifically on the extended hinge region of IgA1,
and do not cleave IgA2. Such IgA1 proteases are produced by bacteria responsible for infections of the
oral cavity, such as Streptococcus sanguis, Streptococcus mitis, and Streptococcus oralis, and of the genital
tract, such as Neisseria gonorrhoeae, suggesting that they afford an advantage to the bacteria in gaining a
foothold at mucosal surfaces. In addition, they are produced by bacteria responsible for meningitis
(Haemophilus influenza, Neisseria meningitidis, and Streptococcus pneumoniae).

The IgA1 proteases appear to have evolved several times over since those from different bacterial
species tend not to share common features. Indeed, they represent a range of protease types, with some
being metalloproteases, others being serine proteases, and yet others being cysteine proteases [110].
By separating the antigen-binding region of IgA from the Fc region critical for binding to host FcαRI,
IgA1 proteases perturb normal IgA-mediated protection mechanisms and leave the bacteria free to
proliferate [111].

Each IgA1 protease cleaves a specific site within the IgA1 hinge, either a Pro–Thr or a Pro–Ser
peptide bond (Figure 8). In order for IgA1 proteases to recognise the IgA1 hinge as a substrate, it has
become clear that not only sequence elements within the hinge itself are important [112,113], but,
at least for some IgA1 proteases, also specific regions of the IgA1 protein lying well beyond the hinge.
Thus, for efficient cleavage to occur, the susceptible bond is required to be positioned at a suitable
position relative to the Fc [114], and some proteases also require the presence of elements within the Fc
region of IgA1 [115,116]. Specifically, Cα3 domain residues Pro440–Phe443, which as mentioned above
form part of the interaction sites for FcαRI and pIgR, have been shown to be a requirement for cleavage
of IgA1 by the N. meningitidis type 2 IgA1 protease, while for the H. influenzae type 2 enzyme, different
Cα3 residues predicted to be involved in pIgR interaction are required for cleavage to proceed [116].
Echoing the case with IgA binding proteins, these requirements suggest that IgA1 proteases may have
commandeered conserved host receptor sites for their own benefit. One can envisage an interaction
between IgA1 protease and the IgA1 molecule as a whole, with the protease engaging with elements
within the Fc region as a means to stabilise a particular IgA conformation and aid positioning of its
active site next to the IgA1 hinge. Indeed, the solved X-ray crystal structure of an H. influenzae IgA1
protease is consistent with such a possibility [117].

A more detailed understanding of the molecular basis of IgA1 hinge cleavage by IgA1 proteases
may have therapeutic application. For example, following earlier work to identify possible inhibitors
for IgA1 protease [118,119], small molecule non-peptidic inhibitors for H. influenzae IgA1 protease
have recently been described in the first steps towards development of potential therapeutics for
antibiotic-resistant H. influenzae strains [120]. Further, it has been proposed that IgA1 proteases may
have utility as therapeutic options to degrade pathogenic immune complexes of aberrantly glycosylated
IgA1 in IgA nephropathy, a common cause of kidney disease [121,122].
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Figure 8. Amino acid sequence in the hinge region of human IgA1 and the cleavage sites of various
IgA1 proteases. The IgA1 hinge contains a duplicated octapeptide sequence that is missing in IgA2.
O-linked glycans are represented by yellow circles.

5. IgA Developability

Specific IgA is often found elevated in the serum and/or secretions after immunisation.
While vaccination via the systemic route tends to generate serum responses, vaccination through the
intranasal or oral route can elicit protective mucosal responses [123]. As a prime example, oral cholera
vaccination is well established as a means to induce protective mucosal IgA responses [124]. As another
example, studies in mice have shown that a nasal vaccine is sufficient to prevent Streptococcus pneumonia
colonisation, registering high levels of IgA and IgG in plasma and nasal washes. However, this
protective action was abrogated in IgA deficient mice [125]. In the context of viruses, neutralising IgA
antibodies against HIV can be found in the serum of survivors or vaccinated HIV patients [126,127],
and serum and salivary IgA against polio virus can be found elevated upon vaccination with live
attenuated viruses [128]. In mice, immunisation against reovirus has been demonstrated to lead to
an increase of serum and gut IgA, which proved to be essential to prevent reovirus infection [129].
A similar outcome was observed in mice immunised with influenza virus hemagglutinin, where the
induced IgA response provided protection against influenza infection [130].

The above studies present a snapshot of the protective role that IgA can play against bacterial
or viral infections, both in serum and mucosal secretions. Since specific IgA can clearly be beneficial
in clearing viral or bacterial infections, passive administration of IgA is an attractive option in cases
where the immune response is comprised or where insufficient time, or other logistical hurdles, prevent
generation of a timely and robust response through active immunisation. Moreover, with regard to the
protection of mucosal sites, effective vaccination requires the correct antigen, adjuvant, and delivery
route to promote a robust and protective response. Hence, the use of passive immunisation, by direct
delivery of specific antibodies, can present an alternative for the protection of mucosal surfaces.
However, it remains challenging to create a delivery route, especially for the gut mucosa.

5.1. Advantages of IgA-Based Therapeutics

The therapeutic antibody field is currently dominated by IgG-based mAbs. The advantages of
opening up this arena to include IgA-based mAbs are becoming increasingly apparent, piquing interest
in both academia and industry [79,131–133]. One advantage is the new prospects it offers in terms
of intellectual property, in what is already a complex landscape [134]. Secondly, as will be explored
further below, IgA mAbs are known to be highly effective at recruiting immune cells, and neutrophils
in particular, to deliver potent killing mechanisms, making the IgA–FcαRI axis an important target in
control of various cancers and infections. Such neutrophil-mediated tumour cell killing is considered
especially important for apoptosis-resistant cells [131]. Thirdly, IgA is likely to represent the most
suitable option for mucosal applications, given its prevalence and functional capabilities at such
sites. Fourthly, the structural distinctiveness of IgA, especially IgA1 with its ability to bridge greater
distances between antigens, may offer enhanced avidity in some scenarios. Fifthly, IgA can naturally
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polymerise into forms with enhanced agglutination capabilities, and which can be transported by
pIgR into mucosal secretions. Finally, it is possible to use components of IgA or IgA heavy chains in
combination with those of other Igs such as IgG, to explore new therapeutic possibilities.

5.2. Constraints of Using IgA Therapeutically and Efforts to Resolve These

Despite the numerous advantages that may be associated with the development of IgA in
the therapeutic setting, there are a number of constraints or limitations that need to be addressed.
For example, both pro-inflammatory and anti-inflammatory functions of IgA mediated through FcαRI
have been flagged up as being of relevance to the therapeutic potential of IgA [131,135]. As a result,
it will be important to establish the mechanism(s) at play in any particular treatment setting.

Another constraint is that IgA has a shorter half-life than IgG, estimated to be 4–6 days [136,137].
IgA cannot bind to the neonatal Fc receptor, FcRn, while engagement of IgG with this receptor results in
a half-life of about 21 days (although it varies with subclass). The short half-life of IgA would necessitate
much more frequent dosing if this class was to be used therapeutically. For example, in mouse tumour
models, it has been found to be necessary to give daily injections of IgA antibodies to reach effective
circulating concentrations [138]. Unless modified, use of IgA is therefore likely to be expensive and
less convenient for recipients because of the frequency of dosing. This shorter half-life is in part due
to clearance mediated by the ASGPR, which recognises terminal galactose residues on the glycans
of IgA. Efforts have been made to extend half-life by removing N-linked glycosylation sites [139],
generating IgA with higher terminal sialylation of N-glycans [140], by attaching an albumin-binding
domain to either the LC or HC in order to facilitate binding to the neonatal Fc receptor FcRn [141],
or by engineering in FcRn binding by generating an IgG–IgA Fc fusion [133].

A further constraint relates to efficiency issues in the expression, production, and purification
of recombinant IgA mAbs of a suitably homogeneous nature. It has long been recognised that IgA
production suffers from low expression levels and heterogeneous glycosylation. Systems enabling
increased expression of IgA have been developed [140,142,143], and advances in general expression
systems for other Igs are likely also to bring benefits [144,145]. There is interest in using plant-based
systems to express IgA [146–148], but the implications for glycosylation must be borne in mind,
especially since it is known that IgA glycosylation is impacted by expression system [149,150].

The logistics of working with IgA has been challenging due to the limited options for specifically
purifying this Ab class. Jacalin, a lectin that binds to the O-linked sugars on the IgA1 hinge, and light
chain binding protein-based strategies offer rather limited possibilities. Immobilised bacterial IgA
binding proteins, or peptides derived from them, represent a feasible solution [151,152], and IgA-binding
peptides selected from random peptide libraries may also have applicability in IgA purification [153].

The susceptibility of IgA1 to cleavage by IgA1 proteases may be another potential constraint to
its use. However, as discussed above, mutagenesis analysis has demonstrated how this might be
overcome either by engineering of the hinge itself or of the Fc region [116].

Another area for consideration in the design of therapeutic IgA mAbs are the routes to ensure
complete assembly. For instance, the disulphide bridge complexity in IgA2 presents challenges [154].
The production of polymeric forms of IgA or SIgA is particularly complex, given the requirement to
co-express LC, HC, and J chain, and ensure attachment of SC. However, systems to achieve this have
been explored and continue to be refined [133,155,156].

A final constraint to the development of therapeutic IgA mAbs stems from the lack of suitable
animal models. Since IgA1 equivalents are only found in humans and closely related apes, the use of
the species normally used in experimental research (mouse, rat, rabbit) will most likely fail to give
a realistic reflection of behaviour in humans. The other species differences noted earlier, such as
differences in the polymerisation state of serum IgA, tend to compound this problem. The mouse is
considered especially unsuitable for testing the function of human IgA because it lacks the equivalent
of human FcαRI. To circumvent this issue, mice transgenic for human CD89 have been generated and
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used widely as useful models for analysis of the function of human IgA [157,158]. Another notable
milestone in creation of useful mouse models was the generation of a human IgA knock-in mouse [159].

6. Current landscape of IgA-Based Therapeutics

6.1. Comparisons of IgG and IgA mAbs in Cancer Therapy

Traditional cancer therapies of removal surgery or radiation for elimination of tumour cells in
localised tumours and chemotherapy for metastatic tumours, while effective, are very aggressive
procedures. With the development of proteomic, genomic, and bioinformatics approaches, it became
possible to better characterise cancer cells and identify the proteins expressed at their surface.
Thus targeting of tumour cells by antibodies directed to tumour antigens, such as glycoproteins,
growth factors, cluster of differentiation (CD) antigens, is now an established treatment option [160].

Of the several therapeutic antibodies used in cancer treatment, some are used in solid tumours,
targeting specific antigens such as the epidermal growth factor receptor (EGFR) found in colorectal
cancer, or the human epidermal growth factor 2 (HER2) associated with breast cancer [161].
More “liquid” tumours such leukaemias and lymphomas have also been successfully treated.
For example, B-cell lymphomas have been treated with anti-CD20 mAbs [162]. Indeed, Rituximab,
an anti-CD20 antibody, was the first monoclonal antibody approved for cancer therapy in 1997, being
followed by several others, including Cetuximab (anti-EGFR) and Trastuzumab (anti-HER2), all of the
IgG isotype [163].

These mAbs work in different ways, with anti-CD20 mAb inducing apoptosis and sensitising
tumour cells for chemotherapy, anti-HER2 inhibiting intracellular pathways involved in cancer
progression, and anti-EGFR binding to growth factor receptors and blocking cancer cell
proliferation [164–166]. However, their performance will often depend on the expression levels
of the antigen on the tumour cells and can be affected by mutations in downstream pathways. Being of
the IgG subclass, these mAbs are able to activate the complement pathway and interact with Fcγ
receptors, eliminating tumours by cell lysis or targeting tumour cells for elimination by immune cells.
There has been debate regarding which subset of immune cells is more important for mAb therapy,
with natural killer (NK) cells seen for a long time as the main effectors, promoting apoptosis of tumour
cells [167]. Macrophages, and to a lesser extent monocytes, were also recognised for their phagocytosis
ability towards tumour cells coated with antibodies [168], while neutrophils were associated with
tumour regression, even in the absence of mAbs [169]. Neutrophils, besides secreting cytotoxic
agents, can lead to necrotic and autophagic tumour cell death, and can be recruited in large numbers,
especially upon stimulation with granulocyte-colony stimulating factor (G-CSF) and granulocyte
macrophage-colony stimulating factor (GM-CSF) [170,171]. The importance of neutrophils in tumour
clearance was shown in a B-cell lymphoma mice model, where anti-CD20 mAb was less effective when
neutrophils were depleted [172]. Since neutrophils do not easily recognise tumour cells, the use of
mAbs is important to establish this interaction. However, the high-affinity IgG Fc receptor FcγRI is
only expressed in neutrophils upon G-CSF stimulation, and besides the numerous side effects of the
stimulation, this therapeutic strategy did not lead to significant clinical responses when using IgG
mAbs [173–176].

IgA, together with its receptor FcαRI (CD89), create another possibility for new therapies focused
on the activation of FcαRI-expressing cells. Both FcαRI and FcγRI associate with FcR γ chain,
but FcαRI may create stronger electrostatic interactions with the FcR γ chain promoting a more stable
interaction [177]. Besides, binding to FcαRI promotes release of leukotriene B4 (LTB4), which acts as
a chemoattractant for neutrophils. Therefore, targeting this receptor leads to additional neutrophil
migration to tumour sites [80]. Although FcαRI expression in neutrophils is lower than that of Fcγ
receptors naturally expressed in these cells (FcγRIIa and FcγRIIIb), binding of IgA or IgG to neutrophils
is similar, which suggests a more stable binding by IgA and a higher efficiency at triggering neutrophils
than IgG [178]. For instance, the use of an IgA anti-Ep-CAM mAb was shown to kill colon carcinoma
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cells, unlike the IgG1 mAb counterpart [179]. Similar results were shown for the anti-EGFR mAb,
with the IgA being superior at recruiting polymorphonuclear cells than the IgG subtype [180].

Another alternative to target FcαRI consists in the use of bispecific antibodies (BsAb). By virtue
of combining two distinct antigen binding capabilities, BsAb are able to target tumours and recruit
immune cells, such as neutrophils, leading to tumour cell killing by antibody-dependent cellular
cytotoxicity mechanisms [181]. The use of a BsAb against both HER2 and FcαRI (namely anti-HER2 ×
FcαRI) efficiently eliminated breast carcinoma cells by neutrophil accumulation, unlike the equivalent
FcγRI-directed BsAb (anti-HER2 × FcγRI) [182]. The same was observed for CD20 antibodies, where
IgG Abs or FcγRI and FcγRIII-directed BsAbs (anti-CD20 × FcγRI or FcγRIII) showed no ability to kill
malignant B cells, whereas the equivalent FcαRI BsAb promoted malignant B cell killing via neutrophil
activation [183]. Another study showed that the BsAb anti-HLA II × FcαRI was effective in recruiting
polymorphonuclear cells against human B cell malignancies [184].

For a long time, in vivo studies on IgA and FcαRI cancer therapies were impaired by the lack of
FcαRI in mouse. However, the development of FcαRI transgenic mice has overcome that barrier [157].
Additionally, the study of mouse IgAs in interaction with FcαRI has been hampered due to the poor
binding of mouse IgA to the human FcαRI, but the knock-in of human IgA into mice (Cα1 gene
knock-in) has made possible the generation of antigen-specific human IgA mAbs in mice [159]. The use
of these animal models showed that anti-CD20 IgA mAbs can effectively prevent B cell lymphoma
development by recruiting FcαRI-expressing immune cells [67,185]. Likewise, IgA2 anti-EGFR was
proved to be more efficient than Cetuximab (IgG format) against tumour cells in a FcαRI transgenic
mice model [138]. In addition to the anti-tumour response of IgA1 anti-HER2 mAb, it was shown that
the introduction of an albumin binding domain allows the interaction with the neonatal Fc receptor
(FcRn), which is used for IgG and albumin recycling in the serum, leading to an increase of the
IgA half-life without compromising its anti-tumour activity in vivo [141]. As mentioned previously,
the half-life of IgA can also be extended by decreasing clearance by ASGPR in the liver, which can
be achieved by sialylation of the IgA glycans [138]. A higher sialylation of the N-glycans in the IgA
anti-HER2 did not interfere in the anti-tumour response and lead to the decrease in tumour growth in
FcαRI transgenic mice, while increasing the antibody half-life [140]. In another study, the removal of
two glycosylation sites and two free cysteines, together with a stabilised HC and LC linkage, created a
new IgA2 anti-EGFR mAb with a longer half-life than the wild-type antibody, and higher efficacy due
to Fab-mediated effects and interaction with myeloid cells expressing FcαRI [139].

6.2. IgA mAbs in Treating or Preventing Infections

Several anti-infective mAbs of the IgG isotype are approved to combat infectious diseases, namely,
Palivizumab against respiratory syncytial virus, Raxibacumab and Obiltoxaximab against anthrax,
and Bezlotoxumab to combat Clostridium difficile [186].

As the most abundant antibody at the mucosal surfaces, IgA has the important role of detecting
and alerting the immune system to pathogens, whilst not responding to commensal bacteria and
environmental antigens, representing an important means to combat infectious diseases. IgA antibodies
were shown to be effective against tuberculosis infection in a mouse model. The passive intranasal
inoculation with a mouse IgA mAb against the α-crystallin antigen of Mycobacterium tuberculosis led
to a significant decrease in bacteria in the lungs, when either monomeric or polymeric forms of the
antibody were used. Despite the transitory protective effect, probably due to the fast degradation of
the administered IgA, this antibody was shown to combat early infection in the lungs, with potential
use for immunoprophylaxis in immunocompromised individuals at risk of tuberculosis infection [187].
In a later study, the use of a human IgA1 against M. tuberculosis showed that the protective effect of the
passive inoculation is dependent on the presence of FcαRI, being observed only in mice transgenic for
human FcαRI [188]. These results suggest that the interaction between the human IgA1 and FcαRI on
neutrophils and macrophages allows binding and elimination of M. tuberculosis. In the same study,
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in vitro infection of human whole blood or isolated monocytes by M. tuberculosis was reduced in the
presence of specific IgA1 [188].

The importance of interaction with FcαRI was also shown for control of Escherichia coli infection,
which when recognised by human serum IgA, can be efficiently phagocytised by FcαRI-expressing
cells [189]. This ability of IgA to bind FcαRI and directly induce neutrophil migration was shown to
be an important defense mechanism against several other bacteria, such as Streptococcus pneumonia,
Staphylococcus aureus, Porphyromonas gingivalis, Candida albicans, Bordetella Pertussis, and Neisseria
meningitidis [81,190–194].

The immune exclusion ability of IgA was also shown in the context of Salmonella typhimurium
infection, where mice were orally challenged with the bacteria alone or the bacteria complexed with
plasma-derived IgA and IgM [195]. Reduced bacteria dissemination was reported in mice exposed to
the IgA/IgM immune complexes, mainly for antibodies coupled with the secretory component (SC),
whilst IgG was unable to form immune complexes and consequently protect against S. typhimurium
spread in gut immune structures [195]. Besides, oral administration of SIgA/M prior to intragastric
S. typhimurium challenge is sufficient to protect mice from infection [196]. Despite the studies showing
the potency of these IgA antibodies to prevent bacterial infections, all the existing immunoglobulin
preparations used clinically for replacement therapy contain only IgG [197].

Passive immunisation with monomeric IgA can also be applied for viral infections. The use of
vaccines against influenza virus showed the emergence of both IgA and IgG in nasal washes, but it was
difficult to establish the importance of these antibodies individually [198,199]. Passive immunisation
with IgG or pIgA by intravenous injection culminated in specific transport of these antibodies into
nasal secretions [200]. However, high doses of IgG anti-influenza have to be injected in order to detect
its presence in mice nasal secretions, and even higher doses are needed to decrease viral shedding [201].
On the other hand, administration of polymeric IgA at levels normally found in convalescent mice is
enough to eliminate nasal viral shedding. Therefore, SIgA prevents infection of the upper respiratory
tract, while serum IgG is important as a secondary response, acting at a later stage by detecting viruses
that escaped IgA neutralisation and preventing lung infection [201]. A study using rotavirus showed
that mice can be protected from infection when IgA mAb against the viral capsid was systemically
administrated, but not when added to the intestinal lumen, showing the importance of transcytosis as
a way of viral inactivation [65].

Passive immunisation was also tested on simian models of HIV infection. Intrarectal administration
of IgG and dimeric IgA specific for the viral envelope showed that dimeric IgA provided the best
protection in vivo upon SHIV infection in rhesus monkeys [202]. The protection conferred by dimeric
IgA was suggested to be related to its ability to directly neutralise the virus and to form complexes
that prevented free viruses crossing the epithelial cell layer. Based on the interaction of SIgA with
mucosal microfold (M) cells, another study explored the transport of an HIV antigen for immunisation
via this mechanism. SIgA bound to the HIV antigen was delivered orally and transported across the
epithelial barrier to be captured by dendritic cells, starting mucosal and systemic immune responses
that ultimately showed to be protective against infection by a recombinant virus expressing the HIV
antigen [203]. Therefore, infection can be impaired by several IgA associated mechanisms, either by
immune exclusion, intracellular inactivation, or recognition and activation of the immune system.

6.3. FcαRI Blocking Agents

Targeting FcαRI can be used as a strategy to combat autoimmune diseases, to inhibit IgG-induced
phagocytosis or IgE-mediated allergic diseases. In autoimmune diseases, binding of IgA to FcαRI
leads to enhanced activation of immune cells, and therefore, blocking this interaction can be beneficial
to decrease tissue damage. The exposure of neutrophils to IgA immune complexes obtained from
rheumatoid arthritis patients leads to in vitro release of neutrophil extracellular traps, which consist
of web-like structures made of DNA and proteins that, despite capturing pathogens, are associated
with tissue damage. However, the use of an anti-FcαRI mAb (MIP8a) was shown to successfully
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decrease neutrophil extracellular traps formation [204]. The same anti-FcαRI mAb was shown to
prevent IgA autoantibodies inducing tissue damage in an ex vivo human skin model for linear IgA
bullous disease [97]. Beyond mAbs, peptides that bind to the interaction sites of IgA and FcαRI could
also inhibit IgA-induced neutrophil migration, having the advantage to be able to penetrate into the
skin, which opens up the possibility of using them for skin autoimmune disease therapy [96].

Besides IgA, other antibodies can start immune responses that, when exacerbated, can be harmful,
culminating in extensive inflammation or allergies. Binding of FcαRI by monomeric IgA is known
for its anti-inflammatory nature through ITAMi signalling in effector cells [205]. Therefore, the
IgA–FcαRI interaction can be explored as a tool to alleviate inflammation and further tissue damage
caused by other antibodies. Using an allergy mice model, it was possible to show a decrease in
airway inflammation upon crosslinking of FcεRI with IgE immune complexes in a FcαRI transgenic
mice treated with the anti-FcαRI mAb A77 [206]. In another study, monomeric IgA was shown to
successfully abrogate arthritis in a FcαRI transgenic mice model where IgG anti-collagen was used to
cause rheumatoid arthritis [207]. Using a FcαRI transgenic mice model with glomerulonephritis and
obstructive nephropathy caused by accumulation of IgG immune complexes, the Fab A77 targeting
FcαRI was shown to be able to suppress inflammation [208]. It was also established that renal
inflammation induced by different agents can be alleviated by the use of Fab fragments that target
FcαRI (MIP8a) or monomeric IgA [209,210]. Therefore, targeting FcαRI either through IgA binding
or the use of specific antibodies, can be used as a strategy to initiate anti-inflammatory responses in
inflammatory diseases that involve myeloid cells.

7. Summary and Conclusions

The structural features of IgA impart this Ab class with unique functional capabilities, which are
yet to be fully harnessed for therapeutic benefit. Increasing numbers of mAbs have been approved
for clinical use in the last few years, and many more are currently undergoing clinical trial [211,212].
Recent examples tend to be humanised or fully human, but invariably of the IgG isotype. To date,
no antibodies of the IgA isotype are known to be going through clinical trials. Regarding BsAbs,
only a very few have been approved for use in the United States, while several await approval or
are in preclinical and clinical trials [213]. In this context, FcαRI-targeting BsAbs are yet to reach this
stage, indicating that further effort is required before the potential of IgA/FcαRI related therapies
can be realised. As that point approaches, interest will undoubtedly turn to options for delivery
to mucosal sites. Progress with topical application of nebulised Igs in the lungs of experimental
animals [214,215] suggest that suitable strategies for mucosal delivery of mAbs in humans may appear,
and we can anticipate that IgA-based mAbs will emerge as an important new arm of the arsenal of
therapeutic mAbs.
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Abstract: The development of hybridoma technology for producing monoclonal antibodies (mAbs)
by Kohler and Milstein (1975) counts as one of the major medical breakthroughs, opening up endless
possibilities for research, diagnosis and for treatment of a whole variety of diseases. Therapeutic
mAbs were introduced three decades ago. The first generation of therapeutic mAbs of murine
origin showed high immunogenicity, which limited efficacy and was associated with severe infusion
reactions. Subsequently chimeric, humanized, and fully human antibodies were introduced as
therapeutics, these mAbs were considerably less immunogenic. Unexpectedly humanized mAbs
generally show similar immunogenicity as chimeric antibodies; based on sequence homology chimeric
mAbs are sometimes more “human” than humanized mAbs. With the introduction of the regulatory
concept of similar biological medicines (biosimilars) a key concern is the similarity in terms of
immunogenicity of these biosimilars with their originators. This review focuses briefly on the
mechanisms of induction of immunogenicity by biopharmaceuticals, mAbs in particular, in relation
to the target of the immune system.

Keywords: biopharmaceuticals; monoclonal antibodies; biosimilars; immunogencitity; B-cell
tolerance; aggregates; anti-idiotypic

1. General Introduction

The development of the hybridoma technology to produce monoclonal antibodies (mAbs) by
Kohler and Milstein counts as one of the major medical breakthroughs of the 20th century. It opened
endless possibilities, not only for research, but also to diagnose, prevent, and treat a whole variety of
diseases [1].

Initially this discovery led to the introduction of many mAbs in biomedical research and as
diagnostic tools relatively fast, but their development as therapeutics was relatively slow. It took
11 years before the murine mAb OKT-3 was officially approved for the prevention of allograft rejection
after transplantation [2] and another seven years for the marketing authorization of Reopro to assist
percutaneous coronary surgery [3].

There were many reasons why only two mAbs were introduced into the clinic in the 17 years after
the development of the technology by Kohler and Milstein. The main problem was that initially only
murine derived mAbs were available for clinical use which lack of Fc-functions in humans that are
important attributes for, for instance, anticancer activity [4]. However, more importantly, the murine
origin was the cause of the high immunogenicity of the first generation of mAbs, which limited the
efficacy and was associated with severe infusion reactions [5]. The exact mechanism responsible for
infusion reactions caused by any of the mAbs (murine, chimeric, and human) is unclear. Most reactions
appear to be the result of antibody antigen interactions resulting in cytokine release.

Several innovations have been introduced in the original hybridoma-based technology by genetic
engineering [6]. It enabled the exchange of murine constant parts of the immune globulin chains
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with the human counterparts resulting in chimeric (murine/human) mAbs. The next step was the
introduction of humanized mAbs based on grafting the murine complementary regions (CDR’s) into a
human immune globulin backbone.

Transgenic animals expressing the human Ig locus, phage display technologies and different
methods to immortalize human B cells allow mAbs based on completely human derived DNA
sequences [7]. The expectation was that these human mAbs would be devoid of immunogenicity.
However, the claim that “Fully human mAbs are anticipated to be non-immunogenic and thus to allow
repeated administration without human anti-human antibody response.” has proven to be false [8].

Humanization has reduced the sometimes extreme immunogenicity associated with murine
mAbs, but also the so-called human mAbs have shown to induce antibodies that sometimes have
clinical implications [9]. In this chapter we will discuss the possible causes of immunogenicity, the
clinical consequences and the assays used to monitor immunogenicity. We will also discuss the issue
of immunogenicity of biosimilar mAbs in comparison with the originator medicinal product.

2. Immunogenicity of Biopharmaceuticals

The persistence of immunogenicity of human mAbs is no surprise and reflects the experience of
over 150 years with biologics as medicines [10]. The first generation of medically used biologics were
of animal origin like the antisera produced in farm animals for the treatment of infectious diseases,
and like diphtheria and tetanus toxoids that were introduced by the end of the 19th century. In 1921,
bovine and porcine insulins became available for the treatment of diabetes and became the most widely
used animal proteins in medicine. These products proved to be immunogenic and treatment was
sometimes associated with serious immune reactions, like fatal anaphylactic shock and, for example,
immune-mediated insulin resistance. Their non-human origin was considered the explanation of their
high immunogenicity.

However, the second generation of medically-used biologics which were natural products of
human origin introduced in the 50-ties of the last century like growth hormone extracted from human
pituitary glands and the plasma derived clotting factors, also proved to be immunogenic in the majority
of patients. Their immunogenicity was explained by the lack of immune tolerance for these biologics
in the children who needed growth hormone or a clotting factor as substitution because of an inborn
deficiency for these proteins.

The introduction of third generation of biologics during the seventies and eighties of the last
century, produced by genetic engineering technologies allowing the production of human proteins,
like the human insulins, epoetins, interferons, and others intended for use in patients with a normal
immune tolerance to these products.

Surprisingly, the great majority of these products appeared to be immunogenic in some patients,
with an incidence varying between <1% up to the majority of patients depending on the product. It then
became clear that there are two different mechanisms by which these anti-drug antibodies (ADA) are
induced by biopharmaceuticals [11]. These two mechanisms also differ in their clinical manifestations.

If the biopharmaceutical is of foreign origin, as is the case with animal derived antisera, the
antibody response is comparable to a vaccination reaction. Often a single injection with a “non-human”
product is sufficient to induce high levels of neutralizing antibodies. Like the antibodies induced by
a vaccine, these antibodies may persist for a considerable length of time. Another hallmark of this
type of immunogenicity is the induction of memory cells leading to a booster reaction seen when a
patient is re-challenged with the product asparaginase and streptokinase, both of microbial origin,
are examples of biopharmaceuticals which are in clinical use today which show this “vaccine” type
of immunogenicity.

However, the great majority of biopharmaceuticals are homologues of human proteins of which
there is, in general, a high level of immune tolerance in patients. To break B cell tolerance and induce
antibodies, prolonged exposure to proteins is necessary. It may take months of chronic treatment before
patients start producing antibodies directed against the homologues protein. This type of immune
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reaction is also milder compared with the immune reaction to non-human proteins. The antibodies
are mainly only binding and their clinical effect in most cases is minimal. They disappear relatively
quickly when treatment is stopped and there is no memory reaction after re-challenge.

To induce a classical “vaccine-like” immune reaction a degree of non-self is necessary, which is
mainly determined by the amino-acid sequence and secondary and tertiary structure of the protein.
It is based on the classical activation of the immune system by immune competent cells presenting
epitopes of the non-human proteins by their MHC molecules. This activates T cells, which help to
activate B cells to produce antibodies. Initially, IgM antibodies of broad specificity and relatively low
affinity are formed. By isotype switching and affinity maturation, B cells’ clones will be induced,
capable of producing IgG molecules with high affinity as well as memory B cells. As the trigger for
this type of immune response is within the structure of the molecule, this immunogenicity can be
considered an intrinsic property of the biopharmaceutical.

Basic research, mainly in immune tolerant transgenic mice and in studies with biopharmaceuticals
in clinical use showing immunogenicity, indicated that process and product related impurities are
triggers for breaking B-cell tolerance [12]. As these triggers are purification and formulation dependent,
they are considered as extrinsic immunogenicity. The factors hypothesized to be causing extrinsic
immunogenicity include bacterial endotoxins, microbial DNA rich in GC motifs or denatured proteins
which all may act as danger signals for the immune system [13].

However, the most convincing extrinsic immunogenic determinant identified is protein
aggregation. Apparently aggregates may present as the multimeric array form structures capable of
directly interacting with, and activating B cells [14]. This mechanism does not discriminate between
self or non-self. It has been shown that also self-antigens are presented in a regular array form with a
spacing of 50 to 100 Ångstrom, the B-cell may be activated by dimerization of the B-cell receptor and to
start to produce antibodies. Naturally-repeating protein structures are only found in viruses and other
microbial agents, suggesting that this type of immune cell activation is old evolutionary mechanisms
protecting against infection, preceding the development of the adaptive immune system [15]. Hence, it
can be considered as being part of the innate immune system. Box 1 provides an overview of factors
potentially contributing to the risk of immunogenicity of biopharmaceuticals.

When tolerance is broken by a biopharmaceutical, the antibody response is often weak with low
levels antibodies with low affinity. As it does not need the activity of T-helper cells, isotype switching
and affinity maturation is limited and, also, no memory cells are induced. In most cases prolonged
treatment is necessary for the antibodies to appear and often the antibody response declines upon
further treatment.

This distinction between the vaccine type fulminant immunogenicity reaction and the more
restricted and weak antibody response based on breaking tolerance is not absolute: the level of
tolerance to proteins, as well as the ability to respond to an immunogen, differ between individual
patients. As with many biopharmaceuticals both types of reactions can be seen in the patient population.
In hemophilia A the immunogenic response is dependent on the genetic defect in the factor VIII
gene [16]. If the defect leads to the complete inhibition of factor VIII expression, the patient will
have no immune tolerance resulting in a vaccine like antibody response when treated with factor
VIII. However, if the gene defect allows for the expression of sufficient factor VIII with the correct
immunogenic make-up to induce tolerance, the antibody response to factor VIII treatment will be
predominantly based on breaking tolerance and, in comparison with non-sense mutants, be slow
and limited.
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Box 1. Factors contributing to the risk of immunogenicity of biopharmaceuticals.

Nature of the Biopharmaceutical
Size and structural complexity
Sequence variation from endogenous protein
Aggregates
Post-translational & chemical modification (e.g., glycosylation, pegylation).
Neoepitopes due to denaturation or fragmentation
Adjuvant potential of inactive ingredients
Other impurities

Target Disease and Population
Patient characteristics such as genetic background
Comorbidity
Natural tolerance to protein
Pre-existing immunodeficiency
Use of immunosuppressive drugs or chemotherapy

Treatment Regimen
Route of administration
Dose
Frequency of treatment
Duration of treatment

3. Immunogenicity of Monoclonal Antibodies

The changing pattern of immunogenicity seen during the different steps of humanization of
mAbs used resembles the differences seen in immunogenic response of the different generations
of biopharmaceuticals [17]. The strong antibody response to the first therapeutic mAbs of murine
origin was caused by the intrinsic immunogenicity, the presence of murine “non-self” epitopes in the
amino acid sequence. In the following generation of mAbs, the chimeric antibodies, the exchange
of the murine constant regions with their human counterparts creating chimeric mAbs resulted in a
substantial reduction in immunogenicity. The next generation of therapeutic antibodies is humanized
antibodies in which the variable antigen binding regions of the murine mAbs were grafted onto a
human monoclonal backbone. However, the reduction in immunogenicity achieved by this additional
step in humanization is a matter of debate [18]. The homology between the amino acid sequences
of the human and murine variable regions is higher than between their constant regions making a
further increase in homology—by humanization of the variable regions—with human antibodies
minimal. A comparison of DNA sequence homology of the variable regions of humanized mAbs
with human diversity in variable regions sometimes shows more differences than with the murine
variable regions [5], or, in other words, based on sequence homology chimeric mAbs are sometimes
more “human” than humanized mAbs.

In contrast with the expectations, mAbs completely derived from human sequences (fully
human antibodies) proved to be still immunogenic. Thus, other factors than the presence of murine
sequences determine the immunogenicity of mAbs. Unlike most other biopharmaceuticals, most
therapeutic mAbs (depending on the IgG subclass) have immune modulating activity residing in their
Fc parts. Fc functions include macrophage and complement activation, which may boost an antibody
response. Removal of N-linked glycosylation at the Fc part of the immunoglobulin reduces these
functions and was shown to lead to a diminished immunogenicity [19]. However, the presence of
these Fc functions does not completely explain the immunogenicity of human mAbs as antibodies
lacking these Fc functions also can be immunogenic. Furthermore, non-human glycosylation, such as
galactose-α-1,3-galactose, of mAbs produced in mammalian cells, like CHO cells, has been implicated
in hypersensitivity reactions. However, these antibodies were not induced by the mAb but were
pre-existing “natural”’ IgE antibodies, induced by an endemic tick infection or other pre-exposure
galactose-α-1,3-galactose, explaining the regional distribution of the hypersensitivity reaction [20].
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Antibodies induced by humanized mAbs are predominantly directed to the CDR-regions, which
determine their specificity. These anti-idiotypic antibodies may represent the natural antibodies, which,
according to the network theory of Jerne are formed to regulate the antibody responses [21]. The
anti-CDR antibody response may also reflect a lack of tolerance in individual patients to these epitopes.
However, the target of an immune response is not necessarily the part of the molecule that is driving
the immune reactions [22].

Whether the immunogenicity of mAbs can also be explained by the extrinsic immunogenicity
of monoclonal therapeutic products has not been studied in as much detail as with other
biopharmaceuticals, like epoetins and interferons.

There is good experimental evidence about the importance of aggregation. Association between
aggregates in immunoglobulin products and immunogenicity (and the induction of tolerance by
de-aggregated immunoglobulin products) was already described more than 50 years ago [23].
There are also reports about the induction of an immunogenic reaction towards aggregation of modern
monoclonal antibody products in immune tolerant animal models, indicating that breaking tolerance
is the main immunological mechanism by which anti-drug antibodies are induced [24].

In addition to the intrinsic and extrinsic immunogenicity of monoclonal antibody products, a
number of treatment and patient characteristics may modulate this immune response. An increase
in the number of injections and higher doses are associated with a higher immune response, but this
seems not necessarily true for all monoclonal antibody products. In some cases, chronic treatment
and higher doses have been reported to be less immunogenic than episodic treatment and/or lower
dose [25]. The induction of tolerance has been used to explain the reduced induction of antibodies
by continuous treatment and by higher doses. These data should, however, be interpreted with
caution because under these treatment conditions the level of circulating mAbs is higher and more
persistent and the presence of circulating monoclonal antibody during the time of blood sampling for
immunogenicity testing may mask the detection of induced antibodies [26].

As with other biopharmaceuticals, the subcutaneous route of administration of mAbs is linked
with a higher incidence of immunogenicity than and the intravenous route of administration [27].
Additionally, the immune status of the patients influences the antibody response. Cancer patients are
less likely to produce antibodies to biopharmaceuticals, including monoclonal antibody products than
patients with a normal immune status. Sometimes immune suppressive agents such as methotrexate are
co-administered to patients on monoclonal antibody therapy with the purpose of inhibiting an antibody
response [28]. The target of the monoclonal antibody also influences the immunogenic response.
In general, products with a cell bound target show a higher level of antibody induction than those
with a soluble target. Furthermore, mAbs targeted to immune cells suppress an antibody response.

4. Clinical Consequences of Antibodies

Establishing the biological and clinical consequences of immunogenicity of biopharmaceuticals
is hampered by both the lack of standardization of the assays and a consensus when to consider a
patient antibody positive. This makes it difficult to compare results from different studies and also to
develop guidelines about the proper follow-up of antibody positive patients. The antibody response
varies greatly between individual patients. A low level of binding antibodies during a short period
of treatment has no clinical relevance, but a persisting high level of neutralizing antibodies leads
inevitably to a complete loss of efficacy. However, the problem lies in the majority of antibody positive
patients showing a response between these two extremes. In diseases like multiple sclerosis and
cancer, their unpredictable clinical course and the sometimes relatively modest clinical effects of the
biopharmaceuticals are additional hurdles for unambiguously showing loss of efficacy by antibodies.

Antibodies directed to biopharmaceuticals have either no clinical effect, modulate efficacy,
cross-neutralize endogenous proteins, or have general immune effects [29]. Induced antibodies
may interfere with efficacy in two ways: The antibodies may decrease the efficacy by binding with the
target of the biopharmaceutical with higher affinity than the biopharmaceutical or by decreasing their
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half-life. MAbs distribute mainly present to the main circulation and, therefore, their pharmacokinetic
behavior is highly sensitive to the presence of anti-mAbs.

There have been reports that patients making antibodies clinically respond better to therapy with
biopharmaceuticals than patients without antibodies. This has been explained by the presence of low
affinity antibodies during the initial antibody response extending the half-life of and by increasing
the exposure to the therapeutic protein. The enhanced efficacy can also be an epiphenomena: An
immunogenic response to a biopharmaceutical could also be a sign of an active immune system
contributing to a better response to therapy. Also a better response to the therapeutic effects of mAbs
in some cancer patients with antibodies has been reported and was explained by an anti-idiotypic
response to the therapeutic monoclonal antibody directed to tumor antigens thereby enhancing the
antitumor response [30].

The most serious clinical effect of immunogenicity has been observed with biopharmaceuticals
which that are homologous to unique endogenous factors. The antibodies can cross neutralize
these (endogenous) factors as has happened with epoetins, which induced neutralizing antibodies
neutralizedto erythropoietin, essential for red blood cell maturation, leading to Pure Red Cell
Aplasia (PRCA) [31]. Although ADAs directed towards therapeutic monoclonal antibodies, may
also cross-neutralize endogenous antibodies, the redundancy in the natural immune response will
make a clinical effect difficult to imagine.

The most important clinical effects of immunogenicity of mAbs are infusion reactions
(anaphylactoid) and serum sickness [32]. There is a strong association with the level of anti-mAbs
and those immune system related side effects of mAbs, which are relatively rare with other
biopharmaceuticals. Compared with other biopharmaceuticals, mAbs are injected/infused in relatively
high amounts in the circulation, which may result in formation of high levels of immune complexes,
as a consequence of immunogenicity.

5. Assays for Antibodies Induced by Monoclonal Antibodies

The standard approach for detecting antibodies induced by biopharmaceutical in sera of patients
is to first screen with a highly sensitive assay for binding antibodies [33]. This assay should have a cut
off at the 5% false positivity rate. To discriminate between real and false positives, the specificity of
the binding is evaluated by a displacement assay. The biopharmaceutical is added to serum and if
this leads to a significant reduction of the signal, the serum is qualified as true positive. The antibody
response is then further characterized, for instance, by titrating the antibody level, determining the
isotypes of the antibodies involved, and check whether the antibodies are neutralizing.

The preferred format for screening for binding antibodies is the bridging assay. In this type
of assay the biopharmaceutical is used to capture the antibodies present in the patient sera and the
captured antibodies are detected by adding labeled biopharmaceutical as a probe. Such bridging
assays are independent of the type of antibodies to be detected, enabling the use of antisera induced
in animals as a positive control. The same assay can be used for the determination of antibodies
in treated patients, as well as in animal studies. Since the bridging assay only detects binding by
proteins with double binding sites, it is more specific than the standard ELISA type of binding assay.
However, the bridging immune assay may miss low affinity IgM type of immune response because of
the washing steps involved. Therefore, for detection of early immune responses, biosensors applying
surface plasmon resonance technology are advocated instead of ELISA type assays. In addition, it may
be important to assay for the presence of neutralizing antibodies [34], which may interfere with the
biological and clinical activity of the biopharmaceutical. Assays for neutralizing activity are based on
the inhibition of a biological effect of the biopharmaceutical in vitro, Assays for neutralizing activity
need to be designed for each biopharmaceutical individually and are inherently difficult to standardize
because every biopharmaceutical has its own specific biological effect measured by a specific bioassay.
In cases where there is no bioassay available, the possible neutralizing effect of the induced antibody
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can be assayed by testing whether the anti-drug antibodies inhibit the binding of the biopharmaceutical
with its target.

Any assay for antibodies induced by biopharmaceuticals is sensitive for drug circulating at the
time of sampling which may interfere with the assay. This is especially the case for therapeutic because
of their relative long half-life of, the presence of natural antibodies, receptors, and immune complexes,
which all may interfere with assay results and be the cause of false negative results.

Over the years, many drug-tolerant assay formats have been developed to measure induced
antibodies in the presence of large amounts of drug [35]. Antibodies forming complexes with the
drug are difficult to detect. Most drug-tolerant assays use a form of acid treatment step to dissociate
the antibodies from the drug. Subsequently, the excess drug is captured or removed or a substantial
amount of labeled drug is added that will compete with drug in the sample. Then the free antibodies
can be detected. These protocols can be used both for binding as well as bioassays. Potential drawbacks
of acid treatment are a significantly higher background, loss of sensitivity due to damaged antibodies,
or release of that may interfere in bridging assays and give rise to false-positive results.

Several new techniques to measure induced in the presence of drugs have been developed in the
last few years. An example is the affinity capture elution ELISA (ACE) in which the induced antibodies
from acidified serum samples are captured by immobilized drug and the excess of drug is washed
away. In a second acidification step, the antibodies are released and absorbed onto a second carrier
and detected in an electro-chemo-luminescence (ECL) bridging assay. Other examples of test formats
are the biotin-drug extraction with acid dissociation (BEAD) assay the sample pre-treatment bridging
ELISA, the acid dissociation radioimmunoassay, the temperature-shift radioimmunoassay, and the
homogeneous mobility shift assay (HMSA).

Due to the difficulties in their validation, in medical practise these assays are hardly used for
clinical decision-making. As alternative with mAbs, drug trough levels are being measured as a marker
for clinical activity of the drug [36].

6. Immunogenicity and Biosimilar Monoclonal Antibodies

The potential immunogenicity of biopharmaceuticals was one the main reasons behind the
dedicated regulatory biosimilar pathway for copy products after the patents and market exclusivity
of the original biopharmaceuticals expire. The main difference with the generic pathway for copies
of small molecules is the need for clinical trials. Biopharmaceuticals were considered too complex
and heterogeneous to be completely characterized. Additionally, original products and their copies
could, therefore, never be shown to be identical. To get a marketing authorization as a biosimilar, the
copy needs to be similar in physical-chemical and biological characteristics and this similarity needs
to be confirmed by (pre)clinical studies. In these clinical studies the immunogenicity between the
original and biosimilar candidate always needs to be studied. The need for clinical to evaluate the
immunogenicity is based on the notion that immunogenicity is closely linked to product characteristics
as glycosylation and impurities in which the biosimilar and reference product are most likely to differ.

There have been 18 biosimilar mAbs authorized in the EU by September 2018. Biosimilars and
original biopharmaceuticals share the same amino acid sequence and their secondary and tertiary
structure needs to be similar. So the intrinsic immunogenicity of the biosimilar will be comparable with
the original product. If there is a difference between the two, it will most likely caused by differences
in the extrinsic immunogenicity, like the level of impurities mainly aggregates.

In Table 1, the relative immunogenicity of biosimilars and their reference products are listed and
including the differences in impurities and glycosylation. These data are derived from the European
Public Assessment Reports available on the EMA website [37]. The observation with these monoclonal
biosimilars confirm that there are always small differences between biosimilars and original products,
mainly concerning glycosylation. But these differences have apparently no impact on immunogenicity,
which proved to be comparable in all cases. This confirms data from other biopharmaceuticals and it
is likely that also with mAbs aggregation is the most important driver of the extrinsic immunogenicity.
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