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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].

359



Antibodies 2020, 9, 53

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,

393



Antibodies 2019, 8, 57

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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