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The complement system plays an important role in critical aspects of immune defense
and in the maintenance of homeostasis in the bloodstream, as well as in essentially all
tissues and organs [1]. More than 100 years ago, Bordet was awarded the Nobel Prize
for his discovery of complement. His work revealed that antibodies complexed with
antigens activate complement and induce substantial inflammation, leading to cell and
tissue destruction, and therefore it is not surprising that numerous clinical and basic science
investigations have focused on “The Role of Complement in Cancer Immunotherapy”,
which is the topic of this Special Issue. Within the context of this title, the 10 articles in this
issue examine a wide range of subjects, and this range illustrates the diverse and at times
contradictory actions of complement in cancer.

The development of mAb technologies and the application of mAbs in cancer im-
munotherapy has led to a continuing and exponential phase of investigation and initiation
of clinical trials, first punctuated by FDA approval of CD20 mAb rituximab for the treat-
ment of B-cell lymphomas [2,3]. Although the efficacy of rituximab was and is clearly
demonstrable, its apparent mechanisms of action were the subject of considerable contro-
versy; however, its putative “apoptotic induction” has been set aside, and its therapeutic
action has been clearly demonstrated to require immune effector mechanisms, which
include complement-dependent cytotoxicity (CDC) [2,3]. Moreover, the basic science
studies of rituximab have led to findings that have been most immediately applicable to
understanding how other tumor-specific mAbs function, and the outcome of the studies of
rituximab have also set the stage for the development of much more effective second- and
third-generation mAbs that target CD20 as well as other tumor-associated antigens [4].

In terms of maintaining homeostasis, complement promotes wound healing and
angiogenesis (essential to cell growth) and there is a substantial literature that describes
how complement can establish an environment that allows for growth of tumors. This
is most evident when the tumors are not recognized as foreign, and therefore can take
advantage of the “cell growth”-promoting action of complement [1,5]. The encyclopedic
review of Revel and colleagues comprehensively describes complement pathways as
well as the numerous cases in which specific complement components, especially C1q
and C5a, play important roles both in promoting tumor growth and in generating an
immunosuppressive environment [1]. Weak immune responses to the tumors (titers of IgG
and IgM insufficient to mediate cell killing) appear to activate and recruit complement
proteins to foster cell growth, and the complement components can be produced by the
host or generated by the tumors themselves. Revel et al. also document in mouse models
the roles that complement can play in suppressing or promoting tumor growth; this again
illustrates the apparent and unresolved contradiction between “promotor or suppressor of
cancer progression”.

Thurman and colleagues also recognize the “dysfunctional relationship” between
complement and cancer, and review their interesting and provocative findings which
have demonstrated that inflammation associated with complement activation can induce
downstream oxidative damage and transformation (but not killing) of cells which leads
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to malignancy [6]. They note that non-lethal complement activation within the tumor
microenvironment (TME) also promotes angiogenesis, thereby providing a favorable niche
for a growing tumor. Moreover, they review a voluminous literature documenting the
increased expression of complement control proteins on cancer cells, which is clearly an
additional defensive measure that cancer cells appear to have evolved to avoid potential
lethal cytotoxic “side effects” of modest complement activation. They also cite the seminal
studies of Markiewski and Lambris, who first demonstrated that the C5a produced by can-
cer cells can attract myeloid-derived suppressor cells (MDSC) to the TME, thus providing
yet another “pro-tumor” defensive activity of complement.

The review by Markiewski and colleagues focuses on complement-mediated (neo)
angiogenesis, which helps to provide a blood supply to the growing tumor [5]. They report
that complement influences the generation of the “Premetastatic Niche” in which, due to
the action of C5a, MDSC are recruited before the arrival of tumor cells. These processes
are described in exquisite detail, and the authors make clear that the factors mediating
angiogenesis for tumors are also operative in other pathologies, including age-related
macular degeneration (AMD). They note that targeting of certain complement factors
including C5aR1 may be effective in the treatment of both cancer and AMD.

The role of complement and, in particular, complement receptors in mouse models of
triple-negative breast cancer are examined in two particularly interesting and innovative
articles [7,8]. This form of cancer lacks any of the common and targetable hormone
receptors and is therefore particularly resistant to most conventional treatments. The
groups of Woodruff and Rolfe examined the influence of the well-studied agent PMX53
(C5aR1 antagonist) as well as an agonist for both C3aR and C5aR1 (EP54), on the growth
of syngeneic mammary carcinoma cell lines in mice [7]. The investigators report that in
contrast to findings in several other mouse cancer models, PMX53 had no effect on tumor
growth in this system. In most other models, the PMX53 suppressed tumor growth by
interfering with “recruitment” of MDSC to the TME. On the other hand, while the EP54
agonist suppressed tumor growth, its actual mechanism of action was not clear, but was
most likely due to enhancement of T-lymphocyte action in the TME. These findings once
again emphasize the complex role of complement in cancer, and indicate that directed
therapies based on complement must be carefully and specifically designed; it appears that
there are few general rules that apply.

Teams led by Peerschke and Ghebrehiwet have been among the leading groups
studying the biology and immunology of C1q and its receptors. In this issue, they have
investigated how targeting the globular receptor to C1q (gC1qR) with a specific neutralizing
mAb affects the growth of breast cancer cells in a mouse xenotranplant model of triple-
negative breast cancer in which the gC1qR is upregulated on the tumor cells [8]. The
investigators made use of a variety of elegant immunostaining techniques along with
measures of tumor growth and report, for the first time, in vivo proof of principle for
suppression of growth of triple-negative breast cancer cells accomplished by targeting
gC1qR with a neutralizing mAb. Mechanisms of action of the mAb may include both
induction of apoptosis of the tumor cells as well as inhibition of angiogenesis. Additional
studies of these phenomena and possible translation to the clinic are anticipated.

Many of the key studies of the mechanisms of CD20 mAb-mediated killing of primary
tumor cells (in most cases malignant B cells from patients with chronic lymphocytic
leukemia (CLL)) have been reported by groups led by Golay or Zent [2,3]. The review
by Golay and Taylor highlights the ex vivo studies in whole blood that were pioneered
by Golay and Introna [3]. This work has clearly established that upon binding to CLL B
cells, both rituximab and ofatumumab (but not obituzumab) make use of complement
which most immediately kills B cells, and both groups have demonstrated that B cells
opsonized with complement fragments can also be eliminated by immune cells that express
receptors for both IgG (Fc receptors) and C3 fragments (such as CR3) in a synergistic
process. Although these reactions are quite effective, they can be overwhelmed at high B-
cell burdens, thus leading to exhaustion of complement, both in vivo and in vitro. Whether
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use of fresh frozen plasma as a complement source can effectively restore and or enhance
the immediate action of these mAbs remains under investigation. Zent and colleagues have
made use of a bedside to bench approach and find that phagocytosis of opsonized cells
by macrophages appears to be the principal and most important mechanism by which B
cells opsonized with rituximab or ofatumaub are eliminated [2]. Their work with primary
CLL cells has definitively established that higher concentrations of mAbs (and therefore
higher levels of opsonization of target cells) are required for CDC than for phagocytosis.
Golay and Taylor also cite several bedside to bench investigations which indicate that
upregulation of complement control proteins is not a mechanism of resistance employed
by CLL cells to inhibit CDC mediated by rituximab or ofatumumab. Finally, both reviews
discuss the important advance in the design of more effective complement-activating mAbs
based on generating IgG molecules that more readily form hexamers upon binding to cells,
thus allowing for more effective chelation of C1q [4]. The illustrations in both of these
articles are elegant and informative.

Rosskopf and colleagues have made substantial advances in the area of IgG engineer-
ing by modifying mAbs to enhance their potential to more effectively target and destroy
tumor cells [9]. They have made use of an FDA-approved CD19 mAb (tafasitamab) which
has modest activity in inducing antibody-dependent cellular cytotoxicity (ADCC) but does
not activate complement or induce CDC. They recognize that a key issue in engineering
such IgG1 mAbs is that the C1q-binding regions and Fc-chelating sites on the mAbs are
close together, thus presenting a challenge to generating a mAb with substantial levels of
both activities. They found that by making directed changes in the amino acid sequence
of the Fc region (EFTAE modification) along with expressing its afucosylated form, they
were able to produce a mAb with considerably higher levels of both ADCC and CDC. The
experimental methodologies used by the investigators encompass protein engineering,
cellular binding assays of mAbs and C1q and functional CDC and ADCC assays, and are
all elegant, rigorous and very well described. Their approaches provide a template for
additional efforts in the optimization of mAbs for cancer immunotherapy.

The review by Taylor and Lindorfer examines in detail key steps in complement
mediated lysis of B cells that are opsonized with highly effective complement-activating
mAbs (hexamer-forming) specific for CD20 and CD37 [4]. There is indeed considerable co-
localization of cell-bound mAb with C1q, and this is rapidly followed by “nearby” covalent
deposition of C3b (colocalized with bound mAb), which is soon followed by assembly and
deposition of the membrane attack complex (MAC, C5b-9) of complement. Ultimately the
most direct cause of cell death is due to influx of lethal amounts of Ca2+ mediated by the
MAC, and the entire process is complete in just a few minutes. One surprising outcome of
these studies was the observation that CLL cells (not a cell line!) could indeed be killed by
this mechanism in the absence of C9, thereby revealing that the Ca2+ influx mediated by the
smaller C5b-8 pore was adequate to rapidly kill the cells. These observations can therefore
set the standard for the generation and testing of future tumor-specific mAbs that make use
of complement for cancer immunotherapy. It is most likely that as other highly effective
complement fixing mAbs are developed, many of the phenomena described by Taylor
and Lindorfer will be closely replicated with other cancer cells and their cognate mAbs.
Whether CDC can be accomplished in the absence of C9 for these yet-to-be-developed
mAbs is not clear, but based on the observations with the traditionally resistant CLL cells
it is likely that C9 will not be required. Another lesson learned from these studies is that
the action of mAbs that are particularly effective at activating complement exceeds the
molecular thresholds for C1q binding and C3b deposition required for the generation of
large quantities of the MAC, and therefore these mAbs are capable of overwhelming the
natural defenses (including complement control proteins) expressed by tumor cells [4].

Elvington, Liszewski and Atkinson have written a comprehensive review on the
complement control protein CD46, membrane cofactor protein (MCP), which was first
described by the Atkinson lab more than 30 years ago [10]. Most research on this molecule
has focused on human systems because CD46 is not expressed in mice. The protein is
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present on a wide variety of human cells and in addition to its many immunologic functions,
it has been demonstrated to be the cell entry site of several viruses, including adenovirus
and measles virus. Moreover, there is considerable evidence that CD46 is substantially
overexpressed on tumor cells, and therefore it is under intense investigation as a prime
target for cancer immunotherapy. These investigations include the use of CD46-directed
mAb–drug conjugates; the CD46 mAb is specific for a conformational epitope expressed
only on cancer cells. Other therapies under investigation make use of modified forms of
measles virus or adenovirus that are engineered to only replicate in cancer cells (oncolytic
viruses). As noted by the authors, the CD46 target is now the subject of more than 20
clinical trials in a variety of cancers, including melanoma and pancreatic cancer. Early on, it
was discovered that CD46 protects cells from complement attack by serving as a co-factor
for inactivation of deposited C3b and C4b. Therefore, it may be particularly interesting to
examine the CDC activity against tumor cells by the cancer cell-specific CD46 mAb after
it is engineered to form hexamers upon binding to cells. By specifically binding at high
levels, only to CD46 expressed on the cancer cells, the hexamer-forming mAb may be quite
effective at exceeding the molecular threshold for C3b deposition (see above) required for
mediating downstream complement activation and cell lysis.

The paradoxical effects of the complement system in cancer will continue to present
challenges in the development of effective mAbs for cancer immunotherapy. The 10 articles
featured in this Special Issue should therefore be of considerable interest to basic scientists
and to physician scientists investigating new approaches in the immunotherapy of cancer.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Constituent of innate immunity, complement is present in the tumor microenvironment.
The functions of complement include clearance of pathogens and maintenance of homeostasis, and as
such could contribute to an anti-tumoral role in the context of certain cancers. However, multiple
lines of evidence show that in many cancers, complement has pro-tumoral actions. The large number
of complement molecules (over 30), the diversity of their functions (related or not to the complement
cascade), and the variety of cancer types make the complement-cancer topic a very complex matter
that has just started to be unraveled. With this review we highlight the context-dependent role of
complement in cancer. Recent studies revealed that depending of the cancer type, complement can be
pro or anti-tumoral and, even for the same type of cancer, different models presented opposite effects.
We aim to clarify the current knowledge of the role of complement in human cancers and the insights
from mouse models. Using our classification of human cancers based on the prognostic impact of the
overexpression of complement genes, we emphasize the strong potential for therapeutic targeting the
complement system in selected subgroups of cancer patients.

Keywords: complement system; cancer; immune infiltrate; tumor microenvironment; tumor
growth; anaphylatoxins

1. Introduction

The 21st century was marked by a change in the paradigm of tumor perception. Scientists have
established the important role of the immune system and inflammation in cancer development and
especially the role of T cells. This concept was not only useful as an academic discovery but it also led to
development of several novel treatments, as well as anti-immune checkpoint therapies (anti-PD1/PDL1,
anti-CTLA4) that were rewarded by the Nobel prize of 2018. Immune cells have the ability to infiltrate
tumors and form with other untransformed cells the tumor microenvironment (TME) [1]. The TME can
impact positively or negatively the patient’s outcome, depending on its composition [2]. The recruitment
of immune cells inside the tumor is achieved thanks to the vascular network that also allows the
recruitment of the components of the complement system. The complement system is often forgotten
or underestimated, but it is a powerful inflammatory cascade and, as a part of innate immunity, it fully
belongs to the TME [3]. The complement system is a set of more than thirty cell-bound or soluble
proteins that can come inside the tumor via the circulation but also that can be produced by the tumor
cells themselves and the infiltrated immune cells. The complement system is mostly described by
its functions related to immunity but, recently, several papers attribute it non-immune functions as
angiogenesis, organ development and regeneration or also neuroprotection [4,5].

Antibodies 2020, 9, 57; doi:10.3390/10.3390/antib9040057 www.mdpi.com/journal/antibodies5
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In this review, we will focus on the different functions of this very complex system and how they
can influence patient’s outcome, depending of the cancer types or the pathway activated.

2. The Complement System

The first description of the complement system in 1890 assigned it antimicrobial functions [6].
However, due to its composition and the plurality of its actions, the complement system was
very difficult to study and progress was dependent on the technologies available. Since the 1950s,
with the development of protein chromatography and electrophoresis, data have never stopped to
accumulate [7]. Complement is one of the first lines of defense against pathogens or stressed host
cells, and can be triggered, depending on the activator, by three different pathways: classical, lectin
and alternative. They lead to the formation of C3 and C5 convertases and the common terminal
pathway (Figure 1). The complement proteins interact in a highly regulated proteolytic cascade to
opsonize pathogens, induce inflammation, interact with cells of adaptive immunity, and maintain
homeostasis [4]. The complexity of the complement system is not only due to its composition or its
numerous functions (immune or non-immune) but also its ability to act extracellularly or intracellularly.
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Figure 1. The complement system schematic summary. The classical pathway is activated by the
binding of the C1 complex to immunoglobulins or endogenous ligand. The lectin pathway is analogous
to the classical one but its activation is triggered by the fixation of the MBL-MASP complex to the
pathogen surface. The alternative pathway is spontaneously initiated by the tick-over mechanism
and can be amplified in case of recognition of an unprotected surface by complement regulators.
These pathways will lead to the formation of the C3 convertase, an enzymatic complex able to cleave
C3 into the anaphylatoxin C3a and C3b. The assemblage of a C3b molecule to the C3 convertase is
at the origin of the C5 convertase. The C5 molecule can then be cleaved into the anaphylatoxin C5a
and C5b, the latter initiating the terminal pathway. The complement cascade culminates with the
formation of the multimeric Membrane Attack Complex (MAC, C5b-9) leading to cell activation or
death. The complement system is very powerful in triggering inflammation, phagocytosis, opsonization
or also lysis, therefore it is tightly regulated at each step by soluble regulators (C1 inhibitor, Factor I (FI),
C4 Binding Protein (C4BP), Factor H (FH), Properdin (FP) clusterin, vitronectin) or membrane proteins
(Complement Receptor 1 (CD35, CR1), Membrane Cofactor Protein (CD46, MCP), Decay acceleration
Factor (CD55, DAF), CD59). The figure is created with BioRender.com.
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2.1. Complement Activating Pathways

The classical pathway is activated after the binding of the C1 complex to its targets that can be
an antigen-antibody (IgG or IgM) immune complex or an apoptotic cell. The C1 complex is composed
of C1q molecules and two different serine protease C1r and C1s [8]. The hexagonal arrangement of the
protein platforms (hexameric organization of the IgGs bound to an antigen, or the structure of IgM)
is critical for the C1 complex activation [9,10]. The lectin pathway is activated by the recognition of
sugar residues through a complex that is structurally and functionally very similar to the classical
pathway [11]. The MBL molecule (mannan-binding-lectin), collectins or ficolins resemble C1q and
are associated with several serine proteases (MASP1, MASP2 and MASP3), just like the C1 complex.
These pathways will lead to the cleavage of C2 into C2a and C2b and C4 into C4a and C4b. C4b and
C2a form the classical pathway C3 convertase (C4bC2a), an enzymatic complex able to cleave C3 into
the anaphylatoxin C3a and C3b. The specificity of the alternative pathway, in physiology, is to be
constitutively activated at low level, thanks to the tick-over mechanism: a spontaneous hydrolysis
of a C3 molecule [12], used as a surveillance system. Although properdin could serve as alternative
pathway initiator [13], this pathway usually does not need a trigger. This allows the formation of
C3(H2O), a bio-active form of C3, structurally and functionally similar to C3b. C3(H2O) can bind
Factor B (FB) that could be cleaved by Factor D (FD) into Bb and Ba fragments, forming the fluid phase
alternative pathway C3 convertase: C3(H2O)Bb, cleaving C3 into the anaphylatoxin C3a and opsonin
C3b. In absence of activation the newly formed C3b will be hydrolyzed. In presence of an activating
surface, C3b will bind covalently, recruit FB and FD, thereby forming the alternative C3 convertase
(C3bBb). This mechanism allows the establishment of an amplification loop to increase the C3 cleavage
and hence the C3b concentration at the target surface (pathogen or stressed cell).

2.2. Complement Effector Pathways

Covalent deposition of C3b on the target cell by any of the three pathways induces opsonization,
allowing the elimination of the pathogen/stressed cell by phagocytosis [12]. When a certain density of
C3b is reached, the molecule of C3b is assembled to the C3 convertase and leads to the formation of the
C5 convertase (classical: C4bC2aC3b, or alternative: C3bBbC3b). This triggers the terminal pathway
with the generation of the C5a and C5b fragments, and finally the last reaction with the formation of
the membrane attack complex (MAC: composed by the molecules C5b, C6, C7, C8 and C9) [4].

Complement activation allows the formation of three different effectors: Opsonins (C3b, C4b and
C1q) that can bind the target cell surface and promote its clearance. Anaphylatoxins (C3a and C5a)
are released in the circulation and have an important role to induce inflammation and activate cells
expressing anaphylatoxin receptors (C3aR, C5aR1/C5aR2). C5aR1 and C5aR2 seem to have opposite
effects, especially in the tumor context [14]. MAC formed by the association of C5b molecule with
C6 that acquire the ability to interact with lipid bilayer, the C7 and C8 molecules bind C5b and insert
into lipid bilayer, then several molecules of C9 polymerize creating the lytic pore, causing membrane
permeabilization, cell activation and/or the cell death [15].

2.3. Complement Regulators

Complement is a very powerful system that needs to be tightly regulated. To maintain the balance
between complement activation on pathogens or altered host cells and inhibition on intact host cells,
several regulators control each step of the proteolytic cascade (Table 1) [16].
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Table 1. Complement regulators. The complement system is well regulated at different steps by various
soluble or membranous proteins.

Regulated Steps Regulators Soluble or Membranous

C1 complex/MBL complex C1 inhibitors Soluble

C3 convertases
C5 convertases

Factor H (FH) Soluble
CFHRs (1 to 5) Soluble
Properdin (FP) Soluble

C4 Binding Protein (C4BP) Soluble
Factor I (FI) Soluble

Membrane cofactor proteins (MCP/CD46) Membranous
Decay acceleration factor (DAF/CD55) Membranous

Complement receptor 1 (CR1) Membranous

MAC
CD59 Membranous

Clusterin Soluble
Vitronectin Soluble

2.4. Complement Complexity

The complexity of complement is not only due to its composition or its numerous functions
(immune or non-immune) but also due to its ability to act extracellularly or intracellularly. Indeed,
although complement is often described as a set of plasma proteins mostly produced by the liver
and working in the extracellular compartment, recent studies showed a potential intracellular role of
its proteins, especially in T cells. In these cells, intracellular C3 and C5 can be cleaved into C3a and
C5a, impacting cell metabolism and homeostasis, the induction of a Th1 and CTL response but the
contraction of the T-cell response [17].

Furthermore, overactivation or deficiency of complement can trigger different pathologies, related
to inflammation, coagulation, abnormal immune response, or abnormal cell clearance. A deficiency of
some complement components can lead to an increased susceptibility to infections or auto-immune
diseases [5]. Complement overactivation is classically associated with kidney diseases such as the
atypical Hemolytic Uremic Syndrome (aHUS) and C3 Glomerulopathies [18], but also plays a role in
pathologies such as multiple sclerosis [19], age-related macular degeneration [20], sickle cell disease [21],
or schizophrenia [22], as well as with cancer [23].

3. Complement and Cancer

The complement components are mostly produced by the liver, but it is important to note that
both tumor and stromal cells also have the ability to produce complement proteins. Thus, their
concentration inside the tumor is both due to the contribution of the systemic compartment and the
local production by the different cell types.

Analysis of complement gene expression in thirty different cancers revealed consistent patterns of
expression: a high expression of genes coding for classical and alternative pathway; high expression of
regulators and a low expression of the lectin pathway and the terminal pathway genes [3]. These data
suggest that the tumor could benefit from the early complement proteins but then sets up brakes to
avoid any deleterious effector functions. This study is in line with previous observations of an abnormal
expression of complement proteins in different type of cancer, especially C1 complex [23], C3 [24],
C4 [25], C5 [24], C3aR [24], C5aR1 [24], FB [26], FH [27], FI [28], CD46 [29], CD55 [30], CD59 [30].
Bioinformatic analysis of the prognostic impact of the complement genes allowed to classify cancers
in four groups: protective complement (concomitant occurrence of favorable prognosis associated
with high expression of complement genes), protective C3 (favorable prognosis found only for high
C3 expression but not for the other genes), aggressive complement (concomitant occurrence of poor
prognosis, associated with high expression of complement genes) and uncertain significance of
complement (when no particular pattern is observed) [3] (Figure 2).
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Figure 2. Impact of the complement gene expression on the survival of patients with solid
tumors. ACC, adrenocortical carcinoma; BLCA, bladder carcinoma; BRCA, invasive breast carcinoma;
CESC, cervical squamous carcinoma; CHOL, cholangiocarcinoma; COAD, colon adenocarcinoma;
DLBC, diffuse large B cell lymphoma; ESCA, esophageal carcinoma; GBM, glioblastoma;
HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe carcinoma; KIRC, kidney
renal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LGG, lower grade
glioma; LUAD, lung adenocarcinoma; LUSC, lung squamous carcinoma; MESO, mesothelioma;
OV, ovarian serous cystadenocarcinoma; PAAD, pancreatic adenocarcinoma; PRAD, prostate
adenocarcinoma; READ, rectum adenocarcinoma; SARC, sarcoma; SKCM, skin cutaneous melanoma;
STAD, stomach adenocarcinoma; THCA, thyroid carcinoma; THYM, thymoma; UCEC, uterine corpus
endometrial carcinoma; UCS, uterine carcinosarcoma; UVM, uveal melanoma. The figure is created
with BioRender.com.

It seems that it is not possible to reach a general conclusion as for the pro or anti-tumor role of
the complement system. This context-dependent action is reflected by numerous studies, sometimes
contradictory, about complement and cancer.

3.1. Activation of Complement in the Tumor Microenvironment

In a tumor context, it is not well understood how the complement system is activated, but several
models show that the classical and alternative pathway components are found at a higher concentration
in the tumor microenvironment [31]. The tumor cells develop the ability to produce a set of complement
proteins and to hijack other proteins produced by host cells, to trigger the complement activation.
In clear cell Renal Cell Carcinoma (ccRCC), tumor cells produce C1r and C1s and use C1q secreted
by macrophages, in order to form a functional C1 complex and activate the classical pathway in
IgG-containing deposits [23] or on cell-bound pentraxin 3 (PTX3) [32]. The hypothesis that the
complement system could be activated by immunoglobulins is not new. In 1996, in thyroid carcinoma
the presence of IgG, together with C4d, C3d and C5-positive staining suggested tumor-specific classical
pathway activation [33]. In non-small cell lung cancer (NSCLC), IgM deposits are observed, pointing
to a potential binding of the IgM to the neoantigens present at the tumor cell surface and a triggering of
the classical pathway activation [34]. Furthermore, in human urothelial urinary bladder cancer, 50% of
tumors with high levels of IgG antibodies also display C1q [35]. Interestingly, in this high IgG and C1q
positive tumors, almost 40% also present membranous staining with an anti-C3a detecting antibody.
This study suggests the possibility that the activation of the classical pathway could be favorable for the
patient’s survival [35]. However, recent studies revealed that in lung and renal cancers the activation
of the classical pathway by intratumoral immunoglobulins is associated with poor prognosis [23,34].
Interestingly, C3aR and C5aR are likely expressed at the surface of most cell types in a tumor [36]
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suggesting that C3a and C5a could be used by the tumor cells to promote tumor growth. The activation
of the complement system leads to the regulation of the immune system but also amplification of tumor
cell invasiveness by acting on proliferation, migration, and epithelial-mesenchymal transition [37].

3.2. Role of Complement on Tumor Immunity

In the last decade, there was an increasing interest in the role of complement in cancer progression.
Even if the classical functions of this system are to favor cell killing, its role in cancer appears to be
mostly pro-tumoral. The first clue was the slower tumor growth in case of C3, C4 or C5aR deficiency
in a TC1 cancer mouse model [38].

Mouse models were, and still are, very useful to study the mechanisms of action and impact
of complement on immune cells in the case of cancer. Nevertheless, mouse models yielded some
contradictory findings, stressing the context-dependent role of complement in cancer. C3 and C3a
are reported to play an important role in cancer progression. Indeed, several studies using syngeneic
mouse models (melanoma, breast, and colon cancer [39], or hepatocellular carcinoma [40]) go in
the same direction. The C3 expressed notably by immune cells [41] enhances tumor growth by
promoting an immunosuppressive environment. Its cleavage product C3a supports the recruitment
of C3aR+ macrophages, and perturbation of C3a/C3aR axis disrupts immune infiltration, slowing
tumor growth [41]. C3a also promotes T-cell apoptosis, inhibition of T-cell proliferation, inhibition
of dendritic cell maturation, increasing of the macrophage and MDSC (myeloid-derived suppressor
cells) recruitment, leading to a reduction in the number of CD8+ T cells [41]. A recent study suggests
that C3b could impact tumorigenesis during chronic skin inflammation, in cutaneous squamous cell
carcinoma (cSCC) model, but independently of C3aR or the terminal pathway (C5a/C5aR1/C5aR2 and
MAC generation), likely by influencing tumor associated macrophages [42]. Another report suggests
that in colorectal cancer, only the C5a/C5aR1 axis and not C3, could play an important role in the
modulation of tumor immunity, by recruiting MDSC and promoting tumorigenesis [43]. Tumor cells
can produce C3 molecules, and this production leads to PD-L1 antibody treatment resistance [44].
This mechanism is described in a colon cancer mouse model and goes through a modulation of the tumor
associated macrophages response in order to repress anti-tumor immunity, via the C3a-C3aR-PI3Kγ

way. These studies highlight again how the complement response can be context—dependent and
even contradictory depending of the model and on the cancer types. The multitude of mechanisms by
which C3 affects tumor growth is important and must be taken into consideration in the process of
development of potential therapeutics [45].

The other anaphylatoxin, C5a, was largely studied too, for its role in tumor progression. Syngeneic
mouse models (cervical cancer, lung cancer, or breast cancer) revealed that C5a and its receptor
C5aR1 are involved in the recruitment of MDSC. C5a can amplify their capacities to produce reactive
oxygen species (ROS) and reactive nitrogen species (RNS) creating an environment favorable for the
suppression of the anti-tumor CD8+ T-cell mediated response [38]. In addition, the MDSC recruitment
favors the generation of Treg and Th2 response that can suppress the anti-tumor CD8+ T cells [46],
but also mediates production of the immunomodulators ARG1, CTLA-4, IL-6, IL-10, LAG3 and
PDL1 [47].

An important regulator of the intratumoral levels of C5a is PTX3; this molecule interacts with
C1q and FH to modulate the local complement activation. PTX3 is described as an oncosuppressor
in mouse models, inhibiting complement activation via FH recruitment, limiting the production of
C5a and CCL2 (a pro-inflammatory chemokine) and avoiding the recruitment of tumor-promoting
macrophages. The PTX3 deficiency leads to a chronic complement-mediated inflammation, favoring
spontaneous skin carcinoma development in a mice model [48]. On the other hand, in human cancer
context (ccRCC), a high expression of PTX3 is associated with lower survival rates [32]. The authors
explain it by the ability of PTX3 to activate the classical pathway, leading to the production of the
pro-inflammatory C3a and C5a. The role of PTX3 as an anti- or pro-tumoral molecule is not yet well
understood, but is context-dependent and may be different between mice and human. Interestingly,
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in ccRCC the complement system is activated via the classical pathway [23], but due to the presence
of CD59 regulators [32], the activation is limited and does not go to the C5b-9 lytic pore formation.
Therefore, tumor cells could benefit from a complement system activation, until a certain point.

This context-dependent role of the complement system is also true for the pro-inflammatory
C3a and C5a molecules that can have anti-tumor functions and appear to be crucial for a good
tumor response to radiotherapy [49]. In a carcinogen-induced cSCC model, C5a has an anti-tumoral
impact [42], while in a virus-induced mouse model of cSCC, C5a has pro-tumoral impact, with the
specificity to be generated independently of complement. The reason behind this phenomenon is
unknown. One possible explanation could be linked to the level of locally generated C5a. Indeed, in
a syngeneic lymphoma mouse model, the tumor cells producing low levels of C5a are more susceptible
to apoptosis and less proliferative, leading to a smaller tumor size. These tumors are associated with
an increase infiltration of granulocytes and macrophages and finally an increase IFNγ production
by CD4+ and CD8+ T cells in lymph nodes and spleen [50]. However, tumors with high levels of
C5a present an accelerated tumor growth with less CD4+ and CD8+ T cells, in the tumor, the spleen
and the tumor-draingin lymph nodes. This concentration-dependent impact of C5a requires further
exploration in different cancer contexts.

The complement system modulates the T-cell response in a tumor context but a role of complement
proteins on the B cell response was also recently described. To be efficient, the chemotherapy has
to induce a specific subset of B cells, the ICOS-L+ cells (Inducible T-cell Co-Stimulator Ligand) that
express the Complement Receptor 2 (CR2). The interaction of C3 fragments with CR2 promotes the
ICOS-L+ B cell generation. On the over hand, the over-expression of CD55 (a complement regulator)
inhibits the complement activation and prevents the formation of ICOS-L+ B cell [51]. In this context,
the activation of the classical pathway through the binding of the C1 complex and immunoglobulins
produced by B cells, though, has not been investigated.

3.3. Impact of Complement on Tumor Cells

The tumor cells have the ability to produce complement proteins that can stimulate tumor growth
directly, independently of the cascade activation. Tissue staining and transcriptomic analysis reveal
that in many cancers types the presence of complement proteins is associated with a worse outcome
for the patient.

3.3.1. Native Proteins

C1q is a multitasking protein that has a strong direct impact on tumor cells, positively and
negatively affecting their biology. In human prostate, breast, cancer or neuroblastoma, anti-tumor role
of C1q is described, as an apoptosis inducer. C1q activates WWOX, a tumor suppressor gene, then the
phosphorylated form of WOX1 accumulates in nuclei and sends anti-proliferative and pro-apoptotic
signals [52,53]. This function is also described in ovarian cancer. By using its globular domains,
C1q induces apoptosis via TNF-α (Tumor Necrosis Factor) and Fas [54]. In contrast, in melanoma,
C1q favors proliferation and migration of tumor cells, increases metastasis, and decreases survival [55].
These data on C1q highlight the possible context-dependent action in different types of cancer.

FH is mostly studied on lung and cSCC. In addition to protecting tumor cells from
complement-mediated cytotoxicity, FH promotes cell migration [56]. However, FH deficient mice
develop spontaneous hepatic tumors, suggesting an essential role of FH to control unwanted
complement activation in the liver to avoid a complement-mediated chronic inflammation [57].

In cSCC, knock-down of C1s, C1r, FB, FH and FI exerts similar effects on the tumor growth.
These proteins seem to be implicated in the promotion of the tumor cell proliferation, migration,
and survival, via the activation of the signaling pathways PI3K and Erk 1/2 [28,56]. In ccRCC, tumor
cells also produce a large spectrum of complement proteins [34], but whether they exert any function
within the cells as for the cSCC remains unknown. Several types of tumors express complement proteins
that seem to be produced by tumor cells, except for C1q (which usually comes from macrophages) [24].
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The most logical suggestion is that complement proteins will be secreted in the tumor microenvironment
and will activate the cascade, by hijacking C1q from the macrophages, as we found in ccRCC [23].
Nevertheless, another hypothesis is also possible: these proteins could remain within the cell and form
an intracellular complement, or a “complosome” as suggested already for the T cells [58]. Although
provocative and controversial [4,59], this hypothesis needs experimental verification, since compelling
evidence suggests that at least C3 and C5 can be cleaved within the T cells, modulating their functions.
If proven possible, intracellular and extracellular complements could act together to promote/control
tumor growth. Moreover, some of the complement proteins are multitasking effectors, with functions
outside of the complement cascade [55], which adds to the diversity of the complement proteins actions
in cancer.

3.3.2. Activation Fragments

The recognition of the anaphylatoxins by their receptors (C3aR, C5aR1 and C5aR2) present at the
surface of some tumor cells leads to the activation of the signaling pathways PI3K, Erk 1/2 and AKT.
The activation of these pathways favors the proliferative, survival and invasive properties of tumor
cell [60]. The ability of ovarian or lung tumor cells to produce these anaphylatoxins suggests a possible
autocrine activation of the cells [61]. In addition to the impact in cell proliferation, an increase of
the cell migration is also observed through the C3a-C3aR recognition in melanoma [39] or through
the role of C5a in development of metastasis. Indeed, in mouse models, C5 deficiency drastically
decreases the hepatic metastasis in colorectal cancer [62] and C5aR facilitates the lung metastasis in
breast cancer [46]. This impact on cancer metastasis can be explained by another function of C5a.
The C5a-C5aR axis directly impacts the tumor cell cytoskeleton, the cells gain in motility and release
some metalloproteinases (MMP) [63]. The MMP are well known to contribute to the cell migration,
invasion, and metastasis. Furthermore, MMP can activate the complement system by interaction with
the globular domains of C1q [64].

The anaphylatoxins are not the only complement proteins involved in cancer progression.
Most frequently in a tumor context, the complement activation is stopped before the formation of the
MAC. Nevertheless, even when the lytic pore is assembled, the tumor cell could escape from the lysis
by activating the PI3K, AKT, Erk1/2, p70 S6 kinase signaling pathways. This results in an inhibition of
the apoptosis, and finally favors the tumor progression [65].

3.4. Role of the Complement on Angiogenesis

Neo-angiogenesis is critical for the tumor growth, by supplying tumor cells with oxygen and
nutriments. This parameter is directly linked to the tumor aggressiveness [66]. Recently, a new role of
C1q, independently of complement activation, was described. Subcutaneously injected cancer cells
form tumors, which in the C1q deficient mice present a disrupted vasculature architecture that could be
linked to VEGF-C (vascular endothelial growth factor C) expression [23,55]. This function is, though,
also context-dependent, because in a spontaneous model of breast cancer, C1q-/- mice have enhanced
neoangiogenesis and hence, bigger tumors [53]. These roles were recently described and still not
well understood. The role of the anaphylatoxins C3a and C5a in angiogenesis is better characterized.
In a mouse model, a C3 deficiency induces, just like C1q, an alteration of the vasculature architecture,
in connection with VEGF expression [67]. Additionally, C5a promotes the migration, proliferation,
and vessel formation by endothelial cells [68]. The pro or anti-angiogenic role of complement is
controversial. Indeed a mouse model of mammary carcinoma, it was shown that C3 activation can
impair the angiogenesis [69] as well as C1q [53].

To conclude, the complement system is involved in the key processes of the tumor progression:
immunity, angiogenesis and tumor cell proliferation and spreading. Depending of the cancer types
and the complement molecule, various pro- and anti-tumoral functions are described (Figure 3).
This multitude of actions is a perfect example of the complexity of the complement system that we
need to understand better.
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Figure 3. Overview of the complement functions in the context of cancer. In a tumor context,
the complement system may impact the immunity, angiogenesis and the phenotype of the tumor cells.
Immunity: the same complement proteins may impact several immune cells positively or negatively
depending of the model or cancer type. The pro-tumoral activity is mostly involved in the recruitment
of immune cells and in the suppression of their anti-tumoral response. The anti-tumoral activity is
linked to an improvement of the response to therapy and an increase in the immune cells infiltration.
Angiogenesis: depending on the model, the complement proteins may promote or hamper tumor
growth by favoring or inhibiting the neoangiogenesis. Tumor cells phenotype: by modulating the
signaling pathways Erk1/2, AKT and PI3K the complement proteins stimulate tumor growth. In other
models, the modulation of other signaling pathway (WWOX and FAS) by complement proteins favor
the apoptosis of tumor cells. The figure is created with BioRender.com.

3.5. Complement Biomarkers in Patients with Cancer

In cancer, complement components can be up-regulated or down-regulated (Table 2).
Their overexpression is found at each step of the complement cascade: C1 complex (C1q, C1s),
MBL complex (MBL, MASP2), alternative pathway (FH, C3), anaphylatoxins (C3a, C3a desArg, C5a,
C3aR, C5aR1) and regulators (CD46, CD55, CD59). The down-regulation of complement proteins and
particularly complement regulators is reported inside certain tumors, especially in ovarian cancer.
Tumor cells develop several mechanisms to escape from MAC formation while benefiting from the
complement activation (production of anaphylatoxins, C1q, etc.). Killing by MAC is prevented in
general by overexpression of regulators and down-regulation of the terminal complement components,
forming the C5b-9 complex. This appears as a general pattern, observed in transcriptomic profiles of
numerous cancer types [3]. Indeed, the lack of terminal complement molecules (such as C7) would
prevent the formation of the MAC [70]. MAC blockage can also be triggered by the Heat shock protein
90 (Hsp90). This protein directly interacts with the C9 molecules, are sequestered, preventing the
polymerization and formation of the MAC [71].
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Table 2. Overview of the different modifications of expression of complement proteins in a tumor
context. The upper part of the table summarizes the overexpression of complement proteins described
in different cancer types. The overexpression of complement proteins occurs at each step of the
complement cascade: classical pathway, lectin pathway, alternative pathway, anaphylatoxins, MAC and
regulators. The lower table summarizes the down-regulation of complement proteins described in the
literature. The down-regulation of complement proteins involves the classical and alternative pathway,
and complement regulators.

Overexpression

Molecule Type of Cancer Mechanism of Action Ref.

C1q Glioblastoma Plasma: increased C1q in the sera of patients in
comparison with healthy controls. [72]

C1s
Lung cancer Plasma: increased levels of C1s in plasma of lung

cancer patient in comparison with controls [73]

Prostate cancer Tumor: Up-regulation of C1s expression in prostate
tumors compared to matched normal prostate tissues [74]

C4 Lung cancer Plasma: elevated C4 levels in cancer patients in
comparison to control group [75]

C4a Papillary
thyroid cancer

Plasma: increased C4a in the sera of patients in
comparison with healthy controls. [76]

C4d
Lung cancer Bronchial fluid: Higher levels of C4d in cancer patients

than patients with control group. [77]

Lung cancer Plasma: Higher levels of C4d in cancer patients than
patients with benign nodules. [25]

C3

Lung cancer Plasma: elevated C3 levels in cancer patients in
comparison to control group [75]

Neuroblastoma Plasma: elevated C3 levels in cancer patients in
comparison to healthy donors [78]

Pancreatic ductal
adenocarcinoma

Tumor: Higher levels of C3 protein in cancerous
tissues than in adjacent normal pancreatic tissues [79]

Pancreatic cancer Tumor: Higher levels of C3 protein in cancerous
tissues than in normal pancreatic tissues [80]

C3a Esophageal
cancer

Plasma: Higher C3a levels in patients than
healthy donors [81]

C3a desArg Breast cancer Plasma: Higher C3a desArg level in patients than
healthy donors [82]

C5a Non-small cell
lung cancer

Plasma: Higher C3a levels in patients than
healthy donors [47]

C5aR1 Gastric cancer Tumor: higher expression of C5aR1 in gastric tumoral
tissues than in adjacent non-tumoral tissues [83]

FH

Squamous lung
cancer

Plasma: Up-regulation of FH in uranium exposed
miners in comparison with exposed miners without

lung disease
[84]

Lung cancer Bronchoalveolar lavage: Higher concentration of factor
H in lung cancer patients than controls [85]

Cutaneous
squamous cell

carcinoma

Tumor: FH is more expressed in invasive cSCC than
normal skin or in situ cSCC. [56]

Bladder cancer Urines: FH and FH related protein are markers for
bladder cancer [86,87]

FI
Cutaneous

squamous cell
carcinoma

Tumor: FI is more expressed in invasive cSCC than
normal skin or in situ cSCC. [28]

C9 Squamous cell
lung cancer

Plasma: C9 and its fucosylated form are significantly
higher in SQLC patients, as compared to

healthy control
[88]

CD46 Colon cancer Tumor: CD46 is higher in colon cancer tissues
compared with normal adjacent colon tissues [89]

CD55 Colon cancer Tumor: CD55 is higher in colon cancer tissues
compared with normal adjacent colon tissues [89]

CD59 Colon cancer Tumor: CD59 is higher in colon cancer tissues
compared with normal adjacent colon tissues [89]

MASP2 Ovarian tumor Tumor: MASP2 gene expression is higher with ovarian
cancer compared with controls [90]

MBL
Colon tumor Plasma: MBL2 levels increases in patients compared to

healthy blood donors. [91]

Ovarian tumor Tumor: MBL2 gene expression is higher with ovarian
cancer compared with controls [90]
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Table 2. Cont.

Underexpression

C1s
Ovarian cancer Tumor: Down-regulation of C1s mRNA in ovarian

tumor vs healthy control [92]

Ovarian cancer Tumor: Down-regulation of C1s expression in stage III
serous ovarian carcinoma compared to normal tissue [93]

Lung cancer Tumor: decrease expression in lung tumor tissues in
comparison with peritumoral tissues [73]

C4BP Ovarian cancer Tumor: Down-regulation of C4BPA mRNA in ovarian
tumor vs healthy control [92]

C7 Ovarian cancer Tumor: Down-regulation of C7 mRNA in ovarian
tumor vs healthy control [92]

FB Glioblastoma Plasma: decreased level of FB in GBM [72]

FI Gastric cancer

Plasma: FI is significantly lower in gastric cancer sera
compared to normal sera. Declining expression with

the advanced pTNM stage from stage I to IV of gastric
cancer patients

[94]

FH
Colon cancer Plasma: Decrease in FH protein level in the serum of

colorectal cancer patients vs. normal control [95]

Ovarian cancer Tumor: Down-regulation of FH mRNA in ovarian
tumor vs healthy control [92]

CD55 Ovarian cancer Tumor: Lower expression of CD55 in ovarian cancer
than in control [30]

The modifications of expression are not only found locally inside the tumor but also in the systemic
compartment. This characteristic is important for cancer patients and could be helpful in the future to
classify the patient and adapt the treatment with a blood test. Even if this perspective is interesting,
it is important to note that an increase or decrease of protein expression in the systemic compartment
does not necessarily mean that a similar modification occurs locally inside the tumor. The correlation
between the situation inside the tumor and in the plasmatic compartment has to be studied to better
understand the actions of complement proteins in a tumor context.

4. Therapeutic Aspects

The bioinformatic analysis, even if it needs biological confirmation, shows us that the tumors are
not all equal in the context of complement activation. This has to be considered for the development of
new complement-affecting anti-cancer therapy [24].

4.1. Complement Inhibitors

Considering all the data, the complement inhibition and specifically the anaphylatoxins inhibition
could be a promising treatment for patients with certain cancers. Currently, the only complement
inhibitors approved are acting at the level of C5, such as Eculizumab [96]. It allows complement
activation but without the formation of the C5a anaphylatoxin and the membrane attack complex.
On the other hand, it appeared that to have an effective response to treatment like chemotherapy and
radiotherapy, a low level of complement activation is needed [49,51]. Another complement blocking
agent is PMX53 that can block the C5aR1 and allow a reduction of the tumor size, in lung and melanoma
mouse models. This molecule also reduces the metastasis in pancreatic model. Nevertheless, these
positive effects are not universal and are dependent on the cancer type [24]. As we discussed earlier,
the complement activation sets an immunosuppressive microenvironment, so it will be interesting
to combine anti-complement therapy with immune checkpoint inhibitors, to reverse this effect [97].
The involvement of C1q in several anti-tumor functions and the potential of the enhancement of the
complement-mediated cytotoxicity (strong enough to form the MAC and to kill tumor cells) could be
interesting for potential therapeutics. To improve the C1q activation, a new generation of therapeutic
antibodies is currently being developed, as IgG hexamers [98].
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4.2. Therapeutic Inhibition of C5aR1 on Tumor Cells Versus on Immune Cells

The anaphylatoxins receptors are present at the surface of the immune cells and at the surface
of some tumor cells. C5a can interact with two different receptors, C5aR1 and C5aR2, with opposite
functions. C5aR1 seems to have pro-tumoral role, whereas C5aR2 has more limited impact but tends
to modulate the tumor growth [14].

A common mechanism of action of the C5a-C5aR1 axis is to induce an immunosuppressive
microenvironment by recruiting cells that will inactivate the effector T cells. Even if the immune
checkpoint inhibitors (anti-PD1/PD-L1) have the ability to reinvigorate the exhausted effector T cells,
they cannot reverse the immunosuppressive environment set up, explaining why these drugs are not
working equally between patients [99]. The positive effect of combined therapy was first confirmed
in mouse lung, melanoma, and colon cancer models [97,100]. Since 2018, a clinical trial in lung
and liver cancers using C5aR1 and PD-L1 inhibitors is in progress (Avdoralimab plus Durvalumab:
STELLAR-001 clinical study, NCT03665129) [101]. The concept is to block C5aR1, expressed on subsets
of MDSC and neutrophils, unleashing thus the anti-tumor activities of the T cells and NK cells. The first
results of this clinical trial are encouraging [101]: reduction of the tumor growth, of the metastatic
capacity and increase of patient’s survival.

Even if C3aR and C5aR seem to be interesting targets for cancer treatment, it is important to
recall that depending on the cancer their actions are not the same. Indeed, the study of the literature
highlights cancer types with pro-tumor effects of C3aR/C5aR and others, with anti-tumor effects.
The lung, colon, ovarian or breast cancer are often described as cancer with aggressive complement,
implicated in the tumor development [102]. In parallel in these same cancers, the importance of
a small amount of C3aR/C5aR seems to be necessary for a good response to radiotherapy [49]. Overall,
for tumor cells C3aR/C5aR is needed for the growth, but these molecules are also needed for a good
immune response as well as T-cell activation [103,104]. A treatment involving the C3aR/C5aR blocking
must be well thought out, it is necessary to find an equilibrium between the positive impact that can
have on tumor cells but without completely shutting down the T-cell response.

4.3. Complement Activation-Enhancing Therapeutic Antibodies

Monoclonal antibody (mAb)-based immunotherapy has shown promising results. Especially
the anti-CD20 molecules in the context of hematological tumors. Their benefit is due in part to their
ability to activate complement-dependent cytotoxicity through their Fc part [105]. In this review, we
were focused on the impact of the complement system in solid tumors, but it is important to note
that it plays also a role in hematological malignancies and especially on the response to therapy.
The treatment of such tumors is with anti-CD20 [106], anti-CD52 [107] and anti-CD38 [108]. To be
efficient these therapies are based on the mechanisms of complement-dependent cytotoxicity and
complement-dependent cell-mediated phagocytosis [109]. However, in this type of cancers there often
occurs complement deficiencies [110] with overexpression of complement regulators [111]. These data
highlight one more time the high ability of the tumor cells to adapt their microenvironment for their
development. In vitro, binding of submaximal C1q promotes complement-dependent cytotoxicity
(CDC) of B cells opsonized with anti-CD20 mAbs Ofatumumab or Rituximab. Even if Rituximab
allows complement activation via C1q binding, the amount of C3b deposition at the cell surface is not
enough to generate the MAC, contrary to Ofatumumab, which is more effective to induce CDC [112].

It has been demonstrated that a single amino acid substitution in the IgG-Fc domain favors the
formation of IgG hexamers, called HexaBodies [98]. These molecules bind more efficiently C1q [9],
induce a strong complement activation and the CDC response even in presence of low level of C9
molecule [113]. Furthermore, very recent research showed that a hetero-hexamerization is possible,
two m-Ab (anti-CD20 and anti-CD37) can cooperate to bind C1q and synergize their response to induce
a superior CDC [114].

Another strategy is to use bi-specific antibodies. Such antibodies can recognize two different
epitopes, for example one tumor-specific and the other one targeting complement membrane regulator.
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Bi-specific antibodies were recently developed to induce the complement cytotoxicity, by the recognition
of the properdin (the positive regulator of the alternative pathway, able to stabilize the C3 convertase
at the cell surface) and the EGFR (Epidermal growth factor receptor) [115]. Even if this antibody
induces an increase of C3b deposition, the large presence of complement inhibitors at the tumor cell
surface protects the tumor cell against the complement cytotoxicity. Another bi-specific antibody was
engineered to target HLA-class I and CD55and showed an increase of C3c deposition on colorectal
cancer, compared to the antibody alone or a mix of the two [116]. This technology uses the properties
of C1q to work more effectively when the density of epitope is higher. The bispecific Ab technology
has led to several inventions as well as the creation of a modular bi-specific platform: one unique
arm recruits C1q, associated with multiple other arms able to recognize B cells, T cells or also bacteria.
This platform could be applicable for diverse pathologies (infection to cancer) [117].

These new ways to engineer antibodies open doors for very interesting combined therapies.

4.4. Activation Versus Inhibition of Complement in Cancer

The available data have to be taken with caution, as most of it comes from mouse models,
which are not always in line with the human pathology. For example, mouse models of melanoma [39],
sarcomas [48] and liver [57] cancer show that complement overactivation favors tumor growth,
while the transcriptomic analysis of human cancers positions them in the group, where the complement
activation is potentially anti-tumoral. Detailed studies in patient cohorts will be critical to resolve
this contradiction.

It is very important to always evaluate the harm-benefit ratio. The different cancer types are not
equivalent and, even inside the same type of cancer, the patients are not equal and a good treatment
for one patient can be inefficient or even deleterious for others. The obvious risk of using complement
inhibitors is that the killing of the tumor cells by the cascade, triggered by anti-tumor neoantigens
antibodies, will be impaired. This mechanism could be operating in some contexts, such as the case of
anti-FH antibodies in NSCLC [118]. Cancers, in which complement inhibition could be undesirable
could be the ones with a positive correlation between the IgG and C1q deposits and a prolonged
survival. It is likely that in these types of cancer C5b-9 deposits will be present and will be able to kill
the tumor cell. This can be achieved either by the natural history of the tumor progression or after
the action of certain drugs. Complement activating anti-tumor cells antibodies will be beneficial in
such cancers as well. It is difficult to predict which patients could benefit from this approach. If our
classification of the cancers based on the concomitant overexpression of complement genes and their
correlation with prognosis is considered, the tumors in the complement protective group (Figure 2)
should fall into this category. We still need experimental validation of this concept and staining for
complement in these types of tumors. Interestingly, it is already known that in sarcoma and melanoma
the presence of tertiary lymphoid structures, containing IgG-producing B cells, in the human tumors
correlates with a favorable outcome and response to checkpoint inhibitors [119]. Whether complement
plays a role in this process remains to be defined.

On the other part of the spectrum are the tumors in which complement overexpression correlates
with poor prognosis [24], and in which complement activation was experimentally proven to be
associated with poor prognosis, such as ccRCC [32], lung cancer [120] or potentially the gliomas.
In these cases, complement inhibition may be beneficial for the patients. In these patients, application
of therapeutic antibodies with enhanced complement activating capacity may be dangerous, because
the cancer cells are very well adapted to resist to complement-mediated killing and benefit from the
chronic inflammation. At least in ccRCC, the IgG deposits on tumor cells trigger the local complement
activation without MAC formation.

The results of the STELLAR-001 clinical trial (anti-C5aR1 Avdoralimab + anti-PD-L1 Durvalumab)
will be of great interest. Positive or negative results in lung and liver cancers may not necessarily
be applicable to other cancers, for which separate studies have to be performed. Interestingly, liver
cancer (HCC) belongs to the “Protective complement” group (in optimal cutoff) (Figure 2), where the
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concomitant overexpression of complement genes is rather associated with a favorable outcome, while
in the NSCLC complement activation, measured at protein level, is associated with poor prognosis [120].
Staining for complement is needed in HCC in order to understand its mechanism of action in this type
of cancer.

In any case, due to the pleiotropic effects of complement, it is complicated at present to predict
whether and to what extend complement modulation will be beneficial or harmful in patients with
cancer. This is, therefore, an exciting area of research with a great future potential.

5. Conclusions

Recent discoveries in the complement system are very challenging. The complement proteins
act everywhere in the body, extracellularly and intracellularly, they have functions related to the
complement activation or independent of it. This new understanding just adds to the already known
complexity and plurality of this system. The actions of complement in the tumor context are diverse:
action on the immune cells, on the cancer cells and also action on angiogenesis. What this review
highlights is the complexity of these functions that can sometimes be opposite depending on the
cancer type. It appears that the complement activation mostly has pro-tumor effects, but its complete
inhibition may not be always desirable. Indeed, a good response to treatment (chemotherapy or
radiotherapy) needs low level of complement activation for the setting of an anti-tumor immunity.

To conclude, it appears clear that the complement system has to be considered for the development
of new therapies. However, a large spectrum of complement modulators are entering the market,
opening numerous possibilities in cancer therapy [3].
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Abstract: Unconjugated monoclonal antibodies (mAb) have revolutionized the treatment of B-cell
malignancies. These targeted drugs can activate innate immune cytotoxicity for therapeutic benefit.
mAb activation of the complement cascade results in complement-dependent cytotoxicity (CDC) and
complement receptor-mediated antibody-dependent cellular phagocytosis (cADCP). Clinical and
laboratory studies have showed that CDC is therapeutically important. In contrast, the biological role
and clinical effects of cADCP are less well understood. This review summarizes the available data on
the role of complement activation in the treatment of mature B-cell malignancies and proposes future
research directions that could be useful in optimizing the efficacy of this important class of drugs.

Keywords: complement; cytotoxicity; phagocytosis; monoclonal antibody; B-cell lymphoma;
chronic lymphocytic leukemia (CLL)

1. Introduction

Unconjugated monoclonal antibodies (mAb) have an important clinical role in the management of
mature B-cell malignancies [1–5]. The major mechanism of action of the mAbs targeting CD20, CD38,
and CD52 surface antigens on B cells is activation of innate immune cytotoxicity. mAb-opsonized B cells
can undergo Fc-induced cellular cytotoxicity by fixed macrophages via antibody-dependent cellular
phagocytosis (ADCP) or by NK cells through antibody-dependent cellular cytotoxicity (ADCC), two of
the major mechanisms of innate immune cytotoxicity [6–17]. A third major mechanism of innate immune
cytotoxicity is mediated via activation of complement, thereby promoting complement-dependent
cytotoxicity (CDC). In this proteolytic cascade [18,19], the lymphocytes are killed after downstream
generation and binding of membrane attack complexes (MAC) which permeabilize the cell membrane.
The details of these reactions can be found within this special issue, Figure 1 in the review by Golay
and Taylor, and Figure 16 in the review by Taylor and Lindorfer. The B cells can also be killed
via activation of ADCP by effector cells through complement receptors (CR) binding to C3-derived
fragments covalently attached to the surface of target cells (cADCP) (Figure 1) [19–24].
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Figure 1. Overview of cytotoxic mechanisms underlying mAb-mediated complement fixation.
Depiction of type I anti-CD20 mAb binding to surface of target cells. Complement-dependent
cytotoxicity (CDC) occurs following formation and binding of multiple copies of the membrane attack
complex (MAC) on the target cell surface downstream of mAb-induced initiation of the complement
cascade. Target cell killing by complement receptor-mediated antibody-dependent cellular phagocytosis
(cADCP) results from mAb-mediated deposition and covalent binding of C3 activation fragments to
the cell surface, which are in turn recognized by complement receptors (CR3 is shown) which trigger
activation of phagocytic pathways in phagocytes such as macrophages.

We will review the clinical data on the role of complement activation by mAb in the treatment
of mature B-cell lymphoid malignancies and our current understanding of the role of activation of
complement in killing malignant B lymphocytes.

2. Complement-Activating Therapeutic mAb

The development of rituximab, the prototype unconjugated chimeric (mouse Fab2/human IgG1 Fc)
anti-CD20 mAb, was the culmination of a multi-decade effort to utilize mAbs to treat malignancies
of the immune system and autoimmune disease [25–27]. Use of rituximab for the treatment of
mature B-cell lymphoid malignancies (FDA approval 1997) caused a paradigm shift in treatment of
B-cell lymphomas [26]. Rituximab monotherapy was tolerable and achieved durable responses in
the treatment of indolent B-cell lymphomas but was not curative. Combination of rituximab with
standard chemotherapy regimens as chemoimmunotherapy (CIT) significantly improved treatment
outcomes, including survival, in aggressive diffuse large B-cell lymphoma which is a potentially curable
disease [1,2]. This success was followed by a plethora of concomitant and sequential mAb-containing
treatment regimens, some of which have significantly improved treatment outcome and patient
survival [3–5].

Next-generation anti-CD20 mAbs were developed to overcome the perceived limitations of
rituximab. The fully human IgG1 wild-type Fc mAb ofatumumab (FDA approved 2009) was selected
for improved CD20 binding properties (decreased off rate) and proximity of binding to the cell
membrane, both of which increased complement activation [28,29]. In contrast, the development
strategy for the humanized anti-CD20 mAb obinutuzumab (FDA approved 2013) was to optimize
NK cell-mediated ADCC [30]. This was achieved through glycoengineering to defucosylate the
human IgG1 Fc carbohydrate moiety, which substantially increased Fc receptor (FcR) affinity [30].
Obinutuzamab is not an efficient complement-activating mAb [30]. There is minimal published
direct comparative data on the clinical efficacy of rituximab, ofatumumab and obinutuzumab as
monotherapies, in CIT, or in combination with other targeted therapies.

28



Antibodies 2020, 9, 68

Alemtuzumab (FDA approval 2001), a humanized rat anti-CD52 mAb utilizing wild-type human
IgG1 Fc [31], is highly effective at killing circulating B and T lymphocytes by activation of both
complement- [32] and cell-mediated cytotoxicity [13]. Alemtuzumab is an effective monotherapy for
relapsed/refractory chronic lymphocytic leukemia/small lymphocytic lymphoma (CLL) patients [33,34].
Unfortunately clinical utility was limited by short durations of response and increased risk of
opportunistic infections secondary to T cell depletion [35,36]. Alemtuzumab therapy of CLL has been
largely superseded by targeted small molecule inhibitors but it remains an important treatment option
for other rare B-cell malignancies such as B-cell prolymphocytic leukemia [37].

Daratumomab (multiple myeloma FDA approval 2015) is a fully human IgG1 mAb targeting
CD38 that could have a role in treatment of other CD38-positive B-cell malignancies [38]. Daratumumab
was selected because of its ability to activate complement [39]. In contrast, isatuximab, the second
anti-CD38 mAb FDA approved for treatment of plasma cell diseases, does not appear to induce
significant CDC in primary multiple myeloma cells [40].

mAbs are now an integral component of targeted therapy of B-cell malignancies based largely
on very promising data from clinical trials. However, a better understanding of the mechanisms of
action of these valuable drugs and the B-cell characteristics that determine sensitivity and resistance to
mAb-mediated cytotoxicity is needed to continue to improve their efficacy. This knowledge should
then allow for rational development of combination therapy with other drugs. These data will be
critical for designing and testing regimens that can exploit orthogonal cytotoxic mechanisms so as to
eliminate resistant subclones of malignant B cells and improve patient outcomes.

3. Mechanism of Action of mAb

Although mAb-containing treatment regimens are now standard of care for many diseases,
their mechanisms of action and how pathological B cells evade their cytotoxic effects are not well
defined. The mAb described above have limited or no direct cytotoxic effects and their therapeutic
effects result primarily from activation of innate immune cytotoxicity [21,41–46].

Complement activation results in generation of MAC that can cause target cell lysis or necrosis.
This has been demonstrated in vitro for mAb with wild-type IgG1 constant regions including rituximab,
ofatumumab, alemtuzumab and daratumumab [21,28,39,45]. Although mAb-induced CDC can rapidly
(within minutes) kill a large fraction of targeted B cells in vitro, the therapeutic significance of
this mechanism in treatment of human lymphoid malignancies is not well defined [21]. There is
circumstantial evidence that mAb-induced CDC is partially responsible for clearance of circulating B
cells in patients with B-cell malignancies, but the role of complement activation and killing of malignant
lymphocytes via generation of the MAC in lymphoid tissues is poorly understood.

Initial in vitro studies of rituximab-mediated cellular cytotoxicity demonstrated circulating human
mononuclear cell-mediated ADCC of rituximab-opsonized B cells [47]. Subsequent studies showed
that the primary mediators of this in vitro ADCC were NK cells [44]. A recently published study
suggests that circulating NK cells have a low cytotoxic capacity and that NK cell ADCC is unlikely to
be an important mechanism of mAb-induced clearance of circulating malignant B cells [14]. In contrast,
ADCP mediated by fixed macrophages in the spleen and liver (Kupffer cells) has high cytotoxic capacity
and plays a major role in rituximab-mediated clearance of circulating B cells [9–16]. ADCP activated
by rituximab Fc binding to macrophage FcR is well described, but the role of activation of ADCP via
the binding of complement C3b and its derivates to CR3 and CR expressed by macrophages is less well
understood [14,16,22]. The relative role of CDC versus cADCP in the clinical activity of rituximab and
other complement-activating anti-CD20 mAb is also not known.

The recognition that the major cytotoxic mechanism of anti-CD20 mAb is the innate immune system
has profound consequences. Foremost among these is the likelihood that the finite cytotoxic capacity
of the innate immune system limits the therapeutic effect of each dose of mAb and that subsequent
“exhaustion” could have deleterious effects on therapy. We recently reported that hypophagia,
the autoregulatory macrophage feedback mechanism that limits phagocytic capacity [16], could in
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part explain the observed rapid but finite clearance of CLL cells from the circulation by rituximab
and ofatumumab [48–51]. Recovery of phagocytic activity in vitro as measured by quantitative ADCP
assays takes approximately 24 h [13,16], a time scale similar to that observed in clinical trials using
high-frequency low-dose rituximab therapy [48,51]. The cytotoxic capacity of activated complement
via CDC and cADCP [23,24] during mAb therapy for B-cell malignancies is not well defined. A better
understanding of the cytotoxic capacity of cADCP and the mechanistic overlap with Fc-FcR-mediated
ADCP will be critical to developing therapeutic regimens that optimize mAb therapy. The goal of this
optimization would be to develop therapeutic regimens that optimize patient outcome by maintaining
a continuous rate of innate immune cytotoxicity without inducing “exhaustion”.

4. Complement Activation and CDC

The therapeutic effect of mAb activation of complement is determined by mAb pharmacokinetics
and pharmacodynamics, availability of complement, target cell antigen expression and intrinsic target
lymphocyte susceptibility to complement-mediated cytotoxicity.

4.1. Pharmacokinetics

Human Fc wild-type IgG mAbs are cleared from the circulation by the liver and spleen in a
manner similar to the mechanism of clearance of endogenous IgG and in addition by ligation to target
cells [52]. In patients with circulating malignant B lymphocytes, the rate of clearance of the first
dose of anti-CD20 mAb is proportional to the amount of circulating CD20 available for ligation [50].
Although there is a correlation between low post-treatment serum mAb concentration and poor clinical
response [53], there are no mechanistic data showing that these low serum mAb levels are responsible
for treatment failure. In patients treated with current standard doses of anti-CD20 mAb, serum levels are
consistently higher than required to saturate target binding in the circulation [14,44,50]. This suggests
that the lower serum concentrations seen in patients with poorer prognosis are indicative of higher
tumor burden rather than an inadequate therapeutic dose and that increasing the dose of mAb is
unlikely to have any beneficial therapeutic effect. In contrast, there are limited published data on mAb
concentrations achieved in lymphoid tissue and the ability of mAb to achieve complement-activating
concentrations in malignant lymphoid tissue has not been reported. The possibility that lymphoid
tissue mAb levels are not sufficient to activate complement requires further evaluation.

4.2. Pharmacodynamics

mAb currently used to treat B-cell malignancies vary widely in their ability to activate complement.
mAb that bind ligand epitopes closer to the cell membrane (e.g., ofatumumab) are more likely to
mediate membrane capture of activated complement components. Although ofatumumab has similar
binding affinity for CD20 compared to rituximab, it has a slower off rate, resulting in more durable
binding and binding stoichiometry that causes closer association of multiple mAb Fc regions which
further increases its ability to activate complement [29,54–57].

mAb ability to activate complement is determined by target cell membrane ligand density and the
ability to generate the hexameric Fc configuration that efficiently activates C1q [55,58]. For example,
complement activation by rituximab in CLL, a disease characterized by low cell membrane CD20 density,
is considerably less than in other B-cell lymphomas with higher CD20 density such as follicular cell
lymphoma. The type I (complement-activating) [59] anti-CD20 mAbs rituximab and ofatumumab bind
cell membrane CD20 dimers at a ratio of 2:1 to form mAb superstructures, which then concentrate on
the cell membrane (forming lipid rafts) to efficiently activate complement as shown in Figure 2 [55,57].
In contrast, the type II (non-complement-activating) [59] anti-CD20 mAb obinutuzumab binds CD20 at
lower ratios of 1:2, does not induce lipid rafts or formation of mAb superstructures and is not able to
efficiently activate complement [56,57,60].
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Figure 2. Anti-CD20 monoclonal antibody (mAb) ligation and activation of complement. (A) CD20 molecules
form homodimers in the B-cell membrane. Rituximab (RTX) and obinutuzumab (OBI) ligate the
long extracellular loop (ECL). RTX binds the long ECL in an area near the short ECL. OBI binds
the long ECL in an area away from the short ECL. Ofatumumab (OFA) ligates the short ECL of the
CD20 molecule. Type I complement-activating anti-CD20 mAb (RTX and OFA) Fabs can bind to two
adjacent CD20 dimers. In contrast, the non-complement-activating anti-CD20 OBI binds only one
CD20 dimer, resulting in a different Fc orientation to type I mAbs. (B) Model of the extracellular view
from the top showing that type I anti-CD20 mAb RTX and OFA ligate adjacent CD20 dimers to form a
hexamer that efficiently activates C1q.
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In summary, characteristics of mAb that contribute to efficient activation of complement are high
antigen affinity and low off rate, binding to antigen epitopes close to the cell membrane, antigen binding
stoichiometry that facilitates Fc association, and lipid rafts.

4.3. Complement Levels

Patients with some B-cell malignancies (e.g., CLL) can have defective complement function which
could decrease mAb-induced cytotoxicity [61]. Serum complement levels have been shown to decrease
significantly after administration of mAbs that are efficient complement activators and this could limit
treatment efficacy with repeat dosing [20,50,62]. However, in most of these studies, the complement
levels did not decrease below levels known to be sufficient for activation of maximum complement
levels in vitro, and rebound of complement levels to baseline did not result in additional clearance of
circulating CLL cells despite adequate mAb levels. These data suggest that complement deficiency
was not a major limiting mAb effect.

Therapy with fresh frozen plasma (FFP) has been reported to increase activity of rituximab
in CLL patients but this was not formally demonstrated to be mediated by increased complement
availability [63]. FFP contains a large number of proteins and it could be useful to determine what
component (e.g., immunoglobulin) could have modified the mAb therapeutic effect.

4.4. Complement Regulatory Proteins (CRP)

CLL cells have low expression of the CRP CD46 and high expression of CD55 and CD59 [64].
Inhibition of CD55 or CD59 increases in vitro CDC of malignant B cells [64] and there is in vitro data
suggesting that for B cells with high levels of CD20, increased expression of CRP could decrease
CDC [44]. Use of a targeted CD59 inhibitor in a mouse lymphoma model decreased lymphoma
growth [65] but this approach has not yet evolved into an established clinical modality. Of note, in vitro
daratumumab-induced CDC of primary multiple myeloma cells did not correlate with expression
of CRP [39]. In conclusion, current data suggest that CRP expressed by target B cells is unlikely to
determine the therapeutic efficacy of mAb in B-cell malignancies.

4.5. mAb Antigen

CDC requires higher levels of mAb ligation of cell membrane antigens than ADCP [14,50,64].
Consequently, malignant B lymphocytes that generally express lower levels of a specific mAb antigen,
such as CD20 in CLL cells, are less sensitive to CDC [64]. In addition, rapid (within hours) loss of
B-cell membrane CD20 after initiation of anti-CD20 mAb therapy has been well documented in vivo
and can cause acquired resistance to in vitro CDC [50]. The primary mechanism of antigen loss is
trogocytosis, the transfer of cell surface molecules (ligand-mAb immune complex) from a donor cell
(opsonized B cell) to effector cells (e.g., macrophage, monocyte, and granulocyte) [66–68]. We have
recently shown that ADCP of opsonized B cells by macrophages occurs as a rapid burst of engulfment
(<1 h) followed by a period of exhaustion (hypophagia) with minimal further phagocytosis for the
subsequent 24 h [16]. However, data from in vitro experiments show that trogocytosis is a slower and
ongoing process [69] and clinical trials suggest that decreased in CD20 levels of circulating B cells
continues for at least 24 h after the first infusion of ofatumumab to reach levels of ~3% of baseline [50].
These data suggest that trogocytosis of immune complexes (CD20-mAb) from circulating B cells
could be an ongoing process that occurs independently from ADCP. Loss of mAb ligand following
initiation of therapy can also occur because of endocytosis of mAb-ligand by target cells [70] but this
process is likely to be slower and of lesser magnitude than trogocytosis [69]. Apparent loss of antigen
could also occur because of selective mAb-mediated cytotoxicity of target B cells with higher antigen
levels. However, careful evaluation of target circulating cell population numbers and distribution of
membrane CD20 before and after initiation of ofatumumab therapy did not show selected survival of a
pre-existing subpopulation of CLL cells with low levels of CD20 [50].

32



Antibodies 2020, 9, 68

4.6. Intrinsic Cellular Resistance

The terminal event of activation of the classical complement pathway by mAb is generation of
MACs that insert in the cell membrane and cause cell necrosis or lysis. In vitro mAbs that are highly
efficient at activating complement such as alemtuzumab are cytotoxic to over 90% of CLL cells [71].
Cytotoxicity could be significantly increased by addition of ofatumumab to alemtuzumab but over
1% of CLL cells still remained viable, demonstrating that these treatments are unlikely to be curative.
CDC of nucleated cells is known to require generation of multiple MACs per cells and cells can recover
by shedding MACs [43] but most of the viable cells in this study had high levels of MAC equivalent
to those seen in cells undergoing apoptosis [71]. To further investigate this finding, we assessed
complement activation in viable cells by measurement of iC3b and C9 and showed that the majority of
these cells had evidence of complement activation and MAC generation that would be expected to be
lethal [50,71]. The Taylor laboratory subsequently showed that in these resistant cells, MAC generation
induced the expected calcium flux but that this was not lethal [72]. The mechanism of resistance
remains undetermined but these data suggest that a subpopulation of circulating B cells from patients
with CLL could be intrinsically resistant to CDC.

5. Complement Activation and cADCP

As already noted, mAb ligation on the target cell surface can also lead to deposition of complement
fragments that trigger ADCP upon binding to CRs on phagocytes. While cADCP can mediate rapid
clearance of mAb-ligated tumor cells in vitro, the relative contribution of cADCP to tumor cell clearance
in vivo is likely a very important but still poorly understood killing mechanism of mAbs.

5.1. cADCP Signaling

Activation of complement by mAb on target cells leads to the covalent binding of C3 activation
fragments (C3b, which can decay to cell-bound iC3b, C3d) that effectively opsonize the target cell
surface. These opsonins can be recognized by CR1, CR3, and CR4 on phagocytes to trigger a form of
engulfment that is biochemically distinct from FcγR-mediated ADCP [73]. CR3 and CR4 recognition
of iC3b is the principal means by which macrophages mediate cADCP [74]. To date, CR3, also known
as αMβ2 or CD11b, is the best-studied cADCP receptor. The signaling events that trigger phagocytosis
downstream of CR3 are distinct from those of FcγR signaling. Activation of Rho family small GTPases
(e.g., Rac, RhoA, and CDC42) is critical for driving the cytoskeletal reorganization that leads to target
cell internalization [73]. Unlike FcγR ligation, the activation of CR3 during cADCP results in robust
activation of RhoA but not Rac1 or Rac2 [75]. Active RhoA stimulates the nucleation and polymerization
of actin at the phagocytic cup via activation of Rho kinase and mDia [76,77]. With regards to the role
of Syk in cADCP, Kiefer et al. used macrophages from Syk-/- mice to establish definitively that Syk,
a tyrosine kinase essential for FcγR ADCP, is dispensable for cADCP [78]. To date, the mechanisms
and consequences of target degradation post-engulfment in FcγR ADCP and cADCP have not been
investigated in-depth.

5.2. Crosstalk between FcγR- and cADCP

Part of understanding the relative contributions of both FcγR- and CR-activated ADCP pathways
in therapeutic mAb-mediated cell clearance involves understanding the extent of crosstalk between
these two pathways [79]. Early investigations into the connectedness of FcγR- and cADCP suggested
the presence of C3 reduced the bound IgG levels that were needed to activate FcγR-ADCP; and
found FcγR-mediated engulfment was lower when CR3 was blocked [80–82]. Jongstra-Bilen et al.
showed that the engagement of IgG to FcγR resulted in increased CR3 lateral movement and
enhanced iC3b binding to CR3 [83]. Additionally, Shushakova et al. showed that C5a-receptor
signaling upregulated transcription of the activating FcγRI and FcγRIII was a pivotal component of
FcγR-mediated signaling [84]. On the other hand, Huang et al. showed that the crosstalk between
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FcγR- and cADCP was more complex, and that their synergistic relationship was dependent upon the
FcγR subtype that was co-stimulated with CRs [85]. Even the involvement of Syk in cADCP remains
under debate based on evidence that cADCP can result in Syk phosphorylation and expression of
dominant-negative Syk can disrupt cADCP [86]. These findings suggest that a complex synergy exists
between FcγR- and cADCP and that co-stimulation of certain components within each pathway may be
integral for full activation. The extent of their crosstalk and signaling connectivity, however, remain to
be fully elucidated.

5.3. Importance of cADCP in mAb Therapy

While in vitro studies have been useful in establishing the ability of different mAbs to activate
complement and trigger cADCP by macrophages, our understanding of the role of cADCP in vivo is
much less developed. Using C1q-deficient mice, Di Gaetano et al. showed that activation of complement
was essential for anti-CD20 mAbs to control tumor burden in a lymphoma model [87]. Intriguingly,
this phenotype is similar to that seen in FcγR-deficient mice treated with CD20 and HER2 mAbs [12,42].
Additionally, van Spriel et al. revealed that knocking out CR3 substantially reduced the efficacy
of the mAb TA99 in a syngeneic melanoma model compared to wild-type mice [88]. While these
studies support the idea of cADCP as a major cytotoxic mechanism of mAbs in vivo, future studies
that measure cADCP in vivo are needed to establish the role of complement in mAb-mediated cell
clearance. Finally, there is a paucity of data on cADCP in humans, although there is evidence that
anti-CD20 mAb therapies are less effective in CLL patients with complement deficiencies [62].

6. Conclusions

The development of mAbs targeting B lymphocytes has significantly improved therapy for
patients with B-cell malignancies. Despite the impressive empiric clinical data supporting the use of
these mAbs both as monotherapy and in combination regimens, there is limited data about how mAbs
cause malignant lymphocyte cytotoxicity and how a subpopulation of these cells resist this cytotoxicity.
Available data support complement activation as an important innate immune cytotoxic mechanism for
rituximab, ofatumumab, daratumumab, and alemtuzumab. We propose that additional studies of the
roles of CDC and cADCP in the clinical efficacy of these mAbs are required to provide the data needed
to optimize the use of these drugs; these studies should allow for the design of new drugs to enhance
activity and overcome resistance. These investigations could focus on defining the cytotoxic capacity
of the innate immune system in order to develop clinical regimens that prevent immune “exhaustion”.
It will be important to examine how nucleated cells can survive MAC-mediated calcium fluxes, and to
determine the role of cADCP which has only limited overlap (and thus cross resistance) with CDC and
ADCP. Current mAb-based therapeutic developments include engineered Fc with enhanced ability to
form hexameric complement-activating structures [89], and bispecific mAb that decrease complement
inhibitory proteins [90]. An improved understanding of the role of complement activation in the
treatment of B-cell malignancies will both guide the development of these classes of drugs and provide
the data required to develop novel drugs to improve complement-mediated cytotoxicity.
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Abstract: Unconjugated anti-cancer IgG1 monoclonal antibodies (mAbs) activate antibody-dependent
cellular cytotoxicity (ADCC) by natural killer (NK) cells and antibody-dependent cellular phagocytosis
(ADCP) by macrophages, and these activities are thought to be important mechanisms of action
for many of these mAbs in vivo. Several mAbs also activate the classical complement pathway
and promote complement-dependent cytotoxicity (CDC), although with very different levels of
efficacy, depending on the mAb, the target antigen, and the tumor type. Recent studies have
unraveled the various structural factors that define why some IgG1 mAbs are strong mediators of
CDC, whereas others are not. The role of complement activation and membrane inhibitors expressed
by tumor cells, most notably CD55 and CD59, has also been quite extensively studied, but how much
these affect the resistance of tumors in vivo to IgG1 therapeutic mAbs still remains incompletely
understood. Recent studies have demonstrated that complement activation has multiple effects
beyond target cell lysis, affecting both innate and adaptive immunity mediated by soluble complement
fragments, such as C3a and C5a, and by stimulating complement receptors expressed by immune cells,
including NK cells, neutrophils, macrophages, T cells, and dendritic cells. Complement activation
can enhance ADCC and ADCP and may contribute to the vaccine effect of mAbs. These different
aspects of complement are also briefly reviewed in the specific context of FDA-approved therapeutic
anti-cancer IgG1 mAbs.

Keywords: therapeutic monoclonal antibodies (mAbs); complement; antibody dependent cellular
cytotoxicity; phagocytosis; complement receptors

1. Introduction

Human IgG1 monoclonal antibodies (mAbs), after antigen binding, have the ability to activate
the classical pathway of the complement cascade and mediate complement-dependent cytotoxicity
(CDC) [1,2]. They can also cross-link Fcγ receptors expressed by immune cells, including natural
killer (NK) cells, monocytes/macrophages, and neutrophils, and thereby activate cell-mediated innate
immunity [2–4]. IgG1 mAbs therefore have the ability to activate both the humoral and cellular immune
system for the immunological control of tumor growth and metastasis. These two pathways may also
interact with each other, with potential synergy [5]. This is why most therapeutic mAbs that target
a tumor antigen have been designed to bear a functional or even enhanced human IgG1 Fc portion.
The tumor-specific unconjugated mAbs approved by the Food and Drug Administration (FDA) and
European Medicines Agency (EMA) are listed in Table 1. The first part of the table lists mAbs approved
for hematological malignancies, and the second part lists mAbs approved to target solid tumors.
The gold standard for these mAbs is the anti-CD20 rituximab, which was the first approved anti-cancer
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mAb (in 1997) and has shown considerable therapeutic activity in several B cell tumor subtypes,
initially as monotherapy, and subsequently in combination with chemotherapy. Indeed multiple
phase III clinical studies have demonstrated the clinical efficacy of rituximab in combination with
chemotherapy or as maintenance therapy in B-cell non-Hodgkin’s lymphoma (B-NHL) (in particular
follicular lymphoma and diffuse large B cell lymphoma) and, to a lesser extent, chronic lymphocytic
leukemia (CLL), Burkitt’s lymphoma, and mantle cell lymphomas (reviewed in Past, Present, and Future
of Rituximab-The World’s First Oncology Monoclonal Antibody Therapy [6]). Rituximab efficiently
activates CDC, antibody-dependent cellular cytotoxicity (ADCC), and antibody-dependent cellular
phagocytosis (ADCP) in vitro, and these different mechanisms must all contribute to its efficacy [4,7].
CD20 is well expressed in most mature B-cell leukemias and lymphomas and is nearly exclusively
restricted to the B cell lineage, a factor likely contributing to the success of rituximab and other
anti-CD20 antibodies.

Beyond their activation of innate immune mechanisms mentioned above, mAbs targeting tumor
antigens may also act by blocking (neutralizing) the antigen receptor or enzymatic function through
their Fab portion, either by interference with ligand binding or through internalization and degradation
of the receptor or both, leading to inhibition of cell growth or of metastasis [8–10]. Some mAbs also
induce direct cell death after antigen binding [11–13]. Table 1 reports the principal mechanisms of action
that are thought to be at the base of the efficacy of the unconjugated IgG1 anti-tumor antigen mAbs
approved for anti-tumor therapy. Some have antigen neutralizing functions, as expected, since they
target important growth factor receptors such as human epidermal growth factor receptor 2 (HER2),
epidermal growth factor receptor (EGFR), chemokine receptor 4 (CCR4), or enzymes (CD38) expressed
on the plasma membranes of the cancer cells [4,8]. As noted above, mAbs can activate innate immune
cells through their Fc regions and promote ADCC by NK cells and ADCP by macrophages [14–19].
Anti-SLAMF7 antibody elotuzumab also directly activates NK cells expressing this receptor in addition
to inducing FcγR mediated ADCC and ADCP [20]. Some mAbs—most notably rituximab, ofatumumab,
alemtuzumab, and daratumumab—also activate the complement cascade and induce CDC [2,4,8,21–23]
(Table 1). Given the complexity of the immune activation induced by all of these mAbs, understanding
which of these different mechanisms is most important for their efficacy in vivo is an important and
complex question that has yet to be resolved. In particular, the role of complement in the mechanisms
of action of rituximab and certain other therapeutic mAbs remains an active area of research [2]. In the
next paragraphs, we will describe what is known about the role of complement in the mechanism of
action of unconjugated IgG1 antibodies targeting tumor antigens, including the indirect effects that
complement activation may have beyond target cell lysis.
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2. Complement Activation by Human IgG1 mAbs

The main steps of the classical complement cascade on mAb-opsonized tumor cells are illustrated
in Figure 1 (top). The initial binding of the IgG1 antibody to the multiple target antigens expressed on the
plasma membrane is rapidly followed by aggregation and, in optimal circumstances, hexamerization of
the antibody on the surface [24,25], allowing the efficient binding of the C1q (hexameric)/(C1r)2/(C1s)2

complex, which in a series of proteolytic steps sequentially leads to activation of C1r, C1s, and subsequent
activation of soluble C4 and C2 to yield C4b and C2a. C4b fragments attach covalently (opsonization)
to the membrane in the vicinity of the antibody or to the antibody itself, and this is followed by
non-covalent binding of C2a to generate the C3 convertase enzyme (C4bC2a). The C3 convertase binds
and cleaves soluble C3 into C3a, a potent anaphylatoxin, and into C3b, which binds to the C4b/C2a
complex and forms the C5 convertase (C4bC2aC3b). C3b also binds covalently (opsonizes) to target
acceptor sites (amino and hydroxyl groups) on the cell membrane as well as to the cell-bound IgG
mAb. Cleavage of C5 by the C5 convertase produces C5a, another important anaphylatoxin, as well
as C5b. Production of C5b catalyzes formation of the C5b/C6/C7/C8 complex and initiation of C9
polymerization, inducing formation of the pore-forming membrane attack complex (MAC). Insertion of
a sufficient number of MACs in the membrane above a threshold level leads to the rapid lysis of the
target cells [26–31].

As also described in other chapters of this series, C3 is central to the complement cascade. It is
also part of the alternative pathway of complement, a pathway that relies on Factor B, Factor D,
Properdin (FP), and aqueous phase hydrolyzed C3 (C3H2O) instead of C2 and C4, to form the C3 and
C5 convertases (C3bBb and C3bBbC3b, respectively, both stabilized by Properdin) (Figure 1, bottom).
C3(H2O) is constantly generated at low levels in a tick-over mechanism (i.e., a weak but constant
hydrolytic activation of C3), but the alternative pathway can amplify complement activation (via nascent
C3b) first generated by the classical pathway (Figure 1) [26,27].

In view of the cytotoxic and inflammatory nature of complement, it is not surprising that multiple
independent controls serve to provide protection of normal cells and tissues from the ravages of
complement. For example, C3 deposition, whether produced by the classical or alternative pathway,
is tightly regulated by membrane and soluble inhibitors: C3b is rapidly inactivated (proteolyzed) to
iC3b (inactive C3b) and then to C3d and C3dg and soluble C3c by Factor I (FI), a soluble protease
that inhibits the complement cascade [26]. The transmembrane ubiquitous protein CD46 (membrane
cofactor protein or MCP) and Factor H (FH) both act as a cofactors for Factor I and therefore enhance C3
convertase downmodulation. CD55 (decay-activating factor, or DAF) is a glycosylphosphatidylinositol
(GPI)-linked membrane protein that accelerates the dissociation of C3b from the C3 convertase,
thus inhibiting the cascade. Other inhibitors, in particular membrane-bound GPI-linked protein CD59,
inhibit the final steps of the cascade, i.e., the polymerization of C9 for MAC formation. C3b deposition
and convertase formation are central regulated steps and do not necessarily lead to MAC formation,
depending on the balance between the strength of initial activation and the level of inhibition by
the regulators. This is why both C3b deposition (the first phase of complement activation) and the
generation of soluble C5b-9 along with MAC binding to the cells (corresponding to the last phase:
MAC formation on the cell membrane) are the parameters most commonly measured to identify the
first and second phase of the cascade. On this basis, it should be clear that C9 polymerization generally
correlates with effective cell lysis [30,32,33].
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Figure 1. The classical and alternative complement pathways. The classical pathway (top): Human IgG1
antibodies bind antigen, form hexamers that allow C1q binding and the activation of the classical
complement cascade. This is followed by C2 and C4 cleavage to produce the membrane bound
C3 convertase (C4bC2a complex). Further cleavage of C3 to C3a and C3b forms the C5 convertase
(C4bC2aC3b). C5 is cleaved to C5a and C5b allows further recruitment and activation of the C6,
C7 and C8 components which catalyze C9 polymerization forming the membrane attack complex
(MAC). The alternative pathway (bottom): it is initiated by tick-over activation of C3 in the fluid phase
(C3(H2O)). It is further activated by Factors B and D to form the alternative C3 convertase (C3bBb)
which is stabilized by Properdin (FP, yellow triangle). Further C3 cleavage forms the C5 convertase
(C3bBbC3b) (also stabilized by Properdin). The alternative pathway amplifies the classical pathway.
Both pathways are inhibited by the soluble inhibitors Factor H (FH) and Factor I (FI) and by membrane
bound inhibitors: CD46 and CD55 at the level of the C3 convertase and CD59, which inhibits C9
polymerization. Complement pathway inhibitors are shown in green.

3. The Interaction of Complement Components with Immune Cells

The complement cascade induced by an IgG1 mAb like rituximab may lead to the formation of
the MAC and target cell lysis. However, complement is also at the center stage of a crosstalk with
immune cells, and this crosstalk can be equally important to achieve immune-mediated elimination of
tumor cells in vivo. For example, C3a and C5a are released following complement activation and are
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strong anaphylatoxins, thereby interacting with C3aR and C5aR1 (CD88) expressed on a variety of
effector cells, including mast cells, macrophages, polymorphonuclear neutrophils (PMN), and dendritic
cells (DCs). They can induce chemotaxis of the cells to the tumors and the generation of a profound
pro-inflammatory state [26,34]. C3a and C5a also increase the permeability of small blood vessels
through this inflammatory reaction and facilitate immune cell recruitment to sites of complement
activation [35]. Immune cells express several different receptors for the cell-bound complement
fragments—in particular, C3b and its degradation products iC3b and C3d(g)—as well as C4b and C1q.
Several of these receptors, such as cC1qR (collagen C1q receptor), CR1 (complement receptor 1, CD35),
CR3 (complement receptor 3, CD11b/CD18), and CRIg (complement receptor of the immunoglobulin
superfamily), are implicated in the activation of macrophages and neutrophils and also function as
mediators of phagocytosis and ADCC of opsonized target cells. These complex interactions are nicely
reviewed by Lukacsi et al. [36]. Thus, macrophages can mediate phagocytosis of targets through
both FcγRs and CRs, and the potential synergy in this process was recognized long ago [5,37–41].
DCs also express receptors for complement fragments such as C3a and C5a, and signaling through
these receptors increase major histocompatibility complex (MHC) expression, antigen internalization,
and antigen presentation. Complement factors also modulate T cell responses directly through CR1,
CR2 (complement receptor 2, CD21), C1q, C3aR, and C5aRs receptors [42,43]. The multiple role of
complement and complement receptors expressed by immune cells are summarized in Figure 2.

Figure 2. Multiple possible roles of complement for tumor control by IgG1 MAbs. Complement
activation leads to complement mediated cell lysis but also to recruitment and activation of immune
cells through complement fragments and their receptors which amplify the Fc-mediated ADCC and
ADCP of IgG1 antibodies. CDCC: Complement dependent cellular cytotoxicity; CDCP: Complement
dependent cellular phagocytosis; DC: dendritic cell; FDC: Follicular dendritic cells, MAC: membrane
attack complex. MØ: macrophages; PMN: polymorphonuclear neutrophil; C1qR: C1q receptor, CR2,
CR3, CR4, and CRIg: Receptors for complement fragments.
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4. Main Factors Affecting Complement Activation by IgG1 Anti-Tumor Antibodies

4.1. Antigen Density and Hexamerization

The need for IgG1 hexamerization to allow for most effective chelation of hexavalent C1q and
robust activation of the classical complement pathway explains why some mAbs activate complement
efficiently and others do not, since the capacity to form hexamers depends on the density of the antigen
on the surface, the capacity of the antibody to cluster multiple copies of the antigen, the specific
orientation of the bound antibody molecules with each other, the closeness of the epitope to the cell
membrane, and the specific epitope recognized [24,44–47]. For example, different anti-CD20 antibodies
vary in their capacity to activate complement, with ofatumumab being the most effective, followed
by rituximab [48,49] (both so-called type I anti-CD20 antibodies). Ofatumumab binds to CD20 at
a site closer to the cell membrane, thus allowing for more efficient C1q binding and deposition of
nascently activated C4b and C3b on the cell, and it is well-established that, for a variety of substrate
cells, substantially more CDC is mediated by ofatumumab than by rituximab [48–50]. In contrast,
obinutuzumab is only a weak complement activator [11,50] (a type II antibody). Rituximab and
ofatumumab, but not obinutuzumab, are capable of relocating CD20 into lipid rafts, concentrating
the antigen to small regions of the membrane, which will favor hexamerization of the antibody.
In fact, the capacity of different anti-CD20 mAbs to translocate CD20 to lipid rafts correlates with
their efficiency at inducing CDC [47,51]. CDC also correlates with the capacity of anti-CD20 or other
antibodies to form hexamers.

Recently cryogenic electron microscopy and crystal structure studies of different anti-CD20 mAbs
bound to purified CD20 or CD20 peptides have allowed for the precise analysis of the structure of type
I and II anti-CD20 mAbs and their orientation with respect to CD20 itself and to adjacent antibody
molecules [52–54]. CD20 forms a dimer rather than a tetramer as previously suggested and the studies
show that each CD20 dimer binds 2 rituximab or ofatumumab Fabs (2:2 stoichiometry) but only
one obinutuzumab Fab (2:1 stoichiometry), fully confirming the known binding behavior of these
antibodies identified by flow cytometry. These studies altogether suggest that the epitope recognized
by rituximab is more extended than previously thought and in part overlaps with that of ofatumumab.
Furthermore the orientation of binding of the different mAbs to CD20 are distinct so that that rituximab
and ofatumumab binding rapidly leads to CD20 concatenation and hexamerization of the mAbs on
the cell surface, appropriate for C1q binding [52,53]. In contrast, obinutuzumab Fabs bind CD20
with a 2:1 stoichiometry (CD20:Fab) due to the steric hindrance between the 2 Fabs. This different
orientation and steric hindrance explain its decreased ability to form hexamers and therefore to activate
complement [52]. These studies nicely show how the specific epitope recognition of different mAbs
can lead to different binding orientations, inter-molecular interactions, and structural constrictions
that, in turn, lead to quite different capacities to activate complement, even if the mAbs are directed
against the same antigen (CD20) and bind partially overlapping epitopes [47,51,54]. Thus, even though
distance of the epitopes from the membrane, as well as antibody affinity, may affect CDC as well as
ADCC/ADCP [55], recent data suggest that major role intermolecular interactions and the capacity of
the mAbs to form hexamers are major determinants for CDC.

Similarly, among a panel of anti-CD38 antibodies, only daratumumab was found to be a
potent complement activator, although the epitope recognized by daratumumab overlaps with that
of other antibodies that are poor activators, suggesting that, in this case, the specific orientation
of daratumumab may allow for more efficient hexamerization [21,56]. Fc mutations that favor
hexamerization of antibodies targeting EGFR, CD38, or CD37 can render them strong effectors through
CDC [24,25,44,45,57,58] and are being developed for clinical use [59,60].

The need for antibody clustering and hexamerization explains why the level of expression
of antigen on the target cell membrane at least in part determines whether specific mAbs will be
able to efficiently activate complement and lead to CDC. There is indeed a threshold level of CD20
required to allow for robust complement activation, sufficient to lead to high levels of activation of C3
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followed by adequate activation of C5, thus leading to efficient downstream MAC deposition and cell
lysis [4,29,61–63]. Indeed, CLL cells are less sensitive to CDC mediated by rituximab than most B-NHL
cells that may express 10-fold higher levels of CD20 on their surfaces [63]. This rather low level of
complement-mediated lysis of CLL cells in vitro by rituximab is increased considerably when using
ofatumumab, in agreement with the higher capacity of the latter antibody to activate complement.
Nonetheless, ofatumumab-mediated CDC is still antigen density dependent [62,64].

4.2. Membrane and Soluble Complement Inhibitors

CDC induced by IgG1 mAbs is also regulated by both membrane and soluble complement
inhibitors that protect normal cells and tissues from complement. Cancer cells are known to express,
and sometimes overexpress, the membrane complement inhibitor proteins CD46, CD55, and CD59 [33].
CD55 and CD59 have been shown to substantially inhibit the complement cascade in vitro, induced by
rituximab and ofatumumab, reducing MAC binding and subsequent CDC [63–72]. Targeting the
third short consensus repeat (SCR3) of CD55 with antibodies or small molecules appears to be
required for CDC enhancement [73]. CD55 and CD59 activities are species-specific, explaining why the
complement of some species like guinea pig are hyperactive against human cells [74]. CD55 and CD59
act synergistically to protect cells so that blocking both molecules simultaneously generally leads to
the best enhancement of CDC [63,65,75]. The cooperation between CD55 and CD59 is explained by the
different steps in the complement cascade that these two molecules inhibit (Figure 1).

Overexpression of CD55/CD59 also downmodulates complement-mediated lysis induced by other
therapeutic IgG mAbs, such as trastuzumab in HER2-overexpressing carcinoma cell lines [76–78].
Blocking CD55 and in particular CD59 increased in vitro CDC of acute lymphoblastic leukemia,
MM, and sarcoma cells induced by alemtuzumab, daratumumab, rituximab, and anti-CD24,
respectively [79–81].

Whether CD55 and/or CD59 play a role in protecting cancer cells from mAb-mediated CDC
in vivo is not completely clear. Increased CD55/CD59 expression was observed on cell lines selected
in vitro for resistance to rituximab and complement [82]. Inhibiting CD55 and CD59 has also been
shown to enhance the activity of rituximab in mouse xenograft models [83,84]. However, Williams et al.
reported that CLL cells that persisted in the circulation after infusion of large amounts of rituximab
had reduced levels of CD55 and CD59 due to “innocent bystander” loss of these membrane-associated
proteins induced by trogocytosis of nearby CD20 [85]. As a result of the loss of CD20, these cells are
resistant to rituximab-mediated complement activation, but this is clearly not due to CD55 and or
CD59 up-regulation.

In contrast to CD55/CD59, there is little evidence, using antibodies, that blocking CD46 alone has
any effect on IgG1 triggered CDC [86]. However, the lack of effect of anti-CD46 mAbs may be due to
incomplete functional block of the protein, since an adenovirus-derived recombinant ligand of CD46,
called Ad35K++, which induces cross-linking and internalization of the molecule, also significantly
increased rituximab efficacy in vitro and in vivo in mouse and monkey studies [87]. These data indeed
provide considerable evidence that CD46, like CD55 and CD59, modulates the efficacy of at least some
IgG1 therapeutic antibodies [88].

As already mentioned above, soluble FI and FH function as inhibitors of the classical complement
cascade and of the alternative pathway amplification loop by accelerating the dissociation of the C3
convertases as well as proteolytically inactivating C3b and C4b (Figure 1). FH has been shown to
diminish the efficacy of ofatumumab-mediated CDC of CLL cells in vitro [89,90]. FH inhibition also
enhances CDC of a subset of CLL samples and cooperates with anti-CD59 [91]. Membrane protein
sialylation also inhibits complement at least in part by promoting binding of FH [92] and this has been
suggested as an additional mechanism of resistance of CLL cells to anti-CD20 mediated lysis. That is,
due to substantial α2-6 sialyl transferase activity, high levels of surface sialic acid are expressed on
the cells, leading to binding of the complement inhibitor FH and subsequent downmodulation of
complement activation [93]. FH also binds to cell surfaces and to apoptotic cells by recognition of
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other molecules, such as extracellular matrix proteins, DNA, soluble pattern recognition molecules,
etc., thereby protecting them from complement attack [94]. With respect to FI, Lindorfer et al. reported
that blocking its action increases CDC of CLL cells mediated by rituximab or ofatumumab [95].
The possible use of FI inhibition to enhance anti-tumor antibody activity is vivo is still unknown but of
obvious interest.

It is clear that manipulation of the complement cascade, through the design of anti-tumor
mAbs with increased ability to activate complement [44,59,96], or with mAbs that hyperactivate the
complement cascade [97] or block soluble or membrane bound inhibitors [63,84,91], may all be feasible
strategies to enhance the CDC activity of mAbs for cancer immunotherapy. However, there is still the
need for the demonstration that each of these strategies has efficacy in vivo.

5. The Role of Complement in the Therapeutic Activity of Anti-Tumor mAbs

5.1. Studies In Vitro and in Animal Models

The importance of complement activation by unconjugated IgG1 mAbs in contributing to
the anti-tumor response in vivo has been the subject of a considerable series of investigations,
even for rituximab, which has been the most studied therapeutic mAb [2,4,98]. The fact that most
approved IgG1 mAbs are able to activate complement upon binding to target cells suggested a
positive role for complement in tumor control. Indeed rituximab [63,65], ofatumumab [48,62,70],
alemtuzumab [22], daratumumab [21], trastuzumab [77], and cetuximab [99] have all been reported
to activate complement in vitro, albeit with highly variable efficacity. However, other mAbs, such as
isatuzumab and obinutuzumab as well as others, are effective in vivo even though they are poor
complement activators [100–102].

Most anti-tumor IgG1 mAbs have also been demonstrated to promote ADCC and ADCP (Table 1).
FcγR and cell-dependent mechanisms, ADCP in particular, have been clearly and consistently shown
to be crucial for efficacy in most animal tumor models [11,103–105]. Murine models are, in contrast,
rather discordant with regard to the role of complement in vivo for complement activating mAbs
like rituximab. Some models suggest a role of complement in vivo in murine syngeneic models in
which C3 knock down or complement depletion by cobra venom factor diminished or abolished
the therapeutic efficacy of rituximab [2,106,107] or cetuximab [99]. However, other studies did not
confirm this finding in different models [108]. Rather, most murine models suggest that FcγRs and
myeloid cells are required and suggest a strong role of ADCP in the mechanism of action of many
unconjugated mAbs, including rituximab, ofatumumab, obinutuzumab, cetuximab, trastuzumab,
and daratumumab [11,103,108–113], as reviewed by Stevenson [114]. Some data that may reconcile some
of the above-mentioned contrasting results indicate that the complement requirement for anti-CD20
activity in vivo may differ according to CD20 expression levels and tumor burden [109,115–118].
Furthermore, immune cells, including macrophages, PMN, T cells, NK cells, and dendritic cells express
complement receptors, and some of these molecules participate in complement dependent cellular
cytotoxicity (CDCC) or complement dependent phagocytosis (CDCP) (Figure 2) [119]. In other words,
NK cells and macrophages recognize tumor-cell-associated complement fragments—in particular
C3b, iC3b, and C3d and mediate cytotoxicity or phagocytosis [36]. Thus, complement may control
tumor growth directly through CDC or indirectly through CDCC and CDCP as well as through the
chemotaxis and activation of immune cells by C3a and C5a. These reactions may eliminate the tumor
cells through either FcγRs or complement receptors or both. In support of this concept are studies of
mutant anti-CD20 antibodies able to activate complement but unable to bind to FcγRs, which indicate
that CDCC by NK cells and CDCP by macrophages does play a role in vitro and in vivo in a murine
immunocompetent model [120]. Similarly, an immunodeficient NOD scid gamma (NSG) mouse
model with active complement suggests a contribution of both complement and immune cells for
tumor control by rituximab [121]. Such interactions between complement and immune cells may also
explain the need for both in some in vivo models, such as the BJAB xenograft model treated with
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rituximab [122] and in the syngeneic EL4-CD20 model [123]. Similar cross-talk has been shown for
other antibodies such as cetuximab [9] and a complement optimized anti-EGFR mAb was found to
induce enhanced ADCC by PMNs [124].

Deposition of C3 fragments on B cells mediated by rituximab may have unexpected negative
consequences. In a series of provocative papers, Weiner et al. reported that NK-cell-mediated killing
(ADCC) of rituximab-opsonized B cells is substantially reduced if complement is activated; their results
suggest that the deposited C3 fragments sterically hinder interaction of NK cell FcγRIII (CD16) with
the Fc region of cell-bound rituximab. Moreover, this “problem” does not occur when obinutuzumab is
examined, most likely because it poorly activates complement and C3b deposition is low and/or because
it has higher affinity for FcγRIII [125,126]. Thus, complement activation may in some circumstances
antagonize ADCC.

Several groups have shown that antibodies can induce a vaccinal effect; in particular,
anti-CD20 mAbs induce presentation of tumor antigens (e.g., mutant proteins or aberrantly expressed
differentitation antigens) to T cells by DCs [127,128]. Whereas DC antigen uptake for a vaccine
effect has been shown to be mediated by FcγRs [129], complement components could also play a
role, since DCs express several complement receptors [36]. However, the physiological significance
of these observations is unclear; in particular, there is virtually no evidence that ofatumumab or
rituximab treatment in humans promotes an immune response to either malignant or normal B cells.
Furthermore the expression of complement receptors on different immune cell types including DCs is
not identical between mice and men, making the study of the relevance of a possible vaccine effect via
these molecules even more difficult [130].

Anti-CD38 daratumumab is an example of another mAb that eliminates tumor cells based
on multiple mechanisms of action, including complement, which may synergize with each other
for maximal antibody efficacy in vivo. Daratumumab, similar to rituximab, induces CDC, ADCC,
and ADCP in vitro. Moreover CDC, as well as ADCC in vitro, correlates with CD38 expression levels
on MM cells and is enhanced by antibodies blocking CD55 and CD59 [21,110,131]. Daratumumab and
isatuximab have also been reported to deplete CD38+ immune regulatory cells, such as Treg, Breg,
and myeloid derived suppressor cells (MDSCs) in vitro and in vivo [132,133]. We suggest that these
activities may reflect, in part, daratumumab mediated “trogocytosis” of CD38 (i.e., the transfer of the
target molecule, CD38, together with bound antibody from the tumor cell to phagocytes mediated
by FcγRs on the acceptor cells), and so the issue may be more complex [132,134]. Finally anti-CD38
mAbs inhibit the CD38 ectoenzyme activity [135], thus diminishing immunosuppressive adenosine
production. Thus the multiple effects of anti-CD38 antibodies, including daratumumab, probably all
contribute to their efficacy in vivo and CDC may be dispensable in some cases [100].

5.2. Ex Vivo and In Vivo Human Studies

The major caveat of studies in mice is that both complement and FcγRs differ considerably between
mice and humans, and some complement inhibitory proteins are species specific, so that the relative
roles of CDC, ADCC, and ADCP in mice may not fully recapitulate the human situation [74,136].
For this reason, some groups have attempted to measure the role of complement and immune cells
in human whole blood assays, which may at least better reflect what takes place in the circulation
immediately after mAb infusion in patients [50,64,137]. The best compounds to block coagulation in
these assays are hirudin and its derivatives, since these molecules block thrombin activation but do
not affect the complement cascade, unlike most other anticoagulants [50,64,119]. With such assays,
it was possible to show that the most effective short-term depletion of neoplastic B cells in whole blood
by rituximab and ofatumumab, but not obinutuzumab, requires complement and can be blocked by
anti-C5 eculizumab [50,64]. These data suggest that, at least in the circulation in humans, the first
mechanism of rituximab and ofatumumab for B depletion is via CDC. These in vitro assays have
limitations, since they do not fully model the flowing circulation along blood vessels and the effects of
mAbs beyond 24 h of treatment.
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Analyses of blood samples have been performed in patients treated with therapeutic IgG1 mAbs.
Rapid complement activation with deposition of C3b and iC3b on the CLL cell membrane has been
demonstrated very soon after rituximab and ofatumumab infusion [138,139]. The opsonized cells
can then be effectively removed from the circulation by fixed tissue macrophages that have receptors
for cell-bound IgG and C3 fragments, as first demonstrated for other substrates almost 50 years
ago [37,40,41]. C5a production, as well as consumption of complement components with exhaustion of
rate limiting factors, in particular C2 and C4, has been observed following rituximab or ofatumumab
infusion in patients with CLL [138–143]. These data clearly show that complement is rapidly activated,
and the results are consistent with the whole blood assays. Some investigators have also observed
a correlation between CDC in vitro and response of CLL patients to rituximab in vivo, in support
of a role of complement in vivo in humans, either directly or indirectly, by enhancing cell-mediated
mechanisms [93]. Similarly, Manches et al. found a correlation between differential sensitivities of
B cell lymphoma subtypes to rituximab-mediated CDC in vitro and clinical responses to rituximab.
They found that lymphomas in which the patients’ primary B cells were highly sensitive to CDC
(e.g., follicular lymphoma cells) showed overall a better clinical response to rituximab therapy than in
neoplasias in which the B cells (CLL cells) were only weakly killed by rituximab-mediated CDC [144].

Baig et al. first reported that alemtuzumab and ofatumumab could synergize in promoting
CDC of CLL B cells, reaching close to quantitative killing of the cells. CDC was not at all correlated
with levels of CD55 or CD59. They then isolated B cells from the bloodstream of CLL patients soon
after they were treated with ofatumumab. These cells could not be killed in vitro by CDC upon
addition of more ofatumumab because CD20 had been removed from the cells due to trogocytosis.
However, the sensitivity of the cells to alemtuzumab-mediated CDC remained quite high, indicating that
the CD52 epitope on the cells recognized by alemtuzumab was clearly still expressed at high levels,
and that complement control proteins on the cells were not upregulated to provide protection against
the alemtuzumab [141,145].

The demonstrated exhaustion of complement activity and of specific complement components
after antibody infusion led to the suggestion that fresh frozen plasma could be used to replenish missing
factors and overcome resistance due to complement exhaustion [138]. Fresh frozen plasma has been
used in CLL patients treated with rituximab with some positive results [138,146–149]. Nonetheless the
efficacy of such an approach may be limited by the downmodulation of CD20 expression that follows
mAb infusion and take place mostly through trogocytosis of CD20, together with bound antibody
from the tumor cell to phagocytes expressing FcγRs [134,150–154]. Trogocytosis has been shown to
occur both in vitro and in vivo in CLL patients and is likely to be another mechanism of resistance to
complement and cell-mediated cytotoxicity [85]. Thus, in vivo, exhaustion of effector mechanisms,
including complement and effector cells such as NK and macrophages, as well as loss of target antigen
by trogocytosis or internalization, can limit the efficacy of anti-tumor mAbs [18,134,139,152,155,156].

Several analyses of polymorphic elements associated with complement related genes in relation
to the clinical response of follicular lymphoma and diffuse large B cell lymphoma patients treated with
rituximab have been conducted, but the results have not offered clear-cut answers about the role of
complement in the efficacy of this antibody [157–159].

With regard to complement inhibitors, in particular CD55 and CD59, several studies have
attempted to determine whether high expression levels of these proteins correlated with resistance or
with relapse after mAb treatment. Although some correlations have been found in cases of lymphoma
patients treated with rituximab and chemotherapy [160,161], this has not been confirmed in other
studies [162], even with rituximab used as monotherapy [163]. A correlation between CD55 and
CD59 expression and response of breast cancer patients to trastuzumab has been suggested [164].
Interestingly, in MM patients who progressed after daratumumab treatment, their malignant plasma
cells had elevated levels of CD55 and CD59, but not of CD46, suggesting that resistance to daratumumab
in vivo may be related at least in part to resistance to CDC [80]. In conclusion, the data derived from
clinical correlation studies suggest that in some patients, complement may play a role in antibody
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therapy, but clearly, due to the multiple mechanisms of therapeutic antibodies, there are no clear-cut
answers about the role of complement in vivo.

Another clue about the role of complement may come from the results of the clinical investigations
with anti-CD20 mAbs and patient CLL cells, which show very different capacities to activate complement
in vitro. For example, as noted above, ofatumumab is much more effective than rituximab in mediating
CDC of CLL cells, and it is noteworthy that ofatumumab (but not rituximab) was approved as a single
agent for the treatment of CLL [165]. On the other hand, obinuzutumab is ineffective as measured by
CDC, but it is much more effective in killing CLL cells by other mechanisms and was also approved as
a single agent for CLL [47].

It should thus be clear that comparison of these three mAbs is made difficult by the fact they have
mechanisms of action independent of complement, and most investigations have not been performed
as head-to-head comparisons. In some cases, the studies that have compared obinutuzumab with
rituximab have shown a significant advantage of the former, particularly in CLL in combination
with chlorambucil [166,167]. In other B-NHL types, the advantage of obinutuzumab has not been
consistently demonstrated (reviewed by Pierpont [6]). In addition, the phase III clinical trials comparing
obinutuzumab with rituximab have used higher doses and a different schedule of obinutuzumab,
making rigorous comparison more difficult. There have also been few direct comparisons between
ofatumumab and rituximab in the clinic [168]. Overall, ofatumumab seems to induce similar response
rates as rituximab in B-NHL [6]. Therefore, one can conclude that the three anti-CD20 antibodies used
for B-NHL and CLL treatment along with chemotherapy do not show greatly different efficacies in vivo,
at least not such differences as were hoped for when they were selected and developed on the basis of
their higher efficacy or different mechanisms of action in vitro [169,170]. These conclusions support
the idea that the ultimate mechanisms are multifaceted, that combinations of mechanisms probably
work, and some may predominate more than others in different patients, also depending upon the
sites in which the tumors are targeted. Furthermore, exhaustion of most of the involved mechanisms
has been shown in vivo, including complement and cell-mediated cytotoxic mechanisms [138,171],
as well as down modulation of target antigen through trogocytosis [134]. This means that an
antibody with a greater CDC or ADCC potential in vitro may in any case be limited in vivo by these
mechanisms [2,141,172].

6. Conclusions and Future Perspective

Unconjugated IgG1 anti-tumor mAbs often show a variety of mechanisms of action that may
operate simultaneously and interact with each other: neutralization of the target antigen/receptor,
activation of cell-mediated cytotoxicity, and complement activation. More recent evidence suggests
that these mechanisms probably interact with each other, either positively or negatively. In particular,
evidence suggests that complement factors and receptors synergize to enhance ADCC and ADCP.
Complement fragments may also affect T-cell-mediated immunity by interaction with DCs and
T cells, perhaps explaining the delayed or long-term effects of antibody treatment that has been
suggested in some cases [173]. Also, the direct effects of the mAbs can, in some cases, synergize with
immune-mediated mechanisms, as is the case for NK activation by anti-SLAMF7 mAb elotuzumab [174]
or the T-cell-activating effect of anti-CD38 mAbs [100]. Given this plethora of activities and interactions,
understanding the relative contribution of each of the potential mechanisms of action of IgG1
therapeutic mAbs is difficult to clearly establish and remains unsolved even for the best-known
mAbs. In particular, a substantial literature of in vitro studies and in vivo correlations cited in this
review strongly support (but do not prove) the importance of complement in the action of several
anti-tumor mAbs. These observations and the finding that exhaustion mechanisms may limit efficacy
should, in our view, lead to development of optimized schedules/combination treatments in the clinic,
including combination with cell therapy approaches, as well as optimized mAbs capable of multiple
effector functions. The latter is becoming possible thanks to a better understanding of mutations or
modifications that may enhance different mechanisms (CDC, ADCC, ADCP) and perhaps abolish

52



Antibodies 2020, 9, 58

the negative interference that is sometimes observed between these effects or through the use of
mAb combinations that may be specifically favorable for these mechanisms [175]. The effects of
chemotherapy on the different mechanisms of unconjugated therapeutic IgG1 antibodies is another
area of particular interest, and it will be important to identify the best drug combinations and schedules
required to achieve synergy between small drug and mAb therapy. Indeed, chemotherapy may
negatively affect the cell-mediated mechanisms of therapeutic mAbs, but could also potentially affect
complement mediated mechanisms, if modulation of target antigen or of complement factors is induced
by drug treatment [176,177]. A precise understanding of these interactions will therefore be needed for
optimized treatments.
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Abstract: We examined the kinetics and mechanisms by which monoclonal antibodies (mAbs) utilize
complement to rapidly kill targeted cancer cells. Based on results from flow cytometry, confocal
microscopy and high-resolution digital imaging experiments, The general patterns which have
emerged reveal cytotoxic activities mediated by substantial and lethal Ca2+ fluxes. The Ca2+ fluxes
are common to the reported pathways that have been utilized by other toxins in killing nucleated
cells. These reactions terminate in very high levels of cell killing, and based on these considerations,
we suggest additional strategies to further enhance mAb-based targeting of cancer with complement.

Keywords: complement; therapeutic monoclonal antibodies (mAbs); Ca2+; fluorescence microscopy

1. Introduction

Complement was first described and characterized by Bordet more than 100 years ago [1];
he demonstrated it to be a heat-labile factor in serum that promoted destruction (lysis) of bacteria
and/or hemolysis of erythrocytes, each opsonized with the antibodies in immune sera. Complement is
an important “first responder” that orchestrates the rapid clearance and destruction of a variety of
microbial invaders as well as damaged and dying cells. It is therefore quite reasonable to anticipate that
it should also be capable of destroying antibody-opsonized tumor cells. The importance of complement
(C) in health and disease is now very well recognized and several outstanding reviews that describe its
pathways and biological actions are available [2–4].

The first figure in the review in this volume by Golay and Taylor succinctly summarizes the
important steps and controls in C-mediated killing of malignant cells opsonized with specific mAbs [5].
The traditional view of the mechanism by which C mediates the killing of antibody-opsonized cells was
based on classic experiments that focused on C-mediated lysis of non-nucleated sheep erythrocytes
that were first opsonized with polyclonal rabbit antibodies before they were brought into contact with
a source of C and then incubated for a considerable period of time at 37 ◦C to promote hemolysis [6–8].
The results of these studies led to the concept that insertion of the membrane attack complex (MAC)
pore(s) into the erythrocyte cell membrane allowed for influx of water and ions into the cell, ultimately
leading to swelling of the cells followed by osmotic lysis and killing of the cells [6–10]. This model
system has of course proven to be invaluable for dissecting out and identifying virtually all of the key
components of C, including pathways, activating factors and inhibitors.

2. Nucleated Cells Are More Complicated: Important Questions

However, a considerable body of evidence, based on a series of studies by Shin’s group on the
lysis of nucleated Ehrlich ascites cells (EACs) opsonized with rabbit polyclonal antibodies, suggested
that the osmotic lysis concept could not explain how these nucleated cells were killed. Instead,
The influx of Ca2+ mediated by MAC pores appeared to be the predominant lethal event [10–15].
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The focus of these studies, completed more than 20 years ago, was on the terminal steps in the
complement-dependent cytotoxicity (CDC) reaction. In the present review, in order to concentrate on
mechanisms, we have examined multiple individual steps in the CDC reaction that start with mAb
binding and end with cell death in a continuously monitored reaction mediated by Food and Drug
Administration (FDA)-approved mAbs reacted with both cell lines and with primary malignant cells
from patients with chronic lymphocytic leukemia (CLL) (Table 1).

Table 1. Observed consecutive steps in monoclonal antibody (mAb)-mediated complement-dependent
cytotoxicity (CDC).

Step Time Frame * Method Figure References

mAb binding 30 s Flow cytometry 8 [16]

C1q binding and colocalization with mAb 60 s Flow cytometry 2, 8 [16,17]

C3b deposition and mAb colocalization 90 s Flow cytometry, high-resolution
digital imaging (HRDI) 3, 4, 10 [16,18,19]

C9 binding and colocalization of C9/C3b/mAb 60–120 s HRDI, confocal 11, 12 [20]

Ca2+ influx, transition-state intermediate 40–135 s Confocal, flow cytometry 9, 10, 15, 16 [16,21]

tunneling nanotubule (TNT) generation 120 s Spinning disk 4, 7 [19,22]

mitochondrial poisoning 180 s
60–180 s HRDI, confocal 9–11 [16,20]

decay of transition-state intermediate 225 s Confocal 9, 10, 15, 16 [16,21]

MAC formation and cell death 60–240 s Confocal 8–10, 15 [16,20,21]

* Time estimates are based on a range of experiments and techniques.

In order to elucidate these mechanisms, we will address important questions with respect to the
development of C-fixing mAbs to be used in cancer immunotherapy: How effective are these mAbs
when they “attack” nucleated malignant cells in the presence of C (usually normal human serum
(NHS))? What is the primary mechanism of cell killing? It would seem important to identify and
optimize the primary killing mechanism to allow for efficient use of key resources, which comprise
C and mAbs. Moreover, although the targeted malignant cells will employ a variety of defenses to
ward off mAb-mediated attack [23–30], it is reasonable to ask that if the cells can be killed by CDC,
then is there a common and general killing pathway? We developed several “complementary” (excuse
the pun!) approaches to address these questions, based on quantitation and direct visualization and
identification of many of the key separate steps in the CDC reaction. Many of our measurements of
CDC made use of CD20 and CD37 mAbs in the killing of B cell lines and of CLL cells [16–22,31–33].
The similar patterns we have observed in these and other systems provide considerable evidence that
there is indeed a common mechanism in the CDC reaction mediated by anti-tumor mAbs. In conducting
these experiments, we followed the “ask-the-question” paradigm described by Nobel Prize investigator
George Wald [34]:

“When it (scientific research) is going well, it is like a quiet conversation with Nature. One asks a
question and gets an answer, then one asks the next question and gets the next answer. An experiment
is a device to make Nature speak intelligibly. After that, one only has to listen.”

3. Experimental Strategies

Our approaches make use of fluorescently-labeled probes and fluorescent indicators, which
include anti-tumor mAbs (lightly labeled with Alexa (Al) dyes, so as not to interfere with their
activities, but adequate to monitor their binding to cells); C1q; mAbs 7C12 and 3E7 (specific for
C3b/iC3b deposited on the cell) [35,36]; mAb HB43, specific for the Fc region of human IgG and able to
recognize cell-bound mAbs [37]; Fluo-4, a Ca2+ indicator which is very sensitive to increases in the
Ca2+ concentration in the cytoplasm and mitochondria of the cell [16]; tetramethylrhodamine methyl
ester (TMRME), which is highly fluorescent only in viable mitochondria [16]; mAb aE11, specific
for membrane attack complex (MAC)-associated C9 deposited on cells [38]; and vital fluorescent
dyes such as propidium iodide (PI), 7-aminoactinomycin D (7AAD) and TO-PRO-3 which enter dead
permeabilized cells and, upon staining nuclear DNA, become highly fluorescent, thus providing reliable
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markers for cell death and successful CDC [16,19,22]. We have been able to use this array of reagents
to interrogate the quantitative and kinetic details of mAb-mediated killing of cancer cells in parallel
experiments based on flow cytometry, high-resolution digital imaging in a flow cytometry environment
(HRDI, Amnis technology [18]), and real-time multicolor confocal fluorescent microscopy movies.

4. Quantitation and Visualization of Early Steps in mAb-Mediated CDC: In Vitro and
In Vivo Studies

Table 1 summarizes the discrete events in mAb-mediated CDC that we have investigated. Initially,
we were able to demonstrate rapid binding of the mAbs ofatumumab (OFA) and rituximab (RTX),
specific for CD20, to B cell lines and to primary B cells from patients with chronic lymphocytic leukemia
(CLL) [17]. We found that both RTX and OFA bound to the cells at the same levels (Figure 1, panels I–H).
However, considerably more C1q was bound to the cells reacted with OFA (Figure 1, panels A–C) [17].

 

Figure 1. OFA-opsonized B cells bind more C1q than RTX-opsonized B cells. (A,B) Varying amounts
of C1q were added to B cells suspended in complete RPMI 1640 medium and then reacted with either
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Al647 OFA, Al647 RTX, or Al647 7D8-IgG4 (K322A, does not bind C1q), all at 10 μg/mL; alternatively,
no mAb was added. After incubation for 60 min at 37 ◦C, cells were washed and C1q binding determined
by probing with FITC rabbit anti-C1q, followed by flow cytometry. (A), Raji cells. (B), Daudi cells.
The results for binding of C1q to OFA-opsonized Raji and Daudi cells were fit to a binding isotherm,
giving a KD of 12 and 16 nM, respectively. All Al647 mAbs bound at high levels to the cells and mAb
binding was the same in the presence and absence of C1q (not shown). (C), Binding of C1q to CLL
cells opsonized with either OFA or with RTX, similar conditions and analyses (KD for OFA-opsonized
cells = 106 nM). (D–I), Cells were combined in cold medium with Al647 mAb and varying amounts of
C1q and then incubated at 37 ◦C. Aliquots were removed at the indicated times, quenched with ice-cold
BSA-PBS, washed, probed with FITC anti-C1q, and then analyzed by flow cytometry for C1q binding
(D–F) and mAb binding by secondary probing with mAb HB43, specific for the Fc region of human
IgG (G–I). (D,G), Raji cells. (E,H), Daudi cells. (F,I), Z138 cells. Results in all panels are representative
of at least two similar experiments [17].

It is well established that during C activation, innocent bystander opsonization or lysis of nearby
non-targeted cells is negligible [4,39–41]. Therefore, implicit in the specificity of the lytic C cascade
is the presumption that there is both concentration and localization of activated C components at
the nexus of C activation, which, for the classical pathway, would be the cell-bound mAbs at the
plasma membrane target site (e.g., CD20). We have demonstrated this phenomenon of colocalization
of reactive proteins at multiple steps in the pathway, starting with C1q binding [17]. First, we observed
a high level of colocalization of Al647 OFA with Al488 C1q on Daudi cells quantitated by HRDI
measurements (Figure 2 and Table 2). However, when we performed the experiment under identical
conditions with Al647 RTX-opsonized Daudi cells, we found that although the amount of cell-bound
RTX was comparable to the amount of cell-bound OFA, there was a very modest level of C1q binding
(Table 2) and considerably less colocalization of cell-bound C1q with RTX. Based on analyses of their
CD20 epitope specificities, it is now well established that OFA binds much closer to the cell membrane
and with a slower off rate than RTX [19,31,42–44], and this has also been reflected “downstream”
in that OFA is able to mediate CDC of B cells much more effectively than does RTX. This is particularly
apparent in the case of ARH77 cells and CLL B cells. These cells are more resistant to mAb-induced
CDC than most B cell lines because they express low levels of CD20 but high levels of C control proteins
CD55 and/or CD59, and therefore the differences in the CDC efficacy of OFA versus RTX are readily
demonstrated [19,31,43,44].

Table 2. Binding of Al488-labeled C1q to mAb-opsonized Daudi cells and colocalization of C1q
with mAb.

Expt. 1 Expt. 2 Expt. 3 a

Al647 mAb
(GMF) b

Al488 C1q
(GMF)

BDSS c Al647 mAb
(GMF)

Al488 C1q
(GMF)

BDSS
Al647 mAb

(GMF)
Al488 C1q

(GMF)
BDSS

Al647 OFA 181,000 162,000 3.0 116,000 113,000 3.4 206,000 30,000 2.5

Al647 RTX 186,000 7500 0.9 61,000 6600 2.1 155,000 2200 1.0

Al647 7D8 d 133,000 2300 0.6 104,000 1000 0.9 210,000 1300 0.7

a Different Al488 C1q preparation. b GMF, geometric mean fluorescence. c BDSS, bright detail similarity score.
d IgG4 (K322A).
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Figure 2. C1q colocalizes with bound OFA on daudi cells. Daudi cells were incubated with 10 μg/mL
Al647 mAb and 1.6 μg/mL Al488 C1q in medium for 60 min at 37 ◦C. Samples were washed, fixed,
concentrated, and then analyzed by multispectral high-resolution digital imaging (HRDI). Fluorescence
signals for Al647 OFA-opsonized samples were analyzed for colocalization with bound Al488 C1q.
Light scatter, fluorescence and bright field images of representative doubly positive cells. Results are
representative of three similar experiments. Figures 1 and 2 were originally published in The Journal
of Immunology. Pawluczkowycz, A.W. et al. 2009 Binding of submaximal C1q promotes CDC of B
cells opsonized with anti-CD20 mAbs OFA or RTX: considerably higher levels of CDC are induced
by OFA than by RTX. J. Immunol. 183: 749–758. Copyright © (2009) The American Association of
Immunologists, Inc. [17].

Table 2 was originally published in The Journal of Immunology. Pawluczkowycz, A.W. et al. 2009
Binding of submaximal C1q promotes CDC of B cells opsonized with anti-CD20 mAbs OFA or RTX:
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considerably higher levels of CDC are induced by OFA than by RTX. J. Immunol. 183: 749–758.
Copyright© (2009) The American Association of Immunologists, Inc. [17].

These findings also speak to the issue of thresholds for C activation [9,45,46] and cell killing
by the MAC. Binding of RTX to B cells does indeed allow for some C1q binding, C activation,
and subsequent C3b deposition and colocalization of the deposited cell-bound C3b with cell-bound
RTX (Figure 3) [18,19]. However, we found that on reaction in NHS, The amount of C3b deposited on
OFA-reacted CLL cells was 5–10-fold greater than the amount of C3b deposited on RTX-opsonized
CLL cells, quantitated with flow cytometry measurements [31]. Thus, although there is comparable
binding of these CD20 mAbs to the CLL cells and there is enough C1q bound to RTX-opsonized cells
to activate C, less C3b is deposited on the cells compared to the amount of C3b deposition mediated
by OFA [17,31]. In other words, The C3b deposition threshold needed to achieve adequate generation
of the MAC to enable cell killing is not reached for most RTX-opsonized CLL cells. It is therefore
understandable why OFA is considerably more effective than RTX in promoting CDC of CLL cells.

 

Figure 3. Deposited C3b colocalizes with bound RTX. Representative images from samples opsonized
as indicated and then analyzed by HRDI. Similarity bright detail score (SBDS) values given below
the images are the mean ± SD (n) for values obtained on ‘n’ different replicate samples (at least
10,000 cells/sample) prepared and analyzed over a period of 18 months. The AF488 maleimide binds to
the free SH group on C3b. Note how it is colocalized with mAb 7C12, specific for C3b. Reprinted from
Journal of Immunological Methods, Vol. 317, 2006, Beum, P.V. et al., Quantitative analysis of protein
colocalization on B cells opsonized with rituximab and complement using the ImageStream multispectral
imaging flow cytometer, pp. 90–99, with permission from Elsevier, Amsterdam, The Netherlands [18].

However, RTX can promote very rapid C3b deposition on B cells in the circulation of non-human
primates. We found that when RTX is infused intravenously into cynomolgus monkeys, it rapidly
binds to circulating B cells and this is followed, within 2 min, by deposition of C3 fragments in close
juxtaposition with B cell-bound RTX [36]. Moreover, we also obtained blood samples from CLL patients
treated with either RTX or OFA, and we observed C3 fragments deposited on their B cells in close
juxtaposition with cell-bound RTX/OFA on samples taken within an hour of the start of the mAb
infusions [31,47,48]. We note that multiple lines of evidence indicate that mechanisms mediated by
receptors for the Fc region of human IgG (FcγR) expressed on macrophages are principally responsible
for the in vivo efficacy of RTX [49–51].

5. C3b Deposition Kinetics, a Key Intermediate Step in CDC; the “Discovery” of Streamers

We next asked whether the kinetics of C3b deposition and killing of B cell lines or of CLL cells
opsonized with these CD20 mAbs would also reflect differences between OFA and RTX. We conducted
real-time spinning disk confocal fluorescence microscopy experiments in which Alexa-labeled mAbs
specific for CD20 were reacted with B cells and then incubated in NHS as a C source supplemented
with Alexa-labeled mAb 3E7 as a marker to reveal C3b/iC3b deposition. Importantly, mAb 3E7 does
not cross-react with C3 and therefore can report C3b deposition in situ. [19]. We confirmed that under
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these conditions, both RTX and OFA promoted rapid C activation (~2 min), and that substantial
colocalization of deposited C3b with cell-bound RTX was easily demonstrable on Daudi cells (Figure 4,
panels A–C). However, an unexpected and initially very puzzling observation set the stage for more
detailed investigations that have ultimately allowed us to carefully decipher the intricacies of the
CDC killing mechanism for nucleated cells. We found that very soon after the C3b deposition reaction
could be detected, long very thin fragments of cell membrane extended from the Daudi cells before
they were killed, and it was possible to detect both membrane-bound mAb (RTX or OFA) along
with colocalized C3b on these fragments. Control experiments in the absence of mAb 3E7 clearly
demonstrated that these structures were not an experimental artifact (Figure 4, panel D). We initially
called these membrane fragments “streamers”, but additional experiments revealed that we were
studying the formation of tunneling nanotubules (TNTs), in a reaction that is mediated by rapid entry
of large amounts of Ca2+ into a cell [22,52,53].

 

Figure 4. Binding of RTX to Daudi cells in NHS induces blebbing and streaming. (A–C), Images
obtained at three different times for Daudi cells reacted with Al488 RTX, Al647 mAb 3E7, and NHS.
(A), The 488 nm images show green RTX. (B), The 647 nm images show red mAb 3E7. (C), Merged
images. Note that overlap of red and green produces orange or yellow. (D), Blebbing and streamers are
generated in the absence of mAb 3E7. Daudi cells were opsonized with Al488 RTX and then reacted
with NHS. Images for 488 nm are displayed at three time points. Green streamers can be seen to the
left of the cells in panel A. The calibration bar in this and the following figures denotes 5 microns.
The magnification in (A–C) was 40×, but, in panel (D) and all other figures derived from spinning disc
confocal microscopy experiments, magnification at 63×was used [19].

We performed a similar experiment substituting ARH77 cells for Daudi cells. As noted previously,
OFA, but not RTX, can mediate CDC of ARH77 cells. We observed colocalization of OFA or of RTX
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with C3b on ARH77 cells when the cells activated C in the presence of NHS. However, TNTs/streamers
were released only by OFA-reacted ARH77 cells, but not by ARH77 cells reacted with RTX (Figure 5,
panels A–D) [19]. This finding strongly suggests that C activation on ARH77 cells induced by RTX
was not adequate to promote entry of Ca2+ into these cells. That is, in view of the large differentials
in C3b deposition and cell killing for OFA versus RTX-opsonized CLL cells, these findings again
support the idea that the threshold for C3b deposition required for generation downstream of sufficient
amounts of the MAC to effectively permeabilize ARH77 cells and promote Ca2+ entry is not reached for
RTX-reacted ARH77 cells. The patterns we have described (colocalization of mAb and C3b, formation
of TNTs) are not unique to CD20 mAbs. Certain mAbs activate C very effectively on binding to target
cells because they bind at very high levels (>80,000 mAbs per cell). These include HB28 (anti-β2
microglobulin, mouse (IgG2b), alemtuzumab (anti-CD52), and W6/32 (anti-HLA), and all of these mAbs
have also been demonstrated to produce streamers/TNTs on binding to target cells in the presence
of C [19,22,33,54].

 

Figure 5. Binding of OFA to Daudi cells and ARH77 cells in NHS produces blebbing and streamers.

(A), Daudi cells were opsonized with Al488 OFA, and then reacted with NHS and Al647 mAb 3E7;
merged 488 nm/647 nm images at the indicated times. (B), ARH77 cells were opsonized with OFA,
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and then reacted with NHS and Al488 mAb 3E7; the 488 nm image shows mAb 3E7. (C), ARH77 cells
were opsonized with FITC OFA, and then reacted with NHS and Al647 mAb 3E7; the 647 nm image
shows mAb 3E7. (D,E), ARH77 cells were opsonized with Al488 RTX, and then reacted with NHS and
Al647 mAb 3E7; the 488 nm image (D) shows RTX and the 647 nm image (E) shows mAb 3E7. There is
neither blebbing nor streamers in panels (D,E). (F), Blebbing and streamers are generated in the absence
of mAb 3E7. Daudi cells were opsonized with Al647 OFA and then reacted with NHS. The 647 nm image
is displayed. Figures 4 and 5 were originally published in The Journal of Immunology. Beum, P.V. et al.,
2008, Complement activation on B lymphocytes opsonized with rituximab or ofatumumab produces
substantial changes in membrane structure preceding cell lysis, J. Immunol. 181:822–832. Copyright©
(2008) The American Association of Immunologists, Inc. [19].

6. On the Importance of Ca2+

Based on these observations, we next focused on investigating the possible role of Ca2+ in the
cell-killing phase of the CDC reaction [22]. Upstream deposition of C3b occurs in a process which
requires Ca2+, but the downstream terminal steps in the C cascade, in particular, generation of the
MAC, do not directly require Ca2+. Therefore, we briefly reacted Daudi cells with OFA in C5-depleted
serum to deposit active C3b but not permit subsequent MAC formation. The cells were then washed
and incubated in NHS-EDTA (to chelate Ca2+) or in NHS. Under both conditions, The MAC is then
generated and the cells are killed (Figure 6); however, TNTs are not produced when the cells are killed
in NHS-EDTA, providing strong evidence that in NHS it is entry of Ca2+ into the cells that promotes
TNT formation (Figure 7) [22]. The degree of killing for C3b-opsonized cells reacted in NHS-EDTA
was somewhat lower and slower than in in NHS. We suggest that under these conditions, where Ca2+

entry into cells is precluded, we are instead studying “death by drowning” of the cells due to influx of
large amounts of water and loss of cellular constituents upon permeabilization of the cell membrane.
However, it is our working hypothesis that when the cells are killed under normal physiological
conditions for CDC, it is the influx of lethal amounts of Ca2+ that provides the most immediate fatal
blow. A similar finding of slower cell killing was reported by Papadimitriou et al., who examined
MAC killing of EACs in the presence of EGTA in which Ca2+ was chelated, thus precluding its rapid
entry into the cells [14,15].

 

Figure 6. Two-step CDC. Reaction of OFA-opsonized Daudi cells in C5-depleted (C5-dpl) NHS in step
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1 promotes C3b/iC3b deposition and these cells are killed when they are incubated in either NHS or
NHS + EDTA in step 2. (A) C3b/iC3b deposition was assayed with PE mAb 7C12 and is expressed as
molecules of equivalent soluble fluorochrome (MESF). In a control to block C3b deposition, cells were
opsonized in step 1 with C5-depleted NHS + EDTA; the resulting signal was only 1200 MESF. (B) The
percentage of dead cells was determined based on uptake of TO-PRO-3. (A,B) Representative of five
similar experiments. (C) Killing of cells under various step 2 conditions. Means and SD are displayed.
Representative of three similar experiments [22].

 

Figure 7. Production of streamers requires Ca2+. OFA-opsonized cells reacted with C5-depleted NHS
do not exhibit streaming when they are incubated with NHS + EDTA. (A–D) Al488 mAb 3E7 was used
to visualize the C3b-opsonized cells, and representative images from spinning disc confocal microscopy
(SDCM) movies are displayed at time 0 (A,C) and after 304 or 300 s (B,D). A streamer in (B) is identified
by the arrow. Images shown are representative of more than 20 similar experiments. Magnification
at 63× in all images. Scale bar = 5 microns. (E,F) Fluorescence microscopy (FM) analysis of Al488
OFA-opsonized Daudi cells subjected to the two-step protocol and then stained with PI to identify
dead (stained red) cells. Although the cells are dead (E) there is no evidence for blebbing or steamers.
Magnification at 100×; scale bar = 10 microns. Representative of more than 15 fields examined in two
separate experiments. Figures 6 and 7 were originally published in the European Journal of Immunology,
Vol. 41, Beum, P.V. et al. 2011, Penetration of antibody-opsonized cells by the membrane attack complex
of complement promotes Ca2+ influx and induces streamers. Eur. J. Immunol. pp. 2436–2446,© 2011
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim [22].
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At this point, our research direction was strongly influenced by a general theory as to how toxins
kill cells, developed more than 40 years ago by Schanne et al. [55]. They noted that in a first step,
toxin could compromise the integrity of cell membranes by a variety of mechanisms that were usually
independent of Ca2+. However, they suggested that “the second step of toxin induced killing most
likely represents an influx of Ca2+ across the damaged plasma membrane . . . and represents a final
common pathway by which the cells are killed.” Indeed, under normal physiological conditions,
The external extracellular Ca2+ concentration in blood and interstitial fluid is in the millimolar range,
but the Ca2+ concentration in most nucleated cells is approximately 0.1 uM, and levels above 2 uM are
usually lethal [9,56–58]. Therefore, it is quite reasonable to expect that when the plasma membrane of
a cell is effectively permeabilized by the MAC “toxin”, The cell will then be killed as a consequence of
influx of Ca2+ and poisoning of many of its major metabolic pathways due to Ca2+-mediated excessive
activation of a variety of proteases, endonucleases, and phospholipases [12,14,15].

7. Hexamer-Forming mAbs are More Effective in Activating C

7.1. Cell-Bound Hexamer-Forming mAbs Bind C1q

In a very productive collaboration, we made use of hexamer-forming mAbs that were developed
by Prof. Paul Parren and his colleagues at Genmab [16,20,59–62]. We used these mAbs to further
study the role of Ca2+ entry into cells in the mAb-mediated CDC reaction. These mAbs are modified
in the Fc region, which substantially enhances their potential to form hexamers upon binding to
cells. The modifications (e.g., E430G) promote much more effective and rapid binding of the classical
pathway initiating factor, hexameric C1q, to the mAb-opsonized cells, and thereby increase the CDC
potential of a wide range of mAbs. We also note that numerous other strategies are under investigation
for increasing the ability of mAbs to promote CDC of tumor cells [26,27,41,63–72]. It will be interesting
to compare the efficacy of these strategies if they progress to clinical trials.

We first compared 7D8 (a close analogue of OFA [73]), RTX and the hexamer-forming variants,
7D8-Hx and RTX-Hx. Although approximately comparable amounts of the different CD20 mAbs bind
to a given cell, 7D8-Hx and RTX-Hx are considerably more effective at promoting C1q binding and
rapid C-mediated killing of the target cells (Figure 8) [16]. We also found that all four mAbs bound to
the cells within 1–2 min.

7.2. Four-Color Confocal Microscopy Movies

We next performed a series of kinetic experiments to study CDC-mediated by 7D8-Hx based
on four-color confocal microscopy movies. Raji B cells or CLL cells were internally labeled with the
green fluorescent Ca2+ indicator, Fluo-4, to monitor Ca2+ influx. Viable mitochondria were visualized
with TMRME (red). The cells were dispersed in NHS containing Alexa-405-labeled anti-C3b/iC3b
mAb 3E7 (blue) to follow C3b deposition and TO-PRO-3 (purple) was added to the medium as a
live/dead indicator. The screenshots (Figure 9) [16] from the movies of Raji cells reacted with 7D8-Hx
demonstrate that many of the cells are opsonized with C3b (binding of blue anti-C3b mAb 3E7) after
approximately 90 s. Soon thereafter, enough MAC must have penetrated the cells, because many
of them are bright green (indicating influx of Ca2+), but some are still alive, and their mitochondria
appear to be alive and intact, based on the viable red TMRME signal (135 and 180 s). We have identified
these bright green cells as “transition-state intermediates”. They are alive, but are doomed, because
lethal amounts of Ca2+ had entered the cells. Soon, by 180–270 s, many of the cells are dying or are
dead, and this is evident based on three separate criteria: first, most of the Fluo-4 has leaked out of the
cells; second, The mitochondria have been poisoned and are no longer stained by TMRME; and third,
TO-PRO-3 has entered the cells. Careful inspection of the movies suggested that there was a slight
lag (5–10 s) between the coincident leakage of Fluo-4/loss of the TMRME signal, and the final entry of
TOPRO-3 into the dead cells. More details on these phenomena can be found in the Figure 9 caption.
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Figure 8. Hexamer-forming CD20 mAbs efficiently utilize small amounts of C1q to mediate CDC.

Hexamer-forming CD20 mAbs bind to B cells and promote C1q binding, CDC and efficiently utilize
small amounts of C1q to mediate CDC. (A) Saturating amounts of mAbs were reacted with cells for
30 min at RT in media, and after two washes, binding was evaluated by development with Al647
mAb HB43 (10 μg/mL, 30 min on ice), specific for human IgG Fc region. All points are in duplicate,
and means and SD are displayed. (B,C) Kinetics of mAb binding and C1q uptake were determined
based on reacting mAbs (10 μg/mL) with cells in 5% NHS for varying times at 37 ◦C. After washing,
development was based on probing with (B) Al647 mAb HB43 or (C) FITC anti-C1q antibody. (D) CDC
with 10 μg/mL mAb in 50% C1q-depleted serum supplemented with varying amounts of C1q for 20 min
at 37 ◦C. % TO-PRO-3 (TP3)-positive cells define % CDC. (E) Cells were reacted with mAbs at 37 ◦C
for 20 min in 50% NHS, and CDC was evaluated after TO-PRO-3 staining. (F) Kinetics of killing were
determined after reacting cells with 10 μg/mL mAb in 50% NHS for varying times. (A–F) Each graph is
representative of 2–4 similar experiments. Results for CLL cells shown in this figure were obtained
with cells from four CLL patients. Cytotoxicity for CLL cells reacted in the absence of mAbs, or plus
mAb in media, or in heat-inactivated NHS, was less than 6% [16].
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Figure 9. Four-color confocal fluorescence microscopy analyses of the kinetics of CDC of Raji cells

mediated by 7D8-Hx. Delineation of discrete steps in CDC of Raji cells: four-color confocal fluorescence
microscopy analyses of the kinetics of CDC of Raji cells mediated by 7D8-Hx. For clarity, images based
on analyses with two colors at advancing times during the reaction are displayed. Upper panel: Al405
mAb 3E7 (C3b/iC3b, light blue) and TO-PRO-3 (dead cells, bright purple). Middle panel: Al405 mAb
3E7 (C3b/iC3b) and Fluo-4 (Ca2+, green). Lower panel: Al405 mAb 3E7 (C3b/iC3b) and TMRM (viable
mitochondria red). White arrows mark a representative cell in the transition state at 90 s and dead at
270 s. Yellow arrows identify a cell in which the mitochondria remain viable through the transition-state
intermediate. Inset: Amplified image of a single cell at 270 s (Fluo-4) and 135 s (TMRM). Note that the
green signal due to Fluo-4 in the dead cell (at 270 s) is localized to places in the live cell in which viable
mitochondria (positive TMRM staining) are identified at 135 s. Representative of more than 10 similar
experiments [16].

7.3. Kinetics of CDC Monitored by Multicolor HRDI

We also made use of HRDI technology to visualize cells during the CDC process. Figure 10,
top panel identifies three distinct populations of cells at the 40 s mark that are either: alive—Fluo-4 very
bright (transition-state intermediate) and TMRME positive; and finally dead—Fluo-4 weak, TMRME
negative, C3b positive and TOPRO-3 positive [16]. Verification that the residual Fluo-4 stain is in the
mitochondria (identified with Mitotracker Red) of the cells is demonstrated in Figure 10, bottom panel.
It is also noteworthy that there is no noticeable swelling of the dead cells (Figure 10, top panel) at early
times, soon after they are killed. This again emphasizes that there is no evidence for an early osmotic
burst reaction when the nucleated cells are first killed, in agreement with Papadimitriou et al. [15].
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Figure 10. Four-color kinetic analyses by HRDI of the transition-state intermediate. Delineation of
discrete steps in CDC: Four-color kinetic analyses by multispectral fluorescence imaging. Top panel:
Images of representative 7D8-Hx treated cells that are either alive, in transition, or are dead. Bottom
panel: Representative images for cells reacted with Al647 RTX-Hx (E345R) after 60 s (live and
transition) or after 300 s (dead). The cells were presumed to be dead by 300 s based on the decrease
in the mean Fluo-4 signal. Figures 8–10 are reprinted from Molecular Immunology, Vol. 70, 2016,
Lindorfer, M. A. et al. Real-time analysis of the detailed sequence of cellular events in mAb-mediated
complement-dependent cytotoxicity of B cell lines and of CLL B cells, pp. 13–23 with permission
from Elsevier [16].

We also used HRDI to follow the CDC reaction for Z138 cells. In these experiments, we monitored
C9 binding instead of Ca2+ influx. We were able to verify that binding of C9 to the Z138 cells followed
C3b deposition, and that live cells containing bound C9 could be identified (Figure 11), but we
know that these are also “doomed” cells that will soon experience substantial fluxes of Ca2+ [20].
In agreement with earlier studies, there is considerable colocalization of cell-bound mAb with deposited
C3b, and in addition deposited C3b clearly serves as a “landing site” for binding of C5b-9, based on
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the colocalization of C3b and C9 (Figure 12). The identification of the transition-state intermediate
(very bright homogeneous Fluo-4 signal) raised an interesting question: could we better validate its
existence and stabilize it by slowing leakage of Fluo-4 out of the cell? The coincident question raised in
these studies centered on the role of C9; is C9 essential to kill the cells as part of the MAC?

 

Figure 11. mAb 7D8-Hx mediates CDC of Z138 cells in C9-depleted NHS. Distinct cellular steps in
the CDC pathway are illustrated with representative images from an experiment in which Z138 cells
were reacted with 7D8-Hx in NHS. (A) At zero time, cells are alive (TMRM positive, TP3 negative).
(B) After 40 s, C3b has deposited, but the cells are still alive, based on the positive TMRM signal and
the lack of staining by TP3. (C,D) After 60 s, C9 has bound to the cells. Note that both live (C) and
dead (D) (TP3 positive, TMRM negative) C9-positive cells can be seen. (E) After 60 s, 8.6% of dead cells
are C9 dim [20].

 

Figure 12. C3b and C9 are colocalized on B cells opsonized with mAb 7D8-Hx. C3b and C9 are
colocalized on B cells with opsonizing mAb 7D8-Hx after reaction for brief periods in 50% NHS.
Data were obtained based on multispectral high-resolution fluorescence imaging by flow cytometry.
CLL cells were reacted with Al546 Hx-7D8 in NHS for 8 min and after two washes were probed with
both FITC mAb aE11 and with Al594 3E7 (for C3b/iC3b). Images representative of triple-positive cells
are shown. Bright detail similarity score (BDSS) values for the merged images of the individual cells
are given. A very high degree of colocalization of Hx-7D8 with C3b is evident, and colocalization of the
mAb with C9 is also observed [20].
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8. On the Role of C9

We identified small populations of cells that were killed by CDC but did not appear to be stained by
C9 [20] (Figure 11, panel E), and we also found that CLL cells and Z138 cells reacted with 7D8-Hx could
be killed by CDC in C9-depleted serum. In fact, we reported that the cells could also be killed in sera
depleted of Factor B and Factor D (Figure 13). Other mAbs that promote high levels of CDC, including
alemtuzumab and W6/32 (Mouse IgG2b, anti-HLA) also were able to mediate CDC in C9-depleted
serum, but in all cases mAb-mediated CDC had an absolute requirement for C1q. These findings
suggest that the alternative pathway of C (APC) does not appear to be needed to promote effective
CDC mediated by the mAbs under investigation. It is generally believed that the APC, based on its
inherent exponential amplification loop is responsible for most of the efficacy of C [74,75]. Our findings
would suggest this might not be the case for CDC of tumor cells mediated by mAbs, where it appears
that the classical pathway (C1q requirement) is key.

 

Figure 13. C9-depleted sera support CDC mediated by several different mAbs. Sera depleted of
one of several terminal (but not upstream) classical pathway complement components support CDC
mediated by several different mAbs. (A) mAbs Hx-7D8 and ALM promote robust CDC of CLL
cells after reaction for 15 min in 25% NHS or C9-dpl sera. The results are the average for duplicate
determinations on cells from eight different CLL patients for Hx-7D8 and the average for cells from
four of the eight patients for ALM; means and SD are displayed. No CDC is observed if Hx-7D8 or
ALM is reacted with CLL cells in C1q-dpl sera. Differences between C1q-dpl and C9-dpl versus NHS
are significant, as illustrated. (B,C) Both Hx-7D8 and W6/32 mediate CDC of Z138 cells in sera depleted
of terminal pathway components or of complement factor B (FB) or complement factor D (FD). n = 4–6.
Significant differences versus NHS are noted. (D,E) Both Hx-7D8 and ALM mediate CDC of CLL cells
in sera depleted of terminal pathway components or of FB or FD. The averaged results for duplicate
determinations on cells from eight different CLL patients are provided. The results for C1q-dpl, C9-dpl,
and NHS are the same as in (A), and are repeated to allow for ready inspection and comparison with
the other depleted sera. * p < 0.05, ** p < 0.01, *** p < 0.001. Figures 11–13 were originally published
in The Journal of Immunology. Cook, E. M. et al. 2016, Antibodies that efficiently form hexamers upon
antigen binding can induce complement-dependent cytotoxicity under complement-limiting conditions.
J. Immunol. 197:1762–1775. Copyright© (2016) The American Association of Immunologists, Inc. [20].
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The results of the experiments with C9-depleted serum are intriguing, but not definitive because
trace amounts of C9 could still be present in the depleted serum. However, The smaller C5b-8 pores
that penetrate cells are approximately 3.5 nm in size (pores formed with C5b-9 are 10–11.5 nm) and
in principle the C5b-8 pores should be adequate to allow for Ca2+ entry and killing of the cell [76].
Therefore, in collaboration with Drs. Paul Morgan and Masashi Mizuno, we used flow cytometry
to investigate whether CLL cells could be killed by Ca2+ fluxes in serum genetically deficient in
C9 [21]. Although we had limited amounts of the C9-deficient serum, we were able to demonstrate
that mAb 7D8-Hx promoted substantial CDC of the CLL cells from six different patients (Figure 14).
Compared to the reaction in NHS, The CDC kinetics were only slightly slower in the C9-deficient serum.
We also asked whether the smaller C5b-8 pores would stabilize the transition-state intermediate (bright
green, Fluo-4 very positive) by slowing down exit of Fluo-4 from the cell. Indeed, at the 150 s point,
approximately 70% of the cells had been killed, but the net Fluo-4 signal was maximized at this point,
indicating that even though most of the cells had been killed due to Ca2+ poisoning, The Fluo-4 had not
yet leaked out of the cells (Figure 15). The bright green “dead intermediate” was therefore stabilized
over a period of approximately 200 s (t = 100 s to 300 s). Due to very limited amounts of C9-deficient
serum, we were not able to investigate the reaction with confocal microscopy movies. However,
we suggest that further studies with serum from donors genetically deficient in C9 [77] would allow
for more comprehensive investigation of these phenomena in the future. For example, it could be quite
informative and useful to identify and differentiate tumor cells that are/are not susceptible to CDC in
sera lacking C9.

Figure 14. C9-deficient serum can mediate high levels of CDC of CLL cells opsonized with mAb

Hx-7D8. C9-deficient (C9-D) serum lacks any detectable C9, but can mediate high levels of lysis of
CLL cells reacted with mAb Hx-7D8. The ability of mAb Hx-7D8 to promote CDC in CLL cells from
six different patients was evaluated in either: C9-D serum (25%), C9-D serum (25%) supplemented
with 18 μg/mL C9, or NHS (25%). Controls included Hx-7D8 reacted with cells in media (4 of 6 CLL
cell samples) as well as cells reacted with RTX (2 CLL samples) or an isotype control (Isotype, Hx-b12,
2–4 CLL samples) reacted with CLL cells in all three conditions. Each color represents a different
patient (pn); all determinations were in duplicate or triplicate and means and SD are provided. Mean %
CDC and SD: 58 ± 17% for CLL cells reacted in C9-D serum; 67 ± 20% for CLL cells reacted in C9-D
serum + C9; 91 ± 7% for CLL cells reacted in NHS. * p < 0.05; ** p < 0.01 [21].
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Figure 15. Analysis of CDC and Ca2+ fluxes in Fluo-4-loaded CLL cells. (A) CDC kinetics mediated by
Hx-7D8 in C9-D serum (pn 2014, red circles, Figure 14) were slower and killing peaked at approximately
80%, compared to results in intact NHS where killing reached 95%. CDC mediated by RTX was low
under both conditions. (B) During CDC mediated by Hx-7D8 (also pn 2014), The Fluo-4 signal is
increased considerably and remains substantially elevated for 3 min (indicative of the transition-state
intermediate) for CLL cells reacted with Hx-7D8 in C9-D serum. Controls include cells reacted for 900 s
in NHS or in C9-D serum, with either the isotype control Hx-b12, or with no mAb. Figures 14 and 15 are
reprinted from Clinical Immunology, Vol. 181, 2017, Taylor, R.P. et al. Hexamerization-enhanced CD20
antibody mediates complement-dependent cytotoxicity in serum genetically deficient in C9, pp. 24–28,
with permission from Elsevier [21].

9. Ca2+ Appears to be the Key: Implications

Our findings, as well as those of the Shin group [10–15], provide compelling evidence that it
is the influx of Ca2+ into nucleated cells that is the primary cause of cell death in the CDC reaction
mediated by anti-tumor mAbs. On this basis, there are several additional strategies that could be
employed to bring even more efficacy to this process, based on increasing the flux of lethal amounts of
Ca2+ into the targeted cell. One possibility is also to stimulate the target cell with other mAbs and/or
ligands that promote uptake of Ca2+ into the cell. For example, Fifadara reported that mast cells
costimulated at the high-affinity receptor for the Fc region of IgE (FcεRI) and chemokine receptor 1
(both of which promote Ca2+ fluxes) were not killed, but produced TNTs [78]. Apparently, these cells
were “on the edge” of being over-stimulated and killed by Ca2+, but they survived. If these mast
cells were reacted with a mAb that only modestly activated C and the Ca2+ flux was inadequate,
then perhaps synergy in killing could be achieved by coincident treatment with agents that stimulate
FcεRI and/or chemokine receptor 1. This proof-of-concept experiment could be extended to target
other stimulatory sites on tumor cells that are known to mediate Ca2+ entry. Another approach would
be to make use of a mAb–drug conjugate. If a Ca2+ ionophore (A23187 or ionomycin) [23] could be
stably coupled to a C-fixing mAb with no damage to the potential of the mAb to mediate C activation,
then the ionophore could independently further increase Ca2+ entry into the targeted cell to increase
its cell-killing potential. A similar strategy could be based on coupling pore-forming agents such as
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melittin or perforin to C-fixing anti-tumor mAbs [23]. Indeed, immunoconjugates of melittin have
been investigated for cancer immunotherapy [79]. Finally, as we suggested recently, a third strategy
would be to develop a C-fixing antibody drug conjugate that blocks the machinery that pumps Ca2+

out of cells, thus synergizing with the CDC action of the anti-tumor mAbs [16].

10. The Future

As new and effective C-fixing mAbs are developed for cancer immunotherapy, it is very likely
that they will closely follow the patterns we have described here (Table 1). Indeed, in collaboration
with investigators at Genmab and Drs. Clive Zent and Richard Burack at the University of Rochester,
we recently reported on the properties of CD37 mAbs that contain the E430G hexamer-forming
modification [32]. We found that these mAbs promote very high levels (>98%) of CDC of CLL cells
taken from newly diagnosed patients. The very high levels of killing are likely due to the fact that most
CLL cells express approximately twice as many CD37 epitopes as CD20 epitopes [32,80]. Moreover,
based on four-color confocal microscopy real-time movies, we found that upon binding of the CD37-Hx
mAb to CLL cells in the presence of NHS, C3b is rapidly colocalized with cell-bound CD37-Hx mAb,
and the same pattern of rapid cell killing mediated by Ca2+ influx is evident [80]. This includes
generation of transition-state intermediates followed by poisoning of mitochondria, leakage of Fluo-4
out of the cell, and finally cell death, all within just a few minutes. We suggest that this cytotoxicity
pattern can serve as a “litmus test” for evaluation of the potential of future mAbs intended to be used
for cancer immunotherapy based on C-mediated killing.

11. Summary

As illustrated in Figure 16, we have examined and characterized, from the “point of view” of the
cell, many of the key steps in the classical complement pathway that are activated when highly effective
C-activating mAbs bind to tumor cells. The entire reaction is quite rapid, and both cell lines and
primary CLL cells can be killed within just a few minutes due to influx of lethal amounts of Ca2+,
clearly not allowing much time for any complex signaling pathways to be activated. The patterns we
have described are likely to be quite general, and it may be possible to make use of the lessons we
have learned in the development of additional innovative strategies that employ C and mAbs in the
treatment of cancer and other diseases as well.
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Figure 16. Simplified schematic illustrating the key steps in the CDC reaction that are described in
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this review. The reaction takes place at 37 ◦C in 50% NHS, and the mAb is at a concentration of
10 μg/mL. The target cell is internally labeled with Fluo-4. The pale green color of the cell illustrates
the low, physiological levels of cytoplasmic Ca+2. (1). Multiple mAbs bind to the cell in proximity,
ideally forming hexamers. (2). C1q then binds to the mAb hexamers on the cell. (3). Downstream,
C3b is deposited on the cell, closely associated with bound mAb. (4). After sufficient C3b has deposited
on the cell, C5b is generated, and C5b-8 and/or C5b-9 assemble close to the sites of C3b deposition.
(5). The pores formed in the plasma membrane by C5b-8 and/or C5b-9 allow the influx of large amounts
of Ca2+ and the cell turns bright green (the live, transition-state intermediate). (6). Soon thereafter,
The Ca2 in the cell penetrates and poisons the mitochondria. (7). This is rapidly followed by cell death.
Coincident with cell death, most of the Fluo-4 leaks out of the cell. Not shown are the TNTs that are
generated in the cells soon after the initial influx of Ca2+, during steps (5) and (6). Approximate times
for these events are provided in Table 1, and all of the reactions are fast. The hexamer-forming mAbs
and C1q are bound to the cell in less than 1 min, and the cells are killed in less than 2 min.

12. Patents

R.P.T. and M.A.L. are listed as co-inventors on a patent that describes the use of hexamer-
forming antibodies.
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Abstract: The link of the complement system to angiogenesis has remained circumstantial
and speculative for several years. Perhaps the most clinically relevant example of possible
involvement of complement in pathological neovascularization is age-related macular degeneration.
Recent studies, however, provide more direct and experimental evidence that indeed
the complement system regulates physiological and pathological angiogenesis in models
of wound healing, retinal regeneration, age-related macular degeneration, and cancer.
Interestingly, complement-dependent mechanisms involved in angiogenesis are very much context
dependent, including anti- and proangiogenic functions. Here, we discuss these new developments
that place complement among other important regulators of homeostatic and pathological
angiogenesis, and we provide the perspective on how these newly discovered complement functions
can be targeted for therapy.

Keywords: complement; angiogenesis; cancer; ocular pathology

1. Introduction

The complement system plays a key role in innate immunity against pathogens and links the
initial innate immune responses with the subsequent adaptive immunity [1,2]. Large quantities of
liver-derived complement proteins are always present in plasma and other body fluids as inactive
precursors (zymogens), awaiting enzymatic cleavages via one of three canonical pathways: the classical,
mannose-binding lectin, or alternative. In addition, the proteolytic enzymes present in inflamed
tissues may cleave complement proteins and lead to activation of complement by what was termed
the extrinsic pathway [3]. Through the cascade of proteolytic cleavages and protein-to-protein
interactions, the protein complexes with enzymatic activity (C3 and C5 convertases), composed of large
cleavage fragments, are formed on the activating surfaces [4]. They contribute to the progression and
amplification of the complement cascade. The other cleavage fragments, usually smaller, interact with
immune cells, including monocytes, macrophages, dendritic cells, granulocytes, NK cells, and B and
T lymphocytes. In addition to within the liver, complement proteins are produced locally in immune,
neuronal, epithelial, and tumor cells, fibroblasts, osteoblasts, and adipocytes [5]. Small complement
cleavage fragments known as anaphylatoxins, C3a, C4a, C5a, in particular C5a, act as potent
inflammatory mediators. C3b and C4b function as opsonins that flag pathogens to aid in recognition
and phagocytosis by professional phagocytes. C5b-9, known as the terminal complement complex
(TCC) or the membrane attack complex (MAC), forms a cytolytic or sublytic pore in the membranes of
bacteria or cells. The complement system was originally described to aid (complement) antibodies in
killing bacteria, thus the name “complement.” However, recent studies have revealed that complement
is involved in several immune and inflammatory processes triggered by infection or non-infectious
pathologies and contributes to several physiological and pathological process that are not strictly
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linked to the fight against microbes [6]. This review focuses on the non-immune complement functions
associated with angiogenesis.

2. Vasculogenesis and Angiogenesis in Health

New blood vessels are formed through two functionally distinct processes termed vasculogenesis
and angiogenesis [7]. Vasculogenesis is the formation of the entirely new vasculature during
early embryonic development from precursor cells and is pivotal for the development of the
cardiovascular system. In this process, mesodermal cells expressing vascular endothelial growth factor
receptor 2 (VEGFR-2) are stimulated in a paracrine fashion by VEGF released from endoderm [8].
This stimulation contributes to the conversion of multipotent mesodermal cells to angioblasts or
endothelial precursor cells that are located at the periphery of blood islands that emerge from the
mesoderm as the earliest vascular structures in embryo. The fusion of the multiple blood islands leads
to the formation of the primitive capillary network, which, upon the initiation of blood circulation,
converts into the arteriovenous vascular system (Figure 1) [9]. The growth and maturation of this
primitive vascular system requires the tight coordination of cell proliferation, differentiation, migration,
matrix adhesion, and changes in cell signaling. Although vasculogenesis was initially thought to
be exclusively linked to the development of the cardiovascular system in embryo, recent evidence
indicates that a similar process may contribute to the creation of new blood vessels in ischemic
tissues and tumors. This process has been termed postnatal vasculogenesis [10]. In contrast to de
novo formation of blood vessels through vasculogenesis, angiogenesis refers to the growth of new
capillaries from the existing vasculature (Figure 1) [11]. In adult organisms, endothelial cells remain
mostly in the quiescent state and do not proliferate. Therefore, angiogenesis is rarely seen under
normal physiological conditions except placental angiogenesis, angiogenesis in ovaries to transform
the ovulated follicles into the corpus luteum, and in the uterus to restore the endometrium to be
receptive to embryo implantation [12]. In addition, angiogenesis and vasculogenesis are required for
wound healing to repair damaged vasculature and accelerate the healing process [13]. This angiogenic
response is considered be a part of normal homeostatic regulation, although it occurs as a response to
tissue injury.

Complement in Homeostatic Angiogenesis

Wound Healing

Normal (acute) wound healing progresses through several well-orchestrated and, to some extent,
overlapping phases that encompass: clotting at the site of injury, an acute inflammatory response
and associated recruitment of inflammatory and interstitial cells, the subsequent proliferation of
recruited or resident cells, growth of capillaries, extracellular matrix protein deposition, regeneration of
parenchymal and non-parenchymal cells, and tissue remodeling [13]. The blood vessel grows within
aptly-named granulation tissue, which fills the wound during the repair process. This new vasculature
is required to repair damage to the blood vessels and provide nutrients and oxygen to the highly
metabolically-active cells in the sites of tissue repair. Both VEGF-mediated sprouting angiogenesis
(SA) and vasculogenesis contribute to this process. Bone marrow-derived endothelial progenitors
are involved in de novo blood vessel formation through vasculogenesis [13]. Complement effectors
generated through complement activation, especially anaphylatoxins, are some of the most potent
inflammatory mediators in humans [3]. Therefore, their involvement in the acute inflammatory
reactions in wound repair was highly anticipated.
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Figure 1. Vasculogenesis vs. angiogenesis. Vasculogenesis in embryos (left) is the de novo
creation of new vasculature from primitive mesodermal cells that express VEGFR2. VEGF released
from neighboring endodermal cells converts these VEGFR2+ cells into angioblasts surrounding the
blood islands. These islands fuse to form the primitive vascular network that eventually converts
into the arteriovenous system. In contrast, angiogenesis (right) is a formation of new vessels from
the existing vasculature. The initial steps involve degradation of the extracellular matrix (ECM),
detachment of pericytes, and tip formation. The non-proliferating tip endothelial cells move toward
proangiogenic factors and are followed by dividing stalk cells. These drawings are based on the figures
included in [12,14].

However, in contrast to this anticipation, a recent work demonstrated that complement protein
C1q is involved in wound healing vascular changes, independently of complement activation [15].
Although C1q is implicated in the initiation of the classical pathway of complement activation,
it also directly regulates function of immune and non-immune cells through binding to the C1q
receptors that are expressed on these cells [16], and such interaction of C1q with its reciprocal receptors
on endothelial cells may be involved in C1q-mediated angiogenesis. This notion was based on
C1q-positive immunohistochemistry staining on endothelial and inflammatory cells of granulation
tissue in the healing wound, in the absence of C4 and C3, which are required for the complement
activation cascade to proceed [15]. The C1q found in the wounds was likely derived from plasma.
However, local generation of C1q was also demonstrated in this study by quantitative PCR and in
situ hybridization [15]. In vitro assays with cultured endothelial cells demonstrated the impact of the
globular C1q head on the permeability of the endothelial monolayer and proliferation and migration
of endothelial cells. Importantly, endothelial cells migrated toward a C1q gradient, suggesting a role of
C1q in the tip formation during SA, which is similar to the role of VEGF in this process [15]. Like VEGF,
C1q promoted tube formation in the tube formation assay. These proangiogenic C1q properties were
further corroborated by the impact of C1q on vessel sprouting in an ex vivo rat aortic ring assay.
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Finally, wounds from C1q-deficient mice were less vascular and closed more slowly than in wild-type
controls [15]. In contrast, C3 deficiency did not impact wound vasculature suggesting that the canonical
complement activation pathways do not play a major role in wound angiogenesis. Adding back
C1q to C1q-deficient mice entirely abrogated the effects of C1q deficiency on wound angiogenesis.
Topical application of C1q in a rat model of wound healing accelerated the healing process and
increased vascularity of the wounds. Overall, this work has demonstrated C1q proangiogenic functions
that are independent from complement activation [15].

In contrast, a different study demonstrated that experimental wounds actually heal better in
C3, C5 and C5a receptor 1 (C5aR1)-deficient mice than in wild-type controls. The wounds from
C3-deficent mice were enriched in mast cells and had better developed vascularity than wounds in
wild-type controls. The inflammatory infiltrate of wounds was reduced in C3-deficient mice [17].
Taken together, both studies indicate that properly balanced complement activity is required for smooth
wound healing. C1q-mediated angiogenesis seems to be essential for proper wound healing. However,
excessive inflammatory infiltrate linked to complement C5a may delay angiogenesis and healing.

3. Vasculogenesis and Angiogenesis in Disease

In contrast to these examples of “beneficial” homeostatic angiogenesis, dysregulated angiogenesis
or vascular dysfunction contributes to several common and life-threatening diseases including cancer
and diabetes mellitus. In addition to diabetic retinopathy, several other ocular pathologies are associated
with aberrant vasculature and angiogenesis. In general, the angiogenic switch is triggered by ischemia
followed by hypoxia, as is the case in cancer and other conditions, in which metabolic oxygen demand
is higher than the available supply.

3.1. Complement in Pathological Angiogenesis

3.1.1. Cancer

In contrast to normal tissues, exponentially growing tumor mass requires dense and constantly
growing vasculature to meet its metabolic demands. Therefore, neoangiogenesis is essential to
support tumor growth [18]. Even with robust angiogenesis permanently switched on in tumors,
the tumor microenvironment remains hypoxic, and the central portions of solid tumors often become
necrotic due lack of sufficient blood and oxygen supply. Hypoxia-induced changes in the tumor
microenvironment, soluble factors secreted from tumor cells, and interplay between the resident
and recruited components of this microenvironment all contribute to SA in tumors [19]. SA is
initiated by several proangiogenic growth factors, including VEGF, produced in the hypoxic and
nutrient-deprived tumor microenvironment. Thus, VEGF stimulated endothelial cells leave their
quiescent state and proliferate. Matrix metalloproteinases (MMPs) released from activated endothelial
or infiltrating cells digest the basement membranes and interstitial stroma allowing endothelial
cells to migrate. Migrating frontrunner endothelial cells form a tip that follows the gradient of
proangiogenic factors. Tip endothelial cells have low proliferative capacity. However, they are followed
by so-called stalk cells, which proliferate and cause the sprout elongation. The vascular lumen is
formed between two parallel layers of stalk cells while the sprout elongates (Figure 1). Once tip cells
from neighboring sprouts meet, they anastomose to form a new perfused blood vessel. The perfusion
causes the maturation and stabilization of these new blood vessels that involves deposition of basement
membrane components and establishing pericyte coverage [12]. Paradoxically, VEGF-triggered SA
does not lead to well-developed and mature vasculature in tumors. Newly formed tumor blood vessels
are convoluted, disorganized and do not have a well-developed endothelial cell lining. Furthermore,
pericyte coverage of these newly formed blood vessels is limited. As a result, the vasculature of tumors
is leaky and inefficient [20]. To circumvent deficiencies associated with “ineffective” SA, the invading
tumor border engulfs normal blood vessels surrounding malignant tissue and incorporates these
mature blood vessels into the tumor vasculature. As expected, these co-opted host vessels are
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functionally different from blood vessels formed through SA. For example, the endothelial cells of
co-opted vessels exhibit little proliferative potential. The co-opted vessels, in addition to supplying
blood to the tumor, provide the port of entry to the circulation for tumor cells that later give rise
to hematogenous metastasis. Therefore, tumor invasion of normal blood vessels in close proximity
worsens prognosis [21]. Interestingly, tumor cells can also function as endothelial cells forming
vascular channels through the process of vascular mimicry [22]. In addition to a pivotal role of
angiogenesis and vascular aberrations in primary tumor sites, the angiogenic switch is required for the
progression of small avascular micrometastases to clinically overt rapidly growing lesions, and thus,
promotes the wakening of tumor cells from dormancy [23]. The role of complement in cancer has
been extensively studied and reviewed in the last decade [24–26]. Overall, it is generally accepted
that complement-mediated inflammation supports immune escape of tumors through activation and
recruitment of different components of the tumor microenvironment [5].

Primary Tumors

The role of complement in cancer has been postulated for decades, since complement deposition
was observed in several common human solid tumors [5,27]. The presence of complement deposits in
tumors was seen as an indicator of complement-mediated tumor immune surveillance. The TCC can
lyse invading microorganisms through complement-dependent cytotoxicity, and therefore, the TCC was
thought to contribute to complement-mediated tumor cell killing. However, more than a decade ago,
the protumor functions of complement were discovered [28]. This study linked these tumor-promoting
functions to suppression of antitumor immunity through the engagement of C5a with C5aR1 expressed
on myeloid-derived suppressor cells (MDSC). Several follow-up studies confirmed these initial findings
and discovered new complement-mediated mechanisms contributing to cancer progression. Given the
proangiogenic functions of MDSC [29], it is surprising that only a few reports have linked complement
to tumor angiogenesis, and in fact, none of them have demonstrated contribution of C5aR1 signaling
in these cells to angiogenesis in primary sites.

Perhaps the first study on the role of complement in tumor angiogenesis was the work
demonstrating significantly reduced tumor growth and reduced vascularization of tumors from C3
and C5aR1-deficient mice in a transgenic model of ovarian carcinoma [30]. The complete complement
deficiencies with both copies of complement gene lost (homozygous mice) had greater impact on tumor
growth and vascularization than the partial complement deficiencies in heterozygous mice. The tumor
growth and vascular density seemed to be independent from inflammatory infiltrate of tumors, but in
ex vivo stimulated immune cells, these correlated with reduced cytokine production including IL-12
and IL-10 produced in macrophages, IL-10 in B cells, and IFN-γ in T cells. In vitro, C5a promoted tube
formation (in the tube formation assay) to a similar extent as the VEGF isoforms, which are designated
by the number of amino acids in the spliced polypeptide, and this effect was mediated by C5aR1,
as the blockade of this receptor by the selective C5aR1 antagonist, PMX53 [31], abrogated this effect.
Interestingly, C5a stimulation of human endothelial cells led to increased expression of VEGF165

isoform and C5aR1 blockade by PMX53 attenuated tube formation mediated by VEGF, suggesting that
the interplay between C5aR1 and VEGF plays a role in complement-dependent regulation of tumor
angiogenesis [30]. However, the potential links between VEGF and C5aR1 signaling require further
in-depth investigations.

Consistent with the role of C1q in wound healing [15], C1q endothelial positivity by
immunohistochemistry was found in histological specimens from melanoma and colon, lung, breast,
and pancreatic carcinomas [32]. Conversely, C1s, C4, and C3 were much less abundant or absent
in the same specimens, suggesting that C1q deposits were not associated with the activation of
the complement cascade. C1q staining was limited to stroma, endothelial cells, and infiltrating
leukocytes [32]. A similar pattern of staining was observed in liver metastases of colon carcinoma.
In contrast to colon tumors, benign mucosa did not exhibit C1q staining [32]. However, the results of
this immunohistochemistry study require cautious interpretation, given that conclusions are based
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on analysis of only six specimens per cancer. In addition, the analysis does not include adjustments
for different histopathological subtypes, grade, and other clinicopathological variables. Furthermore,
publicly available data from The Human Protein Atlas indicates C3-positive staining in several common
solid tumors (https://www.proteinatlas.org/). In the same study [32], tumor growth was reduced and
mouse survival increased in C1q-deficient mice in a syngeneic (B16) model of melanoma. Surprisingly,
the authors did not observe the impact of C3 deficiency on the growth of B16 tumors, which was
inconsistent with reports documenting the role of C3 in the same murine model of melanoma [33].
Immunohistochemistry of mouse tumors was similar to data from human cancers. The study in bone
marrow chimeras suggested that C1q from non-bone marrow-derived cells contributes to the tumor
growth in this model. The reduced tumor growth in C1q-deficient mice correlated with reduced
vascular density and reduced lung metastatic burden ([32] and Figure 2). Consistently, in a syngeneic
model of model of HPV-induced cancer (TC-1), C1q deficiency was linked to morphologically aberrant
vasculature in tumors characterized by shorter and disorganized vessels. In contrast, tumor blood
vessels from C4-deficienct mice were normal in the same study [34]. In tumor sections obtained from
the large cohorts of patients with renal cell carcinoma (RCC), C1q immunofluorescence was mainly
detected in infiltrating cells expressing markers of macrophages. However, similar to the healing
wounds [15] and specimens of melanoma and colon, lung, breast, and pancreatic carcinomas [32],
C1q positivity was also observed in CD31+ cells, suggesting crosstalk of complement with RCC tumor
vasculature [34]. However, in contrast to the previous work on C1q functions in tumors [32], C1q in
RCC seems to trigger the classical pathway because C1q deposits on tumor cells co-localized with IgG
and C4d, and C3 cleavage products were also detected in these tumors [34].

Figure 2. Overview of the role of complement in cancer-associated angiogenesis. C1q, C3 and C5aR1
were implicated in angiogenesis in primary tumors in cancer models and patients. In the premetastatic
niches, angiogenesis seems to be regulated by MDSC activated and recruited to these niches through
C5aR1-mediated signaling. MDSC secrete proangiogenic and proinflammatory factors contributing to
this process.
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The contribution of complement to RCC is also evident from the most recent research,
which demonstrated the striking association of several complement genes and proteins with prognosis
and response to immune checkpoint inhibitors. This study has also shown reduced vascular density in
C3aR-deficient and wild-type mice treated with C5aR1 and C3aR inhibitors in a mouse model of RCC.
Consistently, several proangiogenic factors were downregulated in complement-deficient or wild-type
mice treated with complement inhibitors [35].

Premetastatic Niche

A recent study documented the role of complement in cancer metastasis and, specifically,
C5aR1-mediated recruitment of MDSC to the premetastatic niche with the impact of this recruitment on
CD8+T cell mediated antitumor immunity and lung and liver metastatic burden [36]. The premetastatic
niche represents a stage during the metastatic progression of cancer, in which tumors in primary
sites induce changes in metastasis-targeted distal organs prior to the arrival of very first tumor cells.
These changes are thought to be related to the factors secreted from tumors or delivered through the
external vesicle cargo. However, complement was not linked to the premetastatic niche prior to the
paper by Vadrevu et al. [36]. Therefore, this work added complement activation in the premetastatic
niche as a source of additional mediators promoting metastasis (Figure 2). In a model of metastatic
breast cancer, the deposition of C3 cleavage fragments, indicating complement activation, was found in
the lungs starting from day 4 after injecting tumor cells into the mammary fat pad and before the arrival
of tumor cells to this organ. Significant inflammatory infiltration and thickening of intra-alveolar septa
reflecting pneumonitis, that was named premetastatic pneumonia, was also present at this stage [25,36].
The vast majority of infiltrating cells were identified as MDSC and their recruitment was mediated by
C5a/C5aR1 [36]. Because MDSC are proangiogenic in primary tumor sites [29,37], it is conceivable
that they may actually initiate angiogenesis in the premetastatic niche. Although vascular changes
such as increased permeability are well-defined for the premetastatic niche [38], in general, angiogenic
switching is thought to be limited to the progression of dormant micrometastases to clinically overt
lesions and not triggered prior to the arrival of tumor cells [39,40]. Despite several proangiogenic
factors and cells being implicated in the premetastatic niche [38,41,42], the studies documenting “true”
angiogenesis at this stage of cancer are limited [38]. The transcriptomic analysis of the mouse lungs,
at the stages of premetastatic niche, confirmed upregulation of pathways associated with activation of
myeloid cells that can be potentially linked to angiogenesis [43]. Transcriptomic data were corroborated
by gene expression profiling showing upregulation of the well-established regulators of SA including
different forms of Vegf, Vegfr1 and Vegfr2, and Tek genes [43]. Tek, for example, plays a key role
in tip formation during SA [44]. Other factors that are linked to SA, inflammation, and changes
in vascular permeability included upregulation of IL-1b, Tnf and Mmp9 genes [43]. Importantly,
IL-1β and TNF are important in activating and recruiting myeloid cells to tumors. These cells regulate
angiogenesis in an MMP9-dependent fashion [45]. The upregulation of proangiogenic factors correlated
well with key morphological hallmarks of angiogenesis such as increased vascular density in the
interalveolar septa of the premetastatic lungs, endothelial cell proliferation, and increased vascular
permeability. The increased vascular permeability was caused by reduced pericyte coverage [43].
The activation of endothelial cells was further confirmed by upregulation of TGF-β1 accessory receptor
(CD105), known also as endoglin [43], because endoglin protein is rarely expressed on the quiescent
endothelial cells and is a marker of tumor angiogenesis [46]. A causative role of MDSC in premetastatic
angiogenesis was supported by the MDSC-depletion studies which showed a reduction in vascular
density in the premetastatic lungs because of this depletion. Blockade of C5aR1 with PMX53 or
genetic C5aR1 deficiency resulted in reduced vascular density in the lung premetastatic niche and was
associated with overall downregulation of proangiogenic pathways, therefore implicating C5a/C5aR1
in regulation of premetastatic angiogenesis. As anticipated, reduced angiogenesis in C5aR1 deficiency
or blockade correlated with reduced infiltration of the lungs by MDSC [43]. Overall, this study provides
(1) preliminary evidence for angiogenesis in the premetastatic niches, which may explain a lack of
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dormancy in some aggressive malignancies that manifest with rapid development of metastasis even
when the primary tumor site cannot be identified [47], and (2) implicates complement in premetastatic
angiogenesis through the regulation of MDSC (Figure 2). Thus, the complement-MDSC crosstalk is
important for both suppression of antitumor CD8+ T cells [36] and angiogenesis in the premetastatic
niche [43].

3.1.2. Ocular Pathologies

Age-Related Macular Degeneration

Age-related macular degeneration (AMD) is the leading etiology of irreversible vision loss in the
elderly, which is caused by the progressive degeneration of the photoreceptor cells in the center of
the retina, known as the macula [48]. The morphological hallmark of disease is the accumulation of
waste products of retinal metabolism known as drusen underneath the retinal pigmented epithelium
(RPE), which is adjacent to photoreceptors and provides structural and functional support for these
photoreceptors (Figure 3). RPE sits on the basement membrane that separates these cells from
capillaries in the choroid, a vascular layer in the eye There are two major forms of AMD: (1) neovascular
(wet AMD, 10–15%) and (2) geographic atrophy (dry AMD, 85–90%) [49,50]. In wet AMD, which may
start suddenly and progresses rapidly, the abnormal blood vessels sprout from the choroid into the
retina as a consequence of VEGF secretion from RPE (choroidal neovascularization) [51]. These blood
vessels are fragile and leaky. When they rupture, the resulting hemorrhage into the retina can cause
blindness (Figure 3). The importance of VEGF-dependent neovascularization for the pathophysiology
of wet AMD triggered the approval of anti-VEGF agents for treatment of this condition. After 2 years
of treatment with an anti-VEGF agent, more than 95% of patients can expect to remain within 3 lines of
their baseline visual acuity on a standard eye testing chart, and up to 40% can expect an improvement
of 3 lines in the affected eye over baseline [52,53]. Dry AMD progresses slowly and causes some degree
of visual impairment including, sometimes, complete blindness (Figure 3). However, the magnitude
of visual impairment is lower in dry than in wet AMD which progresses inevitably and rapidly to
blindness when left untreated [48]. Both forms of AMD appear to be linked to the proinflammatory
factors that are produced by stressed RPE or inflammatory cells, including macrophages, infiltrating the
retina [50]. In both patients and mouse models, early deposition of complement components C3 and C5
is observed in retina, suggesting a contributing role of complement in AMD (Figure 3). The presence
of C3a and C5a in drusen of patients with AMD and in animal models of AMD further points to the
pivotal role of complement activation in AMD pathogenesis [54,55]. Because C3a and C5a, but in
particular C5a, are potent inflammatory mediators that activate and recruit leukocytes to inflammatory
sites [3], it is likely that these mediators enhance the proinflammatory and proangiogenic environment
in the retina of patients with AMD. Further evidence for the role of complement in AMD is the strong
associations of several complement genetic variants with an enhanced risk of AMD, as demonstrated
by large family-based studies and a genome-wide association study. This work led to the discovery
of the complement factor H gene variant (CFH; Tyr402His) that is strongly associated with higher
AMD prevalence [56]. Furthermore, common genetic variants in or near complement genes CFH,
C2, CFB, C3 and CFI explain almost 40–60% of the heritability of AMD [57]. The remaining heritable
AMD cases could possibly be linked to the rare genetic variants. Several of these variants are linked
to complement genes including CFH and CFI [49]. The functional significance of genetic alterations
in complement genes for mechanisms behind AMD remain to be established. However, since risk of
AMD is often associated with genetic variants of genes for complement regulators (CFH and CFI) and,
at least, some of these variants associate with impaired function of these regulators, it is conceivable
that the excessive complement activation contributes to AMD. This notion is consistent with the
concept of a harmful role of the highly proinflammatory retinal milieu in AMD.
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Figure 3. Ocular pathologies with complement involvement. Anatomy and histology of normal
eye (upper left); proliferative retinopathies (upper right): the process of neovascularization leads
to formation of blood vessels that are fragile and leaky, increased permeability or rupture of newly
formed blood vessels and subsequent hemorrhage cause impairment or loss of vision, in mouse models
of these retinopathies, complement seems to have a protective role; wet AMD (lower left) and dry
AMD (lower right): in both forms, excessive complement activation and subsequent generation of
complement effectors (C3a and C5a) has been implicated; frequently AMD is linked to FH polymorphism;
in wet AMD, VEGF-driven neovascularization, possibly also regulated by complement, leads to severe
impairment or loss of vision.

Thus, restoring factor H function and, consequently, inhibiting the alternative pathway may
offer a new therapeutic avenue for AMD. A study utilizing a mouse model of AMD-laser induced
choroidal neovascularization (CNV) explored the impact of the deficiency in complement factor B,
which is required for the alternative pathway, on vascular changes. In addition, the effect of treatment
with a recombinant complement receptor 2 (CR2)-N-terminal factor H domain construct (CR2-FH) on
vasculature was tested in the same model. The N-terminus of mouse factor H contains the alternative
pathway inhibitory domain whereas CR2 was used to target the factor H fragment to complement
cleavage fragments. After induction of choroidal neovascularization by laser photocoagulation,
mice were treated with CR2-FH, which significantly reduced CNV to the extent observed in factor
B-deficient mice. Reduced CNV correlated with reduced damage to the retina [58].

Proliferative Retinopathies

Proliferative retinopathies are often associated with neovascularization of the retina resulting
from vascular dysfunction, vessel loss, and hypoxia. Newly formed blood vessels are, however,
dysfunctional and leaky, and therefore, they lead to impairment and, eventually, vision loss (Figure 3).
These vascular alterations contribute to pathogenesis of common retinopathies, including diabetic
retinopathy and retinopathy of prematurity, which all cause impaired vision in millions of patients in
the USA [59,60]. From 2010 to 2050, the number of Americans with diabetic retinopathy is expected to
nearly double from 7.7 million to 14.6 million according to Center for Disease Control and Prevention.
In contrast to its harmful role in a model of AMD, the alternative pathway of complement activation
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appears to prune neovessels in oxygen-induced retinopathy (OIR) mouse models, thereby reducing
severity of disease [60]. Factor B-deficient mice had a significantly higher number of neovessels
than wild-type controls in the OIR model, and these neovessels persisted longer in these mice
during the resolution phase, in which vasculature normalizes. However, eventually neovessels
disappeared in these mice, indicating that the alternative pathway is not the only player in the process
of retinal neovascularization [60]. Although the number of neovessels was higher in retinas of factor
B-deficient mice, the proliferation of endothelial cells remained at the level of wild-type controls,
indicating that the removal of neovessels is affected in these mice rather than neovessel formation [60].
These findings are consistent with the similar expression of Vegf isoforms and Vegfr2, which are
key factors inducing endothelial cell proliferation, despite the loss of factor B [60]. Furthermore,
immunofluorescence in wild-type mice demonstrated deposition of factor B in neovessels but not in
normal vasculature, indicating that neovessels specifically induce complement activation. Factor B
deposits were present during neovessel formation and the resolution phase and correlated with
apoptosis of endothelial cells. The reduced expression of complement regulator CD55, known as decay
accelerating factor, which inhibits both the classical and alternative pathway C3 convertases, appears to
render neovessels vulnerable to complement-mediated removal [60].

Like factor B knockouts in the OIR model, C3-deficient mice displayed increased neovascularization
in the model of retinopathy of prematurity (ROP) and in an in vivo matrix plug assay [59]. In addition,
C5 neutralization by monoclonal antibody, C5aR1 blockade by PMX53, and C5aR1 deficiency led to
increased vascularization of retina in ROP [59]. The mechanisms of complement-mediated inhibition of
pathological angiogenesis involved regulation of macrophages through C5aR1 signaling. Stimulation of
this receptor in macrophages induced antiangiogenic phenotypes in these cells that were associated
with the increased expression and secretion of antiangiogenic soluble VEGFR1. Consistent with these
findings, macrophage depletion reversed phenotypes associated with complement deficiencies [59].

4. Targeting Complement-Mediated Angiogenesis

Complement-dependent vascular alterations discussed here contribute to the most common
human diseases that are associated with significant morbidity and mortality. Diabetes mellitus with
subsequent cardiovascular complications and cancer are leading causes of mortality world-wide [61].
Despite the preclinical evidence of complement involvement in these pathologies and availability of
therapeutics targeting complement, complement-based therapies for these common diseases have
not entered the clinic [62]. However, some complement-based therapies were or are currently being
tested in clinical trials. Perhaps, the most tested application for complement therapeutics is in AMD.
Therapeutics targeting C3, Factor D, Properdin, C5 and CD59 were or are being tested in clinical trials for
AMD [62,63]. Moreover, a C5aR1 antibody (IPH5401) entered a phase I clinical trial in combination with
anti-PDL1, durvulumab, in patients with selected advanced solid tumors (NCT03665129). The expected
study completion is June 2021. These recent developments have promise for more complement-based
therapies for common human diseases. The limited progress in targeting complement-mediated
vascular aberrations in the clinic can be associated with a relative paucity of studies documenting the
role of complement in pathological angiogenesis, some conflicting data on the pro- vs. antiangiogenic
role of complement, and limited interest of industry in targeting complement pathways for therapy.
In cancer, the additional hurdles include uncertainty as to which of the complement-dependent
mechanisms of cancer progression should be specifically targeted for therapy and determining which
cancer patients will benefit most from complement-based interventions [35].
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Abbreviations

TCC—terminal complement complex, MAC—membrane attack complex, VEGF—vascular endothelial
growth factor, VEGFR—vascular growth factor receptor, ECM—extracellular matrix, SA—sprouting angiogenesis,
C5aR1—C5a receptor 1, C3aR—C3a receptor, MMPs—matrix metalloproteinases, MDSC—myeloid-derived
suppressor cells, IL—interleukin, INF—interferon, PMX53—C5aR1 inhibitor, HPV—human papilloma
virus, TC-1—mouse tumor cell line, RCC—renal cell carcinoma, AMD—age-related macular degeneration,
RPE—retinal pigmented epithelium, CNV—choroidal neovascularization, OIR—oxygen-induced retinopathy,
and ROP—retinopathy of prematurity.

References

1. Ricklin, D.; Reis, E.S.; Lambris, J.D. Complement in disease: A defence system turning offensive.
Nat. Rev. Nephrol. 2016, 12, 383–401. [CrossRef]

2. Ricklin, D.; Lambris, J.D. Complement in Immune and Inflammatory Disorders: Pathophysiological Mechanisms.
J. Immunol. 2013, 190, 3831–3838. [CrossRef] [PubMed]

3. Markiewski, M.M.; Lambris, J.D. The Role of Complement in Inflammatory Diseases From Behind the Scenes
into the Spotlight. Am. J. Pathol. 2007, 171, 715–727. [CrossRef] [PubMed]

4. Walport, M.J. Complement. First of two parts. N. Engl. J. Med. 2001, 344, 1058–1066. [CrossRef] [PubMed]
5. Kolev, M.; Markiewski, M.M. Targeting complement-mediated immunoregulation for cancer immunotherapy.

Semin. Immunol. 2018, 37, 85–97. [CrossRef] [PubMed]
6. Ricklin, D.; Hajishengallis, G.; Yang, K.; Lambris, J.D. Complement: A key system for immune surveillance

and homeostasis. Nat. Immunol. 2010, 11, 785–797. [CrossRef] [PubMed]
7. Risau, W.; Flamme, I. Vasculogenesis. Annu. Rev. Cell Dev. Biol. 1995, 11, 73–91. [CrossRef]
8. Flamme, I.; Breier, G.; Risau, W. Vascular Endothelial Growth Factor (VEGF) and VEGF Receptor 2(flk-1)

are Expressed during Vasculogenesis and Vascular Differentiation in the Quail Embryo. Dev. Biol. 1995,
169, 699–712. [CrossRef]

9. Risau, W.; Sariola, H.; Zerwes, H.G.; Sasse, J.; Ekblom, P.; Kemler, R.; Doetschman, T. Vasculogenesis and
angiogenesis in embryonic-stem-cell-derived embryoid bodies. Development 1988, 102, 471–478.

10. Asahara, T.; Kawamoto, A. Endothelial progenitor cells for postnatal vasculogenesis. Am. J. Physiol.
Cell Physiol. 2004, 287, C572–C579. [CrossRef]

11. Folkman, J. Tumor angiogenesis: Therapeutic implications. N. Engl. J. Med. 1971, 285, 1182–1186.
[CrossRef] [PubMed]

12. Eelen, G.; Treps, L.; Li, X.; Carmeliet, P. Basic and Therapeutic Aspects of Angiogenesis Updated. Circ. Res. 2020,
127, 310–329. [CrossRef]

13. Eming, S.A.; Martin, P.; Tomic-Canic, M. Wound repair and regeneration: Mechanisms, signaling,
and translation. Sci. Transl. Med. 2014, 6, 265sr6. [CrossRef] [PubMed]

14. ten Dijke, P.; Arthur, H.M. Extracellular control of TGFbeta signalling in vascular development and disease.
Nat. Rev. Mol. Cell Biol. 2007, 8, 857–869. [CrossRef] [PubMed]

15. Bossi, F.; Tripodo, C.; Rizzi, L.; Bulla, R.; Agostinis, C.; Guarnotta, C.; Munaut, C.; Baldassarre, G.; Papa, G.;
Zorzet, S.; et al. C1q as a unique player in angiogenesis with therapeutic implication in wound healing.
Proc. Natl. Acad. Sci. USA 2014, 111, 4209–4214. [CrossRef]

16. Ghebrehiwet, B.; Geisbrecht, B.V.; Xu, X.; Savitt, A.G.; Peerschke, E.I. The C1q Receptors: Focus on gC1qR/p33
(C1qBP, p32, HABP-1)1. Semin. Immunol. 2019, 45, 101338. [CrossRef]

17. Rafail, S.; Kourtzelis, I.; Foukas, P.G.; Markiewski, M.M.; DeAngelis, R.A.; Guariento, M.; Ricklin, D.;
Grice, E.A.; Lambris, J.D. Complement Deficiency Promotes Cutaneous Wound Healing in Mice.
J. Immunol. 2015, 194, 1285–1291. [CrossRef]

18. Folkman, J. Tumor Angiogenesis: A Possible Control Point in Tumor Growth. Ann. Intern. Med. 1975,
82, 96–100. [CrossRef]

19. Krock, B.L.; Skuli, N.; Simon, M.C. Hypoxia-Induced Angiogenesis: Good and Evil. Genes Cancer 2011,
2, 1117–1133. [CrossRef]

20. Nagy, J.A.; Chang, S.-H.; Dvorak, A.M.; Dvorak, H.F. Why are tumour blood vessels abnormal and why is it
important to know? Br. J. Cancer 2009, 100, 865–869. [CrossRef]

101



Antibodies 2020, 9, 67

21. Kuczynski, E.A.; Vermeulen, P.B.; Pezzella, F.; Kerbel, R.S.; Reynolds, A.R. Vessel co-option in cancer. Nat. Rev.
Clin. Oncol. 2019, 16, 469–493. [CrossRef] [PubMed]

22. Maniotis, A.J.; Folberg, R.; Hess, A.; Seftor, E.A.; Gardner, L.M.; Pe’Er, J.; Trent, J.M.; Meltzer, P.S.;
Hendrix, M.J.C. Vascular Channel Formation by Human Melanoma Cells in Vivo and in Vitro:
Vasculogenic Mimicry. Am. J. Pathol. 1999, 155, 739–752. [CrossRef]

23. Giancotti, F.G. Mechanisms Governing Metastatic Dormancy and Reactivation. Cell 2013, 155, 750–764.
[CrossRef] [PubMed]

24. Reis, E.S.; Mastellos, D.C.; Ricklin, D.; Mantovani, A.; Lambris, J.D. Complement in cancer: Untangling an
intricate relationship. Nat. Rev. Immunol. 2018, 18, 5–18. [CrossRef]

25. Kochanek, D.M.; Ghouse, S.M.; Karbowniczek, M.; Markiewski, M.M. Complementing Cancer Metastasis.
Front. Immunol. 2018, 9, 1629. [CrossRef]

26. Roumenina, L.T.; Daugan, M.V.; Petitprez, F.; Sautès-Fridman, C.; Fridman, W.H. Context-dependent roles of
complement in cancer. Nat. Rev. Cancer 2019, 19, 698–715. [CrossRef]

27. Markiewski, M.M.; Lambris, J.D. Is complement good or bad for cancer patients? A new perspective on an
old dilemma. Trends Immunol. 2009, 30, 286–292. [CrossRef]

28. Markiewski, M.M.; DeAngelis, R.A.; Benencia, F.; Ricklin-Lichtsteiner, S.K.; Koutoulaki, A.; Gerard, C.;
Coukos, G.; Lambris, J.D. Modulation of the antitumor immune response by complement. Nat. Immunol. 2008,
9, 1225–1235. [CrossRef]

29. Gabrilovich, D.I. Myeloid-Derived Suppressor Cells. Cancer Immunol. Res. 2017, 5, 3–8. [CrossRef]
30. Nunez-Cruz, S.; Gimotty, P.A.; Guerra, M.W.; Connolly, D.C.; Wu, Y.-Q.; DeAngelis, R.A.; Lambris, J.D.;

Coukos, G.; Scholler, N. Genetic and Pharmacologic Inhibition of Complement Impairs Endothelial Cell
Function and Ablates Ovarian Cancer Neovascularization. Neoplasia 2012, 14, 994-IN1. [CrossRef]

31. Monk, P.N.; Scola, A.-M.; Madala, P.; Fairlie, D.P. Function, structure and therapeutic potential of complement
C5a receptors. Br. J. Pharmacol. 2007, 152, 429–448. [CrossRef] [PubMed]

32. Bulla, R.; Tripodo, C.; Rami, D.; Ling, G.S.; Agostinis, C.; Guarnotta, C.; Zorzet, S.; Durigutto, P.; Botto, M.;
Tedesco, F. C1q acts in the tumour microenvironment as a cancer-promoting factor independently of
complement activation. Nat. Commun. 2016, 7, 10346. [CrossRef] [PubMed]

33. Wang, Y.; Sun, S.-N.; Liu, Q.; Yu, Y.-Y.; Guo, J.; Wang, K.; Xing, B.-C.; Zheng, Q.-F.; Campa, M.J.;
Patz, E.F.; et al. Autocrine Complement Inhibits IL10-Dependent T-cell-Mediated Antitumor Immunity to
Promote Tumor Progression. Cancer Discov. 2016, 6, 1022–1035. [CrossRef] [PubMed]

34. Roumenina, L.T.; Daugan, M.V.; Noe, R.; Petitprez, F.; Vano, Y.A.; Sanchez-Salas, R.; Becht, E.; Meilleroux, J.;
Le Clec’H, B.; Giraldo, N.A.; et al. Tumor cells hijack macrophage-produced complement C1q to promote
tumor growth. Cancer Immunol. Res. 2019, 7, 1091–1105. [CrossRef] [PubMed]

35. Reese, B.; Silwal, A.; Daugherity, E.; Daugherity, M.; Arabi, M.; Daly, P.; Paterson, Y.; Woolford, L.;
Christie, A.; Elias, R.; et al. Complement as Prognostic Biomarker and Potential Therapeutic Target in Renal
Cell Carcinoma. J. Immunol. 2020, 205, 3218–3229. [CrossRef]

36. Vadrevu, S.K.; Chintala, N.K.; Sharma, S.K.; Sharma, P.; Cleveland, C.; Riediger, L.; Manne, S.; Fairlie, D.P.;
Gorczyca, W.; Almanza, O.; et al. Complement C5a Receptor Facilitates Cancer Metastasis by Altering T-Cell
Responses in the Metastatic Niche. Cancer Res. 2014, 74, 3454–3465. [CrossRef]

37. Talmadge, J.E.; Gabrilovich, D.I. History of myeloid-derived suppressor cells. Nat. Rev. Cancer 2013,
13, 739–752. [CrossRef]

38. Liu, Y.; Cao, X. Characteristics and Significance of the Pre-metastatic Niche. Cancer Cell 2016, 30, 668–681. [CrossRef]
39. Gao, D.; Nolan, D.J.; Mellick, A.S.; Bambino, K.; McDonnell, K.; Mittal, V. Endothelial Progenitor Cells

Control the Angiogenic Switch in Mouse Lung Metastasis. Science 2008, 319, 195–198. [CrossRef]
40. Welti, J.; Loges, S.; Dimmeler, S.; Carmeliet, P. Recent molecular discoveries in angiogenesis and antiangiogenic

therapies in cancer. J. Clin. Investig. 2013, 123, 3190–3200. [CrossRef]
41. Kaplan, R.N.; Rafii, S.; Lyden, D. Preparing the “Soil”: The Premetastatic Niche. Cancer Res. 2006,

66, 11089–11093. [CrossRef] [PubMed]
42. Sceneay, J.; Chow, M.T.; Chen, A.; Halse, H.M.; Wong, C.S.F.; Andrews, D.M.; Sloan, E.K.; Parker, B.S.;

Bowtell, D.D.; Smyth, M.J.; et al. Primary Tumor Hypoxia Recruits CD11b+/Ly6Cmed/Ly6G+ Immune
Suppressor Cells and Compromises NK Cell Cytotoxicity in the Premetastatic Niche. Cancer Res. 2012,
72, 3906–3911. [CrossRef] [PubMed]

102



Antibodies 2020, 9, 67

43. Ghouse, S.M.; Vadrevu, S.K.; Manne, S.; Reese, B.; Patel, J.; Patel, B.; Silwal, A.; Lodhi, N.; Paterson, Y.;
Srivastava, S.K.; et al. Therapeutic Targeting of Vasculature in the Premetastatic and Metastatic Niches
Reduces Lung Metastasis. J. Immunol. 2020, 204, 990–1000. [CrossRef]

44. Koblizek, T.I.; Weiss, C.; Yancopoulos, G.D.; Deutsch, U.; Risau, W. Angiopoietin-1 induces sprouting
angiogenesis in vitro. Curr. Biol. 1998, 8, 529–532. [CrossRef]

45. Voronov, E.; Carmi, Y.; Apte, R.N. The role IL-1 in tumor-mediated angiogenesis. Front. Physiol. 2014,
5, 114. [CrossRef]

46. Nassiri, F.; Cusimano, M.D.; Scheithauer, B.W.; Rotondo, F.; Fazio, A.; Yousef, G.M.; Syro, L.V.; Kovacs, K.;
Lloyd, R.V. Endoglin (CD105): A review of its role in angiogenesis and tumor diagnosis, progression
and therapy. Anticancer Res. 2011, 31, 2283–2290.

47. Noone, A.-M.; Cronin, K.A.; Altekruse, S.F.; Howlader, N.; Lewis, D.R.; Petkov, V.I.; Penberthy, L.
Cancer Incidence and Survival Trends by Subtype Using Data from the Surveillance Epidemiology and End
Results Program, 1992–2013. Cancer Epidemiol. Biomark. Prev. 2017, 26, 632–641. [CrossRef]

48. Wong, W.L.; Su, X.; Li, X.; Cheung, C.M.G.; Klein, B.E.K.; Cheng, C.-Y.; Wong, T.Y. Global prevalence of
age-related macular degeneration and disease burden projection for 2020 and 2040: A systematic review
and meta-analysis. Lancet Glob. Health 2014, 2, e106–e116. [CrossRef]

49. Geerlings, M.J.; De Jong, E.K.; Hollander, A.I.D. The complement system in age-related macular degeneration:
A review of rare genetic variants and implications for personalized treatment. Mol. Immunol. 2017,
84, 65–76. [CrossRef]

50. Ambati, J.; Fowler, B.J. Mechanisms of Age-Related Macular Degeneration. Neuron 2012, 75, 26–39. [CrossRef]
51. Apte, R.S.; Chen, D.S.; Ferrara, N. VEGF in Signaling and Disease: Beyond Discovery and Development.

Cell 2019, 176, 1248–1264. [CrossRef] [PubMed]
52. Holz, F.G.; Dugel, P.U.; Weissgerber, G.; Hamilton, R.; Silva, R.; Bandello, F.; Larsen, M.; Weichselberger, A.;

Wenzel, A.; Schmidt, A.; et al. Single-Chain Antibody Fragment VEGF Inhibitor RTH258 for Neovascular
Age-Related Macular Degeneration: A Randomized Controlled Study. Ophthalmology 2016, 123, 1080–1089.
[CrossRef] [PubMed]

53. Ammar, M.J.; Hsu, J.; Chiang, A.; Ho, A.C.; Regillo, C.D. Age-related macular degeneration therapy: A review.
Curr. Opin. Ophthalmol. 2020, 31, 215–221. [CrossRef] [PubMed]

54. Nozaki, M.; Raisler, B.; Sakurai, E.; Sarma, J.; Barnum, S.; Lambris, J.; Chen, Y.; Zhang, K.; Ambati, B.;
Baffi, J.; et al. Drusen complement components C3a and C5a promote choroidal neovascularization. Proc. Natl.
Acad. Sci. USA 2006, 142, 201. [CrossRef]

55. Zhou, J.; Jang, Y.P.; Kim, S.R.; Sparrow, J.R. Complement activation by photooxidation products of A2E, a lipofuscin
constituent of the retinal pigment epithelium. Proc. Natl. Acad. Sci. USA 2006, 103, 16182–16187. [CrossRef]

56. Klein, R.; Zeiss, C.; Chew, E.; Tsai, J.; Sackler, R.; Haynes, C.; Henning, A.; SanGiovanni, J.; Manne, S.;
Mayne, S.; et al. Complement factor H polymorphism in age-related macular degeneration. Science 2005,
140, 352. [CrossRef]

57. Fritsche, L.G.; Fariss, R.N.; Stambolian, D.; Abecasis, G.R.; Curcio, C.A.; Swaroop, A. Age-Related
Macular Degeneration: Genetics and Biology Coming Together. Annu. Rev. Genom. Hum. Genet. 2014,
15, 151–171. [CrossRef]

58. Rohrer, B.; Long, Q.; Coughlin, B.; Wilson, R.B.; Huang, Y.; Qiao, F.; Tang, P.H.; Kunchithapautham, K.;
Gilkeson, G.S.; Tomlinson, S. A targeted inhibitor of the alternative complement pathway reduces
angiogenesis in a mouse model of age-related macular degeneration. Investig. Ophthalmol. Vis. Sci.
2009, 50, 3056–3064. [CrossRef]

59. Langer, H.F.; Chung, K.-J.; Orlova, V.V.; Choi, E.Y.; Kaul, S.; Kruhlak, M.J.; Alatsatianos, M.; DeAngelis, R.A.;
Roche, P.A.; Magotti, P.; et al. Complement-mediated inhibition of neovascularization reveals a point of
convergence between innate immunity and angiogenesis. Blood 2010, 116, 4395–4403. [CrossRef]

60. Sweigard, J.H.; Yanai, R.; Gaissert, P.; Saint-Geniez, M.; Kataoka, K.; Thanos, A.; Stahl, G.L.; Lambris, J.D.;
Connor, K.M. The alternative complement pathway regulates pathological angiogenesis in the retina. FASEB J.
2014, 28, 3171–3182. [CrossRef]

61. Leon, B.M. Diabetes and cardiovascular disease: Epidemiology, biological mechanisms, treatment
recommendations and future research. World J. Diabetes 2015, 6, 1246–1258. [CrossRef] [PubMed]

103



Antibodies 2020, 9, 67

62. Ricklin, D.; Mastellos, D.C.; Lambris, J.D. Therapeutic targeting of the complement system. Nat. Rev.
Drug Discov. 2019, 1, 10–1038. [CrossRef] [PubMed]

63. Park, D.H.; Connor, K.M.; Lambris, J.D. The Challenges and Promise of Complement Therapeutics for
Ocular Diseases. Front. Immunol. 2019, 10, 1007. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

104



antibodies

Review

Complement and Cancer—A
Dysfunctional Relationship?

Joshua M. Thurman *, Jennifer Laskowski and Raphael A. Nemenoff

Division of Nephrology and Hypertension, University of Colorado Anschutz Medical Campus,
Aurora, CO 80045, USA; Jennifer.laskowski@cuanschutz.edu (J.L.); raphael.nemenoff@cuanschutz.edu (R.A.N.)
* Correspondence: joshua.thurman@cuanschutz.edu; Tel.: +1-303-724-7584

Received: 11 August 2020; Accepted: 3 November 2020; Published: 5 November 2020

Abstract: Although it was long believed that the complement system helps the body to identify and
remove transformed cells, it is now clear that complement activation contributes to carcinogenesis
and can also help tumors to escape immune-elimination. Complement is activated by several different
mechanisms in various types of cancer, and complement activation fragments have multiple different
downstream effects on cancer cells and throughout the tumor microenvironment. Thus, the role of
complement activation in tumor biology may vary among different types of cancer and over time
within a single tumor. In multiple different pre-clinical models, however, complement activation
has been shown to recruit immunosuppressive myeloid cells into the tumor microenvironment.
These cells, in turn, suppress anti-tumor T cell immunity, enabling the tumor to grow. Based on
extensive pre-clinical work, therapeutic complement inhibitors hold great promise as a new class of
immunotherapy. A greater understanding of the role of complement in tumor biology will improve
our ability to identify those patients most likely to benefit from this treatment and to rationally
combine complement inhibitors with other cancer therapies.

Keywords: complement; cancer; immunity; myeloid cells; therapeutics

1. Introduction

It was long assumed that the complement cascade contributes to the immunosurveillance of cancers,
helping the body to recognize and eliminate transformed cells. In 2008, however, Markiewski and
colleagues reported that mice with targeted deletion of the genes for C3 or C4 are protected from
cancer in an implantation model [1]. This landmark study revealed that complement activation can
promote tumor growth in some settings. Since then, studies from many different research groups
have confirmed and expanded on these findings. It is now clear that the complement cascade is
activated in many tumors, and that this component of the innate immune system plays a complex role
in carcinogenesis and anti-tumor immunity. The mechanisms of complement activation seem to vary
among different types of cancer, and the cancer cells themselves often play an active role in modulating
complement activation within the tumor microenvironment (TME). For example, various types of
cancer express proteins that both activate and inhibit the complement cascade within the TME.

2. How Does Carcinogenesis Occur?

Cancer is a disease of dysregulated growth. While our knowledge of cancer dates back centuries,
it has been more challenging to actually define the critical properties of cancer. Starting in the 1980s,
studies identified several somatic mutations as critical to the disease. These included activating
mutations in drivers of proliferation, designated as oncogenes, and loss of function mutations in
tumor suppressor genes. These mutations result in the development of the “transformed” phenotype.
Transformed cells acquire new features such as the loss of contact inhibition and the ability to
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grow in suspension. The biological consequences of these mutations were formally characterized
as the “Hallmarks of Cancer” in a seminal review by Hanahan and Weinberg in 2000 [2]. However,
solid tumors originate in specific organs and are surrounded by a variety of non-transformed cells.
The surrounding cell populations and stroma have been designated as the TME. The TME includes
vascular cells, inflammatory and immune cells, fibroblasts, and extracellular matrix. While the initial
focus on the transformed epithelial cell did not consider the TME as a driver of cancer progression, it has
become apparent that the interactions between cancer cells and the TME are critical. Studies performed
in the first decade of this century identified important features of the TME that regulate anti-tumor
immunity and cancer metabolism and define additional “Hallmarks” of cancer [3].

A current view of cancer development needs to take into account the complexity of the interactions
between cancer cells and the TME, as well as how these interactions change in a spatiotemporal fashion.
Thus, epithelial cells undergo initial somatic mutations resulting in activation of oncogenic signaling
or loss of tumor suppressor function. This results in increased “fitness” of these cells, giving them
a survival advantage. Additional mutations occur which lead to improved cell-autonomous fitness
and/or altered interactions with the surrounding TME. Thus, targeting these interactions therapeutically
has become a major focus of research.

Additional complexity in this setting is the degree of heterogeneity observed in human tumors.
This is reflected by differences in mutational status and metabolic qualities of cancer cells within the
same tumor. This variability makes the development of novel therapeutic approaches particularly
challenging. Developing rational combinations of therapeutic agents to target this heterogeneity is
often limited by the fact that most preclinical models of cancer fail to recapitulate these critical features
of human disease.

3. Cancer, Inflammation, and Immunity

The immune system has a complex relationship with carcinogenesis. Chronic inflammation is
strongly linked with the risk for many cancers, and it is generally associated with the promotion of
tumor progression and metastasis. Cancer-causing inflammation can be produced by infections [4,5],
environmental irritants [6,7], and autoimmune diseases [8]. For example, chronic viral infections,
such as the human papillomavirus, are associated with the development of head and neck cancers.
Chronic pancreatitis, hepatitis, and inflammatory bowel disease are strongly predictive of pancreatic,
hepatocellular, and colon cancer, respectively. Perhaps most notably, cigarette smoking leads to the
development of chronic lung inflammation and chronic obstructive pulmonary disease (COPD), and it is
a major contributor to lung cancer. The immune response in these diverse settings probably contributes
to genomic instability, cellular proliferation, and remodeling in the target tissues. Tissue-specific
mechanisms are also undoubtedly important, however, as some organs are particularly susceptible to
inflammation-associated cancers. Inflammatory changes also occur within the TME of cancers after
they have formed, even in tumors for which inflammation is not an initial predisposing factor. As a
result, essentially all tumors engage with the immune system as they develop and grow.

Inflammatory responses within tumors induce the recruitment of myeloid cells,
including neutrophils and macrophages. Myeloid cells are initially recruited to the site of tumors
as a result of specific molecules produced by the cancer cells, including cytokines, growth factors,
and other molecules that attract myeloid cells and modulate their phenotype [9,10]. Macrophages are
the most abundant leukocyte subtype in the TME, and they continually infiltrate the tumor [11].
This process appears to depend on the trafficking of monocytes from the bone marrow in response to
specific chemokines produced by the cancer cells, such as (C-C motif) ligand 2 (CCL2). These innate
immune cells are critical to the general response to injury and acute infection and act to eliminate
infections and promote healing. Similar to what is seen during infection, the initial phenotype of
myeloid cells in the TME is generally proinflammatory, designated as M1 macrophages and N1
neutrophils. The phenotypes of these cells become altered in the setting of chronic inflammation,
however. Similarly, cross-talk between cancer cells and myeloid cells eventually results in modulation
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to alternatively activated phenotypes, designated as M2 or N2 [12]. These cells then actually promote
tumor progression through the production of growth factors and proangiogenic cytokines which,
in turn, signal back to the cancer cells. While this model is definitely an oversimplification, it serves as
a framework for understanding the interactions between the cancer cells and these innate immune
cell populations.

Cancer cells express mutated or aberrantly expressed proteins on their cell surface. These so-called
neoantigens can be recognized by the adaptive immune system (CD8 and CD4 T cells) potentially
leading to immune elimination. However, cancer cells can evade immune attack through multiple
mechanisms. A model for this, designated as immunoediting, was proposed several years ago by
Schreiber and colleagues [13]. This model comprises three stages of interaction with the immune
system. Initially, tumor cells can be eliminated by the immune system; however, responses of the
tumor lead to an equilibrium where the tumors are not eliminated but held in check by the immune
system. Eventually, through the activation of additional cancer cell-autonomous and non-autonomous
mechanisms, the cancers evade immune attack and escape.

Numerous mechanisms control these events. Cancer cells can develop additional mutations that
target antigen-presentation pathways, thus becoming invisible to the immune system. Alternatively,
myeloid cells within the TME can undergo phenotypic modulation, acquiring anti-inflammatory
properties [14]. The cells can then inhibit CD4 T cells and block CD8 T cell-mediated killing. Finally,
a variety of pathways that regulate the immune system under non-cancerous conditions can be co-opted
by cancer cells to block T cell function. Prominent among these are immune checkpoints expressed on
the surface of cancer cells and other cell types which block T cell activation and lead to an “exhausted”
T cell phenotype [15]. Targeting these pathways through the use of checkpoint inhibitors can result
in T cell reactivation and tumor regression. These agents have been approved in a variety of cancers
and have revolutionized the treatment of many types of cancer [16,17]. For several reasons that are
only partially understood, however, the majority of patients either do not respond to these agents or
develop resistance.

A major challenge, therefore, is the development of rational combinations of therapies that will
increase the number of responders as well as the duration of the response to treatment. In particular,
targeting inflammation and the cross-talk between innate and adaptive immunity could enhance the
ability of the immune system to eliminate tumors.

4. The Role of the Complement System in Carcinogenesis

The complement system is a cascade of proteins that form part of the innate immune system.
Complement factors circulate as inactive precursor proteins (zymogens) that are cleaved and activated
by three different pathways: the classical, lectin, and alternative [18]. Activation of these pathways
generates soluble fragments (C3a and C5a, or the “anaphylatoxins”) and also covalently fixes protein
fragments (C3 and C4 fragments) on the surface of target cells. Immune cells express specific receptors
for the anaphylatoxins and C3 fragments and this interaction links complement activation fragments
with modulation of immune cell function. Consequently, complement activation has strong effects on
innate and adaptive immunity. Full complement activation also generates multimeric complexes that
form pores in target cells. In the literature, this is variably referred to as the membrane attack complex
(MAC), the terminal complement complex, or C5b-9.

Complement activation is traditionally regarded as proceeding through three different pathways:
the classical, lectin, and alternative pathways. The classical and lectin pathways are activated by
specific proteins that activate these cascades after binding to target ligands. IgG and IgM bound to
target antigens activate the classical pathway, and mannose-binding lectin bound to target sugars
activates the lectin pathway [19]. The alternative pathway is spontaneously activated in plasma
through a process called “tickover”. It is also secondarily activated by the classical and lectin pathways,
thereby amplifying their effects.
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4.1. Complement Activation as a Cause of Cancer

Carcinogenesis involves several steps, including the acquisition of a series of mutations that give
a cell growth or survival advantages (“initiation”) and proliferation and/or decreased death of the
transformed cells (“promotion”) [20]. The immune system is integrally involved with both of these
stages of carcinogenesis. In most inflammatory settings, complement activation occurs as part of a
broader immune response, so it is difficult to distinguish the effects of complement activation from
those of other components of the immune system. Nevertheless, we recently published a study showing
that chronic complement activation in the liver causes cancer [21]. Mice with targeted deletion of the
gene for factor H, a key complement regulatory protein, have spontaneous complement activation
within the liver [21]. As the mice aged, they developed hepatocellular carcinoma at a greater rate
than control mice, whereas complement deficient mice did not. Although the experiments did not
determine which stage(s) of tumorigenesis complement directly affects, it did demonstrate that, at least
in the liver, chronic complement activation is sufficient to cause tumor formation.

There is a rationale for suspecting that the complement system plays a part in tumor initiation
(Figure 1). Activated macrophages [22] and neutrophils [23] produce reactive oxygen species and
reactive nitrogen intermediates, molecules that can cause DNA mutations [24]. C3a and C5a are
strongly chemotactic for these cells and induce the cells to undergo oxidative burst. Thus, complement
activation within inflamed tissues is probably integrally involved in these initiation events [25].
In support of this, Bonavita and colleagues studied the role of pentraxin-3 (PTX3) in models of
chemically induced sarcomas and skin carcinomas [26]. PTX3 is expressed by many types of cancers,
and it can bind to circulating factor H, tethering this inhibitor to cells and suppressing complement
activation within the TME. The authors found that PTX3-deficient mice were susceptible to chemically
induced sarcomas and skin carcinomas, presumably because inadequate control of complement
activation increases carcinogenesis in affected tissues. Furthermore, complement deficiency reversed
this tumorigenic effect. The authors also noted that PTX3-deficient mice developed a greater degree of
DNA damage and a higher number of P53 mutations at early timepoints compared to wild-type mice,
further supporting the conclusion that complement-mediated inflammation contributes to genomic
instability and cancer initiation.

Figure 1. Possible roles for complement in tumor initiation and promotion. Complement activation is
a frequent component of the acute inflammatory response. Complement fragments are chemotactic for
myeloid cells, and also elicit the production of chemokines by epithelial cells. This contributes
to inflammatory injury. Complement also directly stimulates cell activation and proliferation
in target tissues. Once cancers have developed, complement fragments protect the tumor from
immune-elimination by attracting immune-suppressive myeloid cells into the tumor microenvironment.
Complement fragments may be involved with angiogenesis, which supports the expanding tumor
mass. It may also trigger epithelial-mesenchymal transition, which contributes to tissue remodeling
and tumor spread.
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Once cells have acquired cancer-causing mutations, the promotion of the nascent tumor requires
the proliferation and survival of the transformed cells [27,28]. This involves pro-mitotic signals
as well as angiogenic signals to support the expanding tumor, processes that have been linked to
inflammatory cytokines. The complement system may indirectly contribute to this process by inducing
the production of cytokines and chemokines [29]. Furthermore, in vitro experiments have also shown
that C3a and/or C5a directly stimulate cancer cell proliferation [30–32]. Consistent with these mitogenic
effects on cancer cells, studies in non-cancer models have also shown that C3a and C5a induce survival
and proliferation of cells during tissue regeneration [33–35]. In addition to C3a and C5a, the insertion
of MAC in tumor cell membranes can stimulate cell proliferation [36] and induce chemokine and
metalloprotease production by the cells [37]. These findings support a role for complement activation
in tumor promotion.

Regions of hypoxia develop in solid tumors as they expand, and angiogenesis becomes essential
for all tumor growth. Complement is frequently activated within ischemic tissues, and hypoxia induces
some cell types, including non-small cell lung cancer cells, to decrease expression of complement
regulatory proteins in vitro [38]. Thus, complement may be preferentially activated in hypoxic regions
of a tumor. Complement activation has been linked with angiogenesis [39], raising the possibility that
the complement activation provides a link between tissue hypoxia and the production of angiogenic
signals. A comprehensive analysis of the mutational landscape in tumors revealed that there is
cross-talk between the complement system and hypoxic signals in some cancers [40]. Nevertheless, in
one study of non-small cell lung cancer, the C5a blockade did not have a detectable effect on vascular
density within tumors [41].

4.2. Complement as a Mechanism of Immune Evasion

The study by Markiewski and colleagues used an implantation model of cancer [1]. Because the
mice were injected with cells that were already transformed, the study implicated complement in
the growth of existing tumors rather than in cancer initiation per se. In that study, the investigators
showed that the generation of C5a attracted myeloid-derived suppressor cells (MDSCs) to the tumor,
which reduced the anti-tumor response of CD8 T cells. Complement activation in that model, therefore,
is analogous to an immune checkpoint insofar as it suppresses the immune-elimination of cancers
(Figure 1). Over the subsequent 12 years, additional pre-clinical studies have reported a similar role
for complement activation in promoting the growth of other types of cancer, including lung [42],
squamous cell [43], melanoma [44], colon [45], and ovarian cancer [30]. Many other effects of
complement on cancer cells and the TME have been identified, but the pattern of inducing myeloid
cells to suppress the adaptive immune system has been generalizable across tumor types.

Studies in multiple different types of cancer have also confirmed that the pro-tumorigenic
effects of complement are mediated by immunosuppressive myeloid cells, such as MDSCs [1,41,46].
The anaphylatoxins generally have pro-inflammatory effects, but studies in solid organ transplant
models have shown that C5a can also attract immunosuppressive myeloid cells into tissues [47]. It is not
clear whether it is the context or the duration of complement signaling that determines whether the net
effect is pro or anti-inflammatory. Interestingly, studies have revealed that both C3a and C5a contribute
to the immunosuppressive effect of complement within tumors [42,44]. Furthermore, C3 produced by
stellate cells in the liver affects dendritic cell maturation and attracts MDSCs, facilitating the growth of
hepatocellular carcinoma [48]. Another study of stellate cells indicated that this immunomodulatory
effect is caused by the iC3b fragment [49]. Thus, multiple different complement activation fragments
seem to interact with myeloid cells in the TME, helping the tumor to evade immune-elimination.

Complement activation may also play a role in protective anti-tumor immune responses.
For example, it has been shown to be involved in the formation of tertiary lymphoid structures
(TLS), which are structures consisting of B and T cells as well as dendritic cells. Interactions between
these cells result in strong immune activation, and the presence of these structures is associated with
a good response to immunotherapy in multiple cancers [50]. Complement activation in the setting
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of chemotherapy has been shown to promote a subset of B cells that regulate the formation of these
structures [51].

Distinct from systemic production of complement, recent studies have identified key functional
roles for intracellular production of complement, specifically in human CD4+ T cells [52,53].
Activation of T cells is associated with translocation of intracellular C3a and C3b to the cell surface,
where these fragments regulate T cell activation and metabolism through the engagement of the C3a
receptor (C3aR) and the regulatory protein CD46, respectively. These data would indicate that in the
setting of cancer progression complement activation in cancer cells and T cells play opposing roles,
with cancer cell complement mediating immunosuppression and T cell complement mediating T cell
activation. Further research is required to dissect out the relevant importance of these pathways in
specific malignancies. One complication in studying the T cell intracellular complement pathway is the
fact that CD46 is not expressed in mice, making it difficult to assess this pathway in preclinical models.

4.3. Complement Activation and Metastatic Spread of Cancer

Beyond its effects on carcinogenesis and tumor growth, there is also experimental evidence that the
complement cascade increases the invasiveness and metastatic potential of cancer [recently reviewed
in [41]]. Complement activation has been linked to the metastatic potential of colon cancer [54] as well as
leptomeningeal metastases of cancer cells [55]. The effect of complement fragments on metastases
may be due to their direct effects on cancer cells as well as their effect on tissue remodeling in the
TME and metastatic niche. C5a, for example, directly induces epithelial-mesenchymal transformation
(EMT) of hepatocellular carcinoma [56] and gastric cancer cells [57], and can induce expression of
metalloproteinases [58]. Conversely, the C5a receptor blockade reduces some hallmarks of EMT [59].
Work in animal models has also shown that the C5a blockade reduces metastasis of colon and lung
cancers by regulating immune responses and the premetastatic niche [46,54].

5. Cancer as a Cause of Complement Activation

Complement activation contributes to the development of cancer by the mechanisms discussed
above, but the reverse is true too: tumors actively promote complement activation within the TME
(Figure 1). Inflammatory cells and molecules are present within the TME of essentially all cancers,
regardless of their tissue of origin [60]. The adaptive immune response to cancer cells is a function
of tumor immunogenicity, which is determined by both the antigenic burden in the cancer and the
host immune system [61]. Inflammation can cause DNA damage, but DNA damage can cause the
production of mutant proteins that are antigenic and elicit an immune response [62]. Cancer cells that
cannot evade the immune system will be eliminated, so the cancer must either stop producing the
target antigen, downregulate MHC, or suppress the immune response to the tumor antigen through
immunoediting [63,64]. Although the anti-tumor immunity is primarily executed by CD4 T cells,
CD8 T cells, and natural killer (NK) T cells, B cells are also seen within the TME of some tumors,
and patients often develop IgG that is specifically reactive with tumor antigens [65,66]. This can
serve as a link between the adaptive immune response to a tumor with complement activation within
the TME.

There is evidence of classical pathway activation in several animal models of cancer. The growth
of TC-1 tumors was significantly reduced in mice with targeted deletion of C4 (classical and lectin
pathway deficient), but tumor growth was not affected by the deletion of factor B (alternative pathway
deficient) [1]. Similarly, studies in non-small cell lung cancer showed that IgM and C4 are deposited
in both a mouse model and in human samples, pointing to the involvement of the classical pathway
in this type of cancer [42]. Furthermore, tumor growth was not affected by factor B deficiency in
this model. A study using the TC-1 cell line also found that C1q was required for tumor growth,
further supporting the involvement of the classical pathway [67]. C1q deposits are seen in human
lung, colon, breast, and pancreatic adenocarcinoma, as well as melanoma [68]. Because patients so
frequently develop antibodies against tumor antigens, it is logical that classical pathway activation
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would be a frequent occurrence. In a mouse model of melanoma, however, investigators have also
shown that C1q contributes to tumor growth in a complement-independent fashion [68]. Studies in
models of systemic lupus erythematosus, an autoimmune disease, revealed that C1q directly affects the
CD8 T cell response to antigens independent of the classical pathway [69]. In that study, C1q-deficient
CD8 T cells displayed greater reactivity against autoantigens and viruses. Such an effect could also
potentially modulate anti-tumor immunity.

In addition to the adaptive B cell response to foreign antigens, natural antibodies are
produced by B-1 cells in the absence of an antigenic stimulus and often react with carbohydrate
epitopes [70]. Tumor cells frequently display abnormal post-translational modifications, including
altered glycosylation patterns. Natural antibodies can bind to carbohydrate epitopes, and they have
been found to react to glycans displayed on the surface of cancer cells [71]. Interestingly, a hybridoma
generated from a patient with signet-ring cell carcinoma of the stomach reacts specifically with an
N-linked carbohydrate on CD55 [72]. CD55 is a cell surface complement regulatory protein that protects
cancer cells from complement-mediated lysis and contributes to chemoresistance of the cells [51].
Antibodies that bind to neo-epitopes displayed on the surface of CD55 could activate the classical
pathway on the target cell while simultaneously impairing complement regulation by CD55 on the
cell surface.

Although the requirement of C4 expression for tumor growth could also reflect a role for the lectin
pathway in the TC-1 model, there is less published evidence for specific involvement of this pathway
in cancer models. However, one recent study found that certain species of gut fungi can migrate to the
pancreas and foster the development of pancreatic ductal adenocarcinoma [73]. MBL was required
for tumor growth in this model, indicating that the lectin pathway activation was probably involved.
This study also showed that signaling through the C3a receptor was necessary for tumor growth.

Although several studies have found that an intact alternative pathway is not necessary for
tumor growth [1,42], it is notable that alternative pathway proteins are expressed by most tumors [74].
The alternative pathway also amplifies complement activation that is initiated through the other
pathways, so this pathway may contribute to tumor growth by increasing the overall magnitude and
duration of complement activation, even if it is not essential for the reaction. Our recent study using
factor H deficient mice showed that chronic alternative pathway activation in the liver is sufficient to
cause HCC [21]. However, it is possible that the liver—as the source of the alternative proteins factor B
and C3—may be uniquely susceptible to alternative pathway-mediated injury.

It is striking that cancer cells and other cells within the TME synthesize complement proteins [74].
Several inflammatory cytokines induce parenchymal cells to produce complement proteins, and the
transcription factor twists basic helix-loop-helix transcription factor 1 (TWIST1) has been identified
as a key regulator of the expression of C3 by cancer cells [75]. Although high levels of complement
proteins are already present in plasma, studies in organ transplantation revealed the importance of
locally produced proteins in activation within tissues [76]. Similarly, studies in cancer models have
revealed that complement proteins produced by the cancer cells, themselves, contribute to tumor
growth in vivo despite the expression of the same proteins by the host [30].

Various proteases are also able to directly activate complement proteins, potentially bypassing the
conventional initiation mechanisms and convertases. The cathepsins, for example, are a family
of serine proteases that are upregulated and secreted by many different types of cancer [77],
and cathepsin L can cleave C3 into C3a and C3b [52]. Human melanoma cells express cathepsin
L and cleavage of C3 by the protease is associated with growth and metastasis [78]. Similarly,
thrombin is capable of directly cleaving complement C5 [79]. Cancer cells can, directly and indirectly,
activate thrombin [80], providing a mechanism for the direct generation of the terminal complement
components. Additional cancer-associated proteases capable of activating complement proteins have
also been identified, including prostate-specific antigen [81].

111



Antibodies 2020, 9, 61

6. Complement Regulatory Proteins

In addition to the many molecules that activate the complement pathways, the body also expresses
a family of proteins that inhibit activation of the cascade [82]. Some soluble regulators circulate in
plasma and other body fluids, as well as regulators expressed on the outer membrane of all cells.
The various regulatory proteins inhibit complement activation by distinct mechanisms and at different
sites within the cascade.

All cancer cells express cell surface complement regulators, and most cancer cells express more
than one of the proteins. The cell surface regulators CD46, CD55, and CD59, for example, are all
expressed by squamous cell cancers [83] and uveal melanomas [84]. Multiple studies have also
shown that cancer cells overexpress complement regulators compared to the corresponding tissue of
origin [85–87]. For years, the presumption was that overexpression of the complement regulatory
proteins is a mechanism by which cancer cells evade complement-mediated elimination. In support of
this, functional studies in which expression of the proteins is knocked down with small interfering RNA
(siRNA) have confirmed that the regulatory proteins protect the cells from lysis [88]. Expression levels
of the regulatory proteins have also been shown to correlate with complement activation with the
tumor and with patient outcomes [89,90]. Interestingly, cancer cells frequently overexpress factor H,
and factor H-like protein 1 (FHL-1), soluble proteins that are already present at high concentrations
in plasma [91]. Studies have shown that factor H is expressed by ovarian, squamous, and colon
cancer cells [92,93]. Knockdown of factor H production can reduce tumor cell survival, proliferation,
and migration in vivo [94,95]. Although liver-derived factor H and FHL-1 is almost certainly present in
the TME, production of these proteins by cancer cell may ensure that local concentrations are sufficient
to protect the cells. Cancer cells can also express non-complement proteins, such as osteopontin,
that bind to factor H, holding it within the TME [96].

Several studies have linked the expression of complement regulatory proteins by tumors with
adverse clinical outcomes [97,98]. In patients with breast cancer, for example, the expression of
CD59 was associated with lung metastasis and shorter [98]. Similarly, in cholangiocarcinoma higher
expression of CD55 is associated with shorter survival [97]. Unsurprisingly, being able to control
complement activation gives a cancer cell a survival advantage, but this does lead to a paradox. On the
one hand, complement activation supports tumor growth in many contexts, yet cancer cells also actively
express proteins that inhibit the complement system. It is noteworthy, however, that the expression
of complement regulatory proteins by cancer cells is quite heterogeneous, and cells within the same
tumor can express different repertoires of regulatory proteins [99]. Expression of these proteins is also
dynamic, changing in response to local conditions such as hypoxia and inflammatory cytokines [100,101].
One model to account for these data would suggest that regulatory proteins protect cancer cells from
the deleterious effects of complement, such as lysis through the MAC complex while allowing the
pro-tumorigenic effects mediated by C3a/C5a to act on the TME leading to immunosuppression. Thus,
complement activation may have opposing effects on tumor growth, and the effects may fluctuate
depending on time and location within the tumor. Furthermore, while complement activation may
destroy a limited number of cells within the tumor mass, the immunosuppressive effects of C3a and
C5a may suppress the immune system throughout the TME (Figure 2).

112



Antibodies 2020, 9, 61

Figure 2. Mechanisms by which cancer cells activate complement to control the tumor microenvironment.
Tumor cells actively promote complement activation by several mechanisms. The natural antibody
binds to glycans on the cell surface, and IgG binds to tumor neoepitopes. Cancer cells also produced
complement proteins, such as C3, which fuels local activation. Cancer cells can also release proteases,
such as cathepsin L, which directly activate complement proteins. Complement activation within
tumors likely causes apoptosis and necrosis of some target cells, but it also produces C3a and C5a
which recruit inhibitory myeloid cells into the tumor microenvironment. These myeloid cells suppress
the anti-tumor function of CD4 and CD8 T cells.

7. Complement Inhibitors as Cancer Treatment

As outlined above, complement inhibitory drugs are effective for reducing tumor size in multiple
different pre-clinical cancer models [1,41,42,44,102–104]. Inhibitory anti-C5 antibodies have been
approved for several non-malignant diseases [105,106], and many additional complement inhibitory
agents are in development [107]. Some of the new drugs block all activation, some selectively block
the various activation pathways, and others target specific complement fragments and receptors.
Thus, shortly there will likely be a range of therapeutic options for blocking the complement system.
C3 fragments clearly play a role in tumor biology, but multiple studies have shown that C5aR antagonism
is an effective cancer treatment. Several C5a antagonists are currently in clinical development for other
indications, so this approach is already feasible.

If complement inhibitors are to be used to treat cancer, then it will be important to understand:
(1) which types of cancer are responsive to this approach, (2) when in the course of the disease is
complement inhibition most effective, and (3) which components of the complement system contribute to
tumor growth. Furthermore, based on the experience with immune checkpoint inhibitors, complement
inhibitory drugs will be most effective when combined with other therapies. The efficacy of including
complement inhibitors in combination therapy likely depends on the treatments with which they
are paired. For example, the efficacy of monoclonal antibodies often involves complement-mediated
cytotoxicity. Consequently, the use of complement inhibitors could undermine the efficacy of these
drugs. Indeed, some drugs impair the ability of cancer cells to regulate the complement cascade,
thereby increasing complement activation on the cell surface. These agents have been used as a means
of sensitizing tumors to monoclonal antibody treatments [108].

The combination of anti-complement drugs with immune checkpoint inhibitors may also represent
a special case. In many studies, complement blockade has been shown to affect existing tumors via its
effects on myeloid cell recruitment and polarization. This, in turn, enhances the anti-tumor effects of
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T cells. Complement inhibition and immune checkpoint inhibition, therefore, have similar, and possibly
redundant, effects on anti-tumor immunity. However, preclinical studies also suggest that these drugs
work by different mechanisms and can have additive effects on tumor size [104,109]. Indeed, a clinical
trial is currently underway in which an anti-C5aR antibody is being combined with a PD-L1 antagonist
for the treatment of solid tumors (NCT03665129; the type of cancer has not been disclosed). Finally,
the development of novel targeted complement inhibitors might represent a therapeutic strategy to
selectively regulate complement at the site of the tumor, without the adverse effects that might occur
with systemic complement inhibition. Several fusion proteins have been developed which need to be
tested in appropriate preclinical models [110].

8. Conclusions

One of the most unexpected and powerful discoveries in complement research is the critical role
of this system in cancer biology. Although the full range of effects that complement fragments have on
cancer initiation and tumor growth are not yet known, a frequent finding is that complement inhibition
increases anti-tumor immunity and reduces tumor size. This is, in many respects, analogous to
checkpoint inhibition. Many different complement inhibitors are in clinical development, and this
class of drugs holds great promise for the treatment of cancer. Based on what is currently known about
the role of complement in carcinogenesis, there is reason to suspect that complement inhibition can
reduce the risk of tumor initiation in patients with some chronic inflammatory diseases, and it can
slow the growth and spread of many types of cancer.

The optimal use of complement inhibitory drugs will entail a greater understanding of the role of
complement activation in specific types of cancer, as well as the potential and limitations of combining
complement inhibitory drugs with various other cancer therapies. Studies have shown that cancer
cells express many different proteins that promote and inhibit complement activation, highlighting a
complex interaction between cancer cells and complement proteins that may vary over time and
throughout the tumor. Although disentangling all the details of this relationship will be challenging,
many of the tools developed for complement research in other fields are being applied to cancer
models. Furthermore, activation of the complement system generates several tissue bound and soluble
biomarkers, which may provide accurate methods by which complement activation within a tumor
can be monitored in the clinic.
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Abstract: The complement system has demonstrated roles in regulating tumor growth, although
these may differ between tumor types. The current study used two murine breast cancer models
(EMT6 and 4T1) to investigate whether pharmacological targeting of receptors for complement
proteins C3a (C3aR) and C5a (C5aR1) is protective in murine breast cancer models. In contrast
to prior studies in other tumor models, treatment with the selective C5aR1 antagonist PMX53
had no effect on tumor growth. However, treatment of mice with a dual C3aR/C5aR1 agonist
(YSFKPMPLaR) significantly slowed mammary tumor development and progression. Examination
of receptor expression by quantitative polymerase chain reaction (qPCR) analysis showed very low
levels of mRNA expression for either C3aR or C5aR1 by EMT6 or 4T1 mammary carcinoma cell lines
compared with the J774 macrophage line or bone marrow-derived macrophages. Moreover, flow
cytometric analysis found no evidence of C3aR or C5aR1 protein expression by either EMT6 or 4T1
cells, leading us to hypothesize that the tumor inhibitory effects of the dual agonist are indirect,
possibly via regulation of the anti-tumor immune response. This hypothesis was supported by flow
cytometric analysis of tumor infiltrating leukocyte populations, which demonstrated a significant
increase in T lymphocytes in mice treated with the C3aR/C5aR1 agonist. These results support an
immunoregulatory role for complement receptors in primary murine mammary carcinoma models.
They also suggest that complement activation peptides can influence the anti-tumor response in
different ways depending on the cancer type, the host immune response to the tumor and levels of
endogenous complement activation within the tumor microenvironment.

Keywords: complement C5a; complement C3a; complement receptors; mammary carcinoma; im-
munoregulation; tumor infiltrating leukocytes

1. Introduction

Breast cancer is the most common cancer diagnosed in women world-wide, accounting
for 25% of all cancers and 15% of cancer deaths in women [1]. Despite significant advances
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in understanding the underlying biology, some forms of disease remain resistant to current
treatments—in particular, triple-negative breast cancers [2]. Chronic inflammation is linked
to the development and progression of many cancers [3,4]. As powerful mediators of
inflammation, complement proteins have been implicated for a role in tumorigenesis [5],
with elevated complement regulatory proteins and activation fragments identified as
biomarkers and prognostic indicators for many cancers, including breast cancer [6–8].

Comprising more than 40 plasma- and membrane-bound proteins, the overall func-
tion of the complement system is to regulate inflammation, facilitate immune defense
mechanisms and maintain tissue homeostasis [9]. The complement system has long been
recognized to contribute to anti-tumor defense mechanisms via complement-dependent
cytotoxicity (CDC) [10] and antibody-dependent cell-mediated cytotoxicity (ADCC) [11].
The upregulation of complement inhibitory proteins is thought to be an important mech-
anism by which cancer cells evade complement-mediated destruction [12–14]. There is
also increasing evidence of a role for the complement activation products C3a and C5a
in regulating tumor growth and metastasis. C3a and C5a are small polypeptides with
36% homology [15]. C5a is one of the most potent inflammatory proteins and chemoat-
tractant for neutrophils, monocytes and macrophages [16]. It binds two specific receptors,
C5a receptor (CD88/C5aR1) and C5a receptor-like 2 (C5L2/C5aR2), of which the former
(G-protein coupled C5aR1) is thought to be the predominant driver of biological activ-
ity [17,18]. C3a binds a single receptor, C3aR1, which like C5aR1 is a G-protein-coupled
receptor expressed primarily by cells of myeloid origin [15]. Originally thought to have
similar pro-inflammatory effects to C5a, C3a is now known to exert a range of appar-
ently contradictory immunomodulatory functions—attenuating neutrophil mobilization in
response to injury [19] but inducing production of pro-inflammatory cytokines [20].

Kim and co-workers [21] were the first to show a direct role for complement C5a in
regulating breast cancer growth, demonstrating that over-expression by EMT6 mammary
tumor cells protected against tumor growth in mice. Tumor inhibitory effects of comple-
ment proteins were confirmed by Bandini et al., who showed in an autochthonous mam-
mary carcinoma model that Her2/neu-driven carcinogenesis is accelerated in C3-deficient
mice [22]. Conversely, Vadrevu and co-workers found no effect of C5aR1 deficiency on
primary tumor growth, but metastatic tumor burden was reduced in the murine 4T1 breast
cancer model [23]. Moreover, C5a-C5aR1 signaling has been associated with cancer pro-
gression and poor prognosis in breast cancer patients [8,23]. Tumor-promoting effects
of C5a have also been reported in other murine cancer models, including cervical [24],
lung [25], ovarian [26] and melanoma [27]. Less is known about the role of C3a in tumor
growth, although our laboratory and others have demonstrated that inhibition of C3aR
signaling inhibits the growth of murine melanoma, colon, breast [28], intestinal [29] and
lung cancer [30]. Whilst most of these studies have identified indirect (immune-mediated)
mechanisms responsible for regulating tumor growth, tumor-intrinsic effects have also
been reported [21,31]. Other effects are also possible. For example, there is evidence that
C5a promotes vascularization of ovarian tumors [26], while C3a has been demonstrated to
promote leptomeningeal metastasis by disrupting the blood-cerebrospinal fluid barrier [32].

To further explore the effects of the complement receptors in mammary cancer, we
used two syngeneic murine mammary carcinoma models: EMT6, which is weakly estrogen
receptor (ER)-positive [33], and 4T1, a model of triple-negative breast cancer [34]. Mice
were treated with a selective C5aR1 antagonist (AcF-[OPdChaWR]; PMX53) [35], which has
been demonstrated to effectively reduce C5a-mediated inflammatory responses in animal
disease models [36–38], including murine melanoma [27], cervical [24] and lung [25]
cancers. Because there are no selective agonists for mouse C5aR1 suitable for in vivo
application, and native C3a and C5a proteins are highly susceptible to proteolysis by serum
carboxypeptidases [39], mice were treated with a dual C3aR/C5aR1 agonist (YSFKPMPLaR;
EP54) [40]. Although we found no effect of C5aR1 inhibition on tumor growth, treatment
with the dual C3aR/C5aR1 agonist inhibited tumor development and progression. The
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results suggest that the anti-tumor effects are indirect, possibly due to enhancement of the
T lymphocyte-mediated anti-tumor response.

2. Materials and Methods

2.1. Drugs

The dual C3aR/C5aR1 agonist YSFKPMPLaR (EP54) and the cyclic peptide C5aR1
antagonist AcF-[OP(D-Cha)WR] (PMX53) were synthesized in-house using previously
described methods [41–43]. Drugs for injection were diluted in either 5% glucose or
0.9% saline.

2.2. Cell Culture

Tumorigenic mouse mammary carcinoma EMT6 (ATCC CRL-2755) and 4T1 (ATCC
CRL-2539) as well as J774A.1 macrophage (ATCC TIB-67) cell lines were obtained from
the American Type Cell Culture Collection. EMT6 cells were maintained in Waymouths
medium (Invitrogen, Carlsbad, CA, USA) containing 10% heat-inactivated fetal calf serum
(FCS; Moregate, Brisbane, QLD, Australia). 4T1 and J774 cells were grown in RPMI 1640
medium (Invitrogen) + 10% FCS.

Bone marrow-derived macrophages (BMDM) were prepared by flushing femurs of 8-
to 12-week-old mice with phosphate buffered saline (PBS). Bone marrow cells were seeded
onto untreated culture plates and cultured for 7 days in RPMI + 10% FCS containing mouse
colony stimulating factor (mCSF)-1 (50 ng/mL; BioLegend, San Diego, CA, USA). All cells
were maintained at 37 ◦C in an atmosphere of 5% CO2 in air (Invitrogen).

2.3. Animals

Female BALB/c mice (Monash Animal Services, Melbourne, Aust), 6–8 weeks of age,
were housed 4/cage in the UQBR animal facility, University of Queensland, with lighting
schedules of a 12 h light/dark cycle, and water and standard rodent diet provided ad
libitum. All procedures were approved by the University of Queensland Animal Ethics
Committee Guidelines and conformed to the Australian Code of Practice for the Care and Use
of Animals for Scientific Purposes (8th Edition, 2013).

Tumor Cell Injections and Drug Treatments

BALB/c mice (bodyweight approximately 20–25 g; n = 7–8 animals/group) were
lightly anesthetized with isofluorane (1.5% in oxygen) and the left mammary fat pad
injected with 0.5 × 106 of either EMT6 or 4T1 cells in a total volume of 0.05 mL serum-free
medium. Mice commenced daily sub-cutaneous (s.c.) injections with EP54 (1 or 3 mg/kg
bodyweight), PMX53 (1 mg/kg bodyweight) or vehicle only (5% glucose or 0.9% saline
solution), either from the time of tumor injection (day 0) or once tumors became palpable
(approximately day 7). These drug doses were previously shown to be effective in other
mouse models of disease [43,44].

Mice were monitored daily and once tumors became palpable (at approximately day 7),
tumor areas were measured daily by the same individual using digital Vernier calipers.
Since it was not possible to measure tumor height accurately, and area measurements have
been shown to correlate well with the mass of small tumors [45], tumor width and length
were measured, and tumor areas calculated [46]. Once the largest tumor area had reached
approximately 200 mm2, mice in all groups were euthanized and tumors removed from
each mouse. Excised tumors were weighed, then processed for flow cytometric analysis.

2.4. RNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)

Total RNA was isolated from EMT6, 4T1 mammary carcinoma cells (n = 3), BMDM
(n = 3) and J774 macrophages (n = 2) using the RNeasy plus Mini Kit (Qiagen, Hilden,
Germany). RNA quality was determined and quantified by spectrophotometer (Nanodrop
ND1000; Thermo Scientific, Waltham, MA, USA). Total RNA (1 μg) was then converted
to cDNA using the iScript™ cDNA synthesis kit (Bio-Rad, Hercules, CA, USA). Taqman
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probes for C3 (Mm01232779_m1), Hc (C5; Mm00439275_m1), C3aR (Mm02620006_s1) and
C5ar1 (Mm00500292_s1) (Applied Biosystems, Foster City, CA, USA) were used to amplify
the target genes. Relative target gene expression to reference gene hypoxanthine guanine
phosphoribosyl transferase (Hprt; Mm03024075_m1) was determined using the formula:
2−ΔCT, where ΔCT = (Ct (Target gene) − Ct (Hprt)).

2.5. Calcium Mobilization Assay

Cells were seeded at 3 × 104 cells/well into 96-well, black-walled, clear-bottom plates
(Nunc™, Thermo Fisher Scientific) and allowed to attach overnight. Cells were loaded with
Fluo-4 dye (Invitrogen), then transferred to a FlexStation III microplate reader (Molecular
Devices, San Jose, CA, USA) before addition of EP54 (5 × 10−4 to 5 × 10−9 mol/L), and
changes in fluorescence (λex = 485 nm; λem = 525 nm) were measured at 3 s intervals.

2.6. Flow Cytometric Analysis

EMT6, 4T1 and J774 cells were detached from culture dishes by trypsinization or
aspiration with ice-cold Dulbecco’s phosphate buffered saline (D-PBS; Ca and Mg free).
Single cell suspensions were prepared from excised tumors by mechanical disaggregation,
followed by filtration through 70 μm nylon cell strainers, and resuspended (0.5–2.0 × 106

cells/mL) in calcium- and magnesium-free PBS containing 0.1% bovine serum albumin and
0.1% sodium azide (PBA). Cells were dispensed into 96-well plates (0.5–2.0 × 105 viable
cells/well) and pre-incubated with anti-CD16/32 (2.4G2; BioLegend) for 15 min to block Fc
receptors. Cultured cells were incubated with fluorescein isothiocyanate (FITC)-conjugated
rat anti-mouse C3aR (14D4; Hycult, Uden, NL, USA) or control Ig for 1 h. Cells from
excised tumors were incubated with fluorophore-conjugated rat monoclonal antibodies for
mouse surface leukocyte markers: CD45, CD11b, F4/80, Gr-1, CD25, CD3, CD4 and CD8a
(all from BioLegend). To identify regulatory T cells (Tregs), cells were surface-stained, then
fixed and permeabilized (FoxP3 Fix/Perm kit; BioLegend) for intracellular staining with
anti-Foxp3 (BioLegend). To identify Th1, Th2 and Th17 subsets, cells were stimulated with
phorbol 12-myristate 13-acetate (PMA; 50 ng/mL; Sigma) and ionomycin (10-6 M; Sigma)
in the presence of Brefeldin A (5 μg/mL; BioLegend) for 4 h at 37 ◦C, surface-stained with
anti-CD3 and CD4, then fixed, permeabilized and stained with antibodies to intracellular
cytokines interleukin (IL)-4, interferon (IFN)-γ or IL-17A (BioLegend). Cell viability was
determine using DRAQ7 (Cell Signaling, Danvers, MA, USA). Cells were analyzed on an
Accuri C6 or LSR Fortessa X-20 flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA)
followed by data analysis with FlowJo software (Tree Star, Inc., Ashland, OR, USA). Gating
strategies are shown in Supplementary Figure S1.

2.7. Statistical Analysis

All experiments were performed a minimum of two times, and values expressed as
mean ± standard deviation (SD). Tumor growth was analyzed by two-way analysis of vari-
ance (ANOVA). All other data were analyzed using unpaired Student’s t-test, or one-way
ANOVA followed by Dunnett’s multiple comparison tests and Bonferroni post-test (Graph-
Pad Software Inc., San Diego, CA, USA). A p-value of <0.05 was considered significant.

3. Results

3.1. Effects of Pharmacological Modulation of C3aR/C5aR1 Signaling on Mammary Carcinoma
Growth in Mice

To determine the influence of C3aR/C5aR1 signaling on tumor development, mice
were injected with EMT6 mammary carcinoma cells. On the same day (day 0), mice
commenced daily injections with either C5aR1 antagonist, PMX53 (1 mg/kg/day), dual
C3aR/C5aR1 agonist, EP54 (1 mg/kg/day) or vehicle (control). Tumors became palpable
at approximately day 7 (Figure 1A). Caliper measurements showed that PMX53 had no
significant effect on the growth of EMT6 tumors, but tumor growth was slowed by EP54
treatment (p < 0.01; Figure 1A). Excised tumor weight at day 14 was also significantly
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reduced in mice treated with EP54 (0.07 ± 0.05 g) compared with the control group
(0.25 ± 0.1 g; p < 0.01; Figure 1A’). Health assessment scores showed that treatment with
EP54 was associated with significantly less deterioration in general health of the mice and
there was no significant change in body weight for any group: body weights for EP54-
treated mice were 19.1 ± 1.6 g on day 1 and 19.2 ± 1.4 g at day 14 post-tumor induction,
compared with 19.9 ± 1.7 g and 19.5 ± 2.2 g respectively, for the control (vehicle-treated)
group. The reduction in tumor growth was not significantly enhanced by a higher dose of
EP54 (3 mg/kg/day; data not shown), indicating that a dose of 1 mg/kg/day is sufficient.

 
Figure 1. Effect of pharmacological modulation of C3aR/C5aR1 signaling on growth of murine mammary carcinomas.
Tumor areas (mm2) (A–C) and excised tumor weights (g) at the end of trial (day 14) (A’–C’) in female BALB/c mice injected
with (A,A’) EMT6 tumor cells and treated by daily sub-cutaneous (s.c.) injection with vehicle alone (5% dextrose, •), dual
C3aR/C5aR1 agonist (EP54; 1 mg/kg/day, �) or C5a antagonist (PMX53; 1 mg/kg/day, �), commencing day 0. (B,B’) 4T1
tumor cells treated by daily s.c. injection with vehicle alone or EP54 (1 mg/kg/day), commencing day 0. (C,C’) Established
EMT6 tumors treated by daily injection of EP54 from day 7 after tumor cell injection. Data expressed as mean ± standard
deviation (SD). Results are representative of two separate experiments (n = 6–7/group); ** p < 0.01; * p < 0.05.

A similar trend was observed in mice injected with 4T1 tumors (Figure 1B,B’), with
EP54 treatment slowing tumor growth (p < 0.01; Figure 1B). Excised tumor weights in
the EP54-treated group (0.011 ± 0.016 g) were also significantly lower than the control
group (0.037 ± 0.017 g; p < 0.05) (Figure 1B’). Having shown that EP54 treatment inhibits
tumor initiation, we next investigated its effect on established EMT6 tumors. For these
experiments, mice were injected with EMT6 cells, and once tumors were established
(day 7), daily s.c. injections of EP54 (1 mg/kg/day) or saline alone (vehicle control) were
commenced. As shown in Figure 1C,C’, tumor growth was significantly slowed (p < 0.01),
and excised tumor weights were smaller in EP54-treated mice (0.16 ± 0.09 g) compared
with the control group (0.24 ± 0.1 g; p < 0.05). For all experiments, there were no signs of
drug toxicity, and mice showed no significant changes in bodyweight.

3.2. Expression of Complement Receptors C5aR1 (CD88) and C3aR by EMT6 and 4T1 Mammary
Carcinoma Cell Lines

Having established that C3a/C5aR1 agonism is effective in inhibiting mammary
tumor growth in mice, we next explored possible mechanisms responsible for the anti-
tumor effects. Since Kim and co-workers [21] suggested that C5a may act directly on tumor
cells, we first investigated receptor expression by cultured EMT6 and 4T1 cells. Analysis
by qPCR showed that both cell lines expressed mRNA for C3aR and C5aR1, but at levels
600–750-fold lower than J774 cells and 300–500 times lower than BMDMs. Neither cell line
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expressed Hc (C5), but C3 expression by EMT6 cells was more than 7-fold higher than J774
macrophages and 30-fold higher than BMDM (Figure 2A). Flow cytometric analysis found
no detectable expression of C3aR or C5aR1 protein by either tumor cell line, whereas J774
macrophages and BMDM expressed high levels of both receptors (Figure 2B).

Figure 2. Complement receptor expression by mouse mammary carcinoma cell lines. (A) Quantitative polymerase chain
reaction (qPCR) analysis shows relative expression of mRNA for C3aR1, C5aR1 and C3 by cultured EMT6 (n = 3) and 4T1
(n = 3) mammary carcinoma cell lines compared to J774 macrophages (n = 2) and bone marrow-derived macrophages
(BMDM; n = 3). Data are normalized to the reference gene, Hprt, and expression is shown relative to J774 cells (mean ± SD).
(B) Flow cytometric analysis shows C3aR and C5aR1 expression by EMT6 and 4T1 cell lines compared with J774 macrophages.
(C) Dose-response to dual C3aR/C5aR1 agonist EP54 and phosphate buffered saline (PBS; negative control) for EMT6
and 4T1 mouse mammary carcinoma cells and J774 macrophages (positive control). Intracellular calcium levels were
measured in real time using Fluo-4 dye, with change in relative fluorescence units (RFU) indicative of intracellular calcium
flux. RFU was measured for 160 s with drug addition at 15 s. Results are representative of data collected from three
separate experiments.

Although we found very low or undetectable expression of C3aR and C5aR1 by either
EMT6 or 4T1 cell lines, we investigated whether these cells might be capable of signal
transduction in response to the dual C3aR/C5aR1 agonist, EP54. Although EP54 elicited a
dose-dependent calcium response in J774 macrophages, it failed to mobilize intracellular
calcium in either EMT6 or 4T1 cells (Figure 2C). Similarly, neither EP54 (10 μmol/L),
recombinant mouse C3a (100 nmol/L) nor recombinant C5a (10 nmol/L) activated mitogen
activated protein kinase (MAPK) signaling, as indicated by the inability to induce the
phosphorylation of extracellular signal-regulated kinases (ERK) 1/2 (data not shown).
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3.3. Leukocyte Response to Pharmacological Modulation of C3aR/C5aR1 in Tumor-Bearing Mice

Having found no evidence of receptor expression or signal activation by mammary
carcinoma tumor cells, we next investigated whether EP54 may be acting on immune cells.
Differential blood counts revealed that treatment with EP54 (1 mg/kg/day) resulted in
a slight but significant increase in circulating leukocytes to 13.08 ± 0.42 × 106 cells/mL
compared with 12.19 ± 0.01 × 106 cells/mL in vehicle-treated (control) mice (p < 0.05).
There was no difference in neutrophil or monocyte numbers between groups, but lympho-
cytes were significantly increased in mice receiving EP54 (11.48 ± 0.51 × 106 cells/mL)
compared with vehicle-treated control mice (9.91 ± 0.581 × 106 cells/mL; p < 0.05).

To further investigate the effect of EP54 on immune cells, we used the 4T1 model to
analyze tumor infiltrating leukocyte populations by flow cytometry. As shown in Figure 3,
there was a slight (but not significant) increase in total (CD45+) leukocytes infiltrating
4T1 tumors from EP54-treated mice. Although there were no differences in myeloid cell
populations (myeloid derived suppressor cells (MDSC) or macrophages) between EP54-
and control (vehicle)-treatment groups, the percentage of total (CD3+) T lymphocytes was
significantly higher following EP54 treatment (8.3% ± 5.6%) compared with the control
group (5.3% ± 2.6%; p < 0.05), as was the percentage of CD4+ T cells (3.6% ± 1.5% compared
with 2.6% ± 0.9%; p < 0.05). Moreover, the proportions of CD4+ T cell subsets, Th1 and
Th17, were increased within EP54-treated tumors. There was also a slight increase in the
proportion of CD8+ T cells and reduction in Tregs, although these were not significant.
Taken together, these results suggest that EP54 may inhibit mammary tumor growth by
promoting an effective T cell-mediated response.

 

Figure 3. Effect of EP54-treatment on leukocyte sub-populations in mice with established 4T1 mammary tumors. Flow
cytometric analysis of leukocyte sub-populations in tumor tissue from BALB/c mice treated with vehicle (control) • or
EP54 �: total leukocytes (CD45+), myeloid derived suppressor cells (MDSC; CD11b+Gr-1+), macrophages (F4/80+), total
(CD3+), CD4+ and CD8+ T lymphocytes; CD4+ T lymphocyte subsets: Treg (CD4+CD25+FoxP3+), Th1 (CD4+IFNγ+), Th2
(CD4+IL4+) and Th17 (CD4+IL17+). Results of three independent experiments (n = 6–8/group). Data expressed as %
positive cells (mean ± SD); ** p < 0.01; * p < 0.05, Student’s t-test.

4. Discussion

Chronic inflammation plays a critical role in the development and progression of
cancer [47]. As key mediators of inflammation [48], the complement proteins C3a and
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C5a have been implicated for roles in tumorigenesis. Our laboratory and others have
demonstrated that C3a and C5a promote tumor growth in a number of murine cancer
models, including cervical [24], lung [25,30], ovarian [26], colon and melanoma [27,28].
However, the few studies investigating the role of these proteins in breast cancer models
have produced conflicting results. Thus, the current study sought to clarify the role of
complement proteins in murine syngeneic breast cancer models, EMT6 and 4T1.

In accordance with the previous study by Vadrevu and co-workers, we found no effect
of PMX53 on primary EMT6 mammary tumor growth [23]. However, treatment with a
dual C3aR/C5aR1 agonist (EP54) inhibited development and growth of both EMT6 and
4T1 mammary tumors. These results are in agreement with the work of Kim et al., who
demonstrated a protective role for C5a in the EMT6 mammary cancer model [21]. They
are also in accordance with those of Bandini et al. [22], who showed that C3-deficiency
(in which both C3a and C5a are lacking) accelerated tumor growth in a transgenic mouse
model of mammary adenocarcinoma. This raises the question of whether the anti-tumor
effects are mediated solely by C5a or whether C3a may also play a role. Our previous
demonstration that C3aR signaling promotes 4T1 tumor growth, along with the evidence
from Kim and co-workers that C5a alone has a protective role in EMT6 tumors, suggest
that C5a is primarily responsible for the observed protective effects.

Another question still to be resolved is the mechanism by which EP54 exerts its
anti-tumor effects. Kim and co-workers showed that C5a-expressing EMT6 tumors had
high rates of apoptosis and cell cycle progression was blocked. Although this group
demonstrated C5aR1 expression by EMT6 cells, we found that both C3aR and C5aR1 were
undetectable on EMT6 and 4T1 cells at the protein level, suggesting that the anti-tumor
effects of EP54 are indirect. Indeed, Kim and co-workers also showed that mice whose
tumors regressed were immune to subsequent challenge with unmodified tumors (i.e., not
expressing C5a), suggesting that at least some of the effects of C5a were indirect, via
enhancement of the anti-tumor immune response. Moreover, Bandini et al. showed that
mammary tumors from C3-deficient mice have a more immunosuppressive microenviron-
ment [22]. The present study supports the premise that the tumor inhibitory effects of EP54
are due to immunoregulatory mechanisms, with EP54-treated mice showing increased
tumor infiltration by T lymphocytes, in particular CD4+ T cell subsets, Th1 and Th17.
While the presence of Th1 cells is linked to favorable prognoses in many cancers, the role
of Th17 remains controversial [49]. However, Th17 cells have recently been identified as
the most favorable prognostic indicator for triple-negative breast cancers with low T cell
infiltrate [50]. Thus, the increased Th1–Th17 response in EP54-treated tumors suggests that
these cells contribute to the anti-tumor response. Our results are in contrast to previous
reports demonstrating that inhibition of C5aR1 signaling in MDSC favors Th1 and Th17
responses [23,51]. Although we found no significant difference in the proportions of tumor-
infiltrating myeloid cells, qualitative differences are possible. For example, Markiewski and
co-workers showed in the TC-1 cervical cancer model that C5a regulates the production
of reactive oxygen and nitrogen species by MDSC [24]. In addition to immunoregulation,
other effects are possible. For example, Nunez-Cruz and co-workers [26] demonstrated a
primary role for C5a in neovascularization of ovarian cancers. Although beyond the scope
of the present study, future studies could determine more precisely the mechanisms by
which C3aR/C5aR1 agonism influences breast cancer growth, including potential effects
on the function of myeloid and lymphocyte cell populations, and the ability to regulate
tumor angiogenesis.

The few studies investigating the role of complement proteins in mammary tumor
models have yielded results that are in contrast to the majority of studies in other murine
cancer models which show that pharmacological blockade of C5aR1 or C3aR inhibits tumor
progression by limiting recruitment of immunosuppressive myeloid cells and Tregs into the
tumor and promoting effective T cell responses [24,25,27,28,30]. The reasons for differing
effects of complement proteins on different tumor types are yet to be determined, but likely
include intrinsic differences in tumor mutational load, immunogenicity of tumor lines and
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immune profiles of the host mice [52]. One possible reason for differing responses between
tumors is the variability in expression of complement receptors. Although we found no
evidence of C3aR or C5aR1 expression by EMT6 or 4T1 mammary tumor cells, expression
of these receptors has been reported for a range of human and mouse tumor cells, including
melanoma [27], lung [53] and ovarian [31] cancers—all of which are inhibited by C3aR or
C5aR1 receptor antagonism. While the lack of C3aR or C5aR1 expression by EMT6 and 4T1
tumor cells precludes direct effects of complement proteins on tumor growth, direct effects
are possible for other (receptor-expressing) tumor models.

Compared with other common tumor models, 4T1 and EMT6 tumors are relatively im-
munogenic, with high levels of immune infiltration [54,55]. Our own experience shows that
4T1 mammary tumors have higher percentages of tumor-infiltrating leukocyte populations
than poorly immunogenic B16.F0 melanoma tumors [28]. The site of tumor cell injection
may also influence the response, due to tissue-specific variation in resident immune cells,
differences in vascularization and the ability of immune cells to infiltrate the site [56]. The
nature of the immune infiltrate is also likely to depend on the immune profile of the host
strain. Most previous studies showing tumor-promoting effects of complement C3a and/or
C5a have utilized tumor models syngeneic in C57Bl/6 mice whose immune system is
skewed towards a Th1-M1 response [24–28,57]. Conversely, mammary tumor (EMT6 and
4T1 and the spontaneous neuT transgenic) models are on a BALB/c background in which
Th2-M2 responses are dominant [58].

Differences in levels of complement proteins within the tumor microenvironment are
also possible. Although C57Bl/6 and BALB/c mice have normal complement function [59],
complement activation levels may differ, and tumor intrinsic complement production may
also vary. As demonstrated in this study, both EMT6 and 4T1 cells express C3 mRNA,
and at levels that are relatively higher than other murine cell lines, such as B16 melanoma,
MC38 colon carcinoma and Lewis lung carcinoma (LLC) [55]. As suggested by Gunn and
co-workers [57], differing levels of tumor-derived complement proteins could contribute
to observed differences in immune responses to the tumor, with low C5a levels inhibiting
tumor growth by promoting Th1 cell differentiation, and high levels promoting Treg
differentiation and stimulating tumor growth. Clearly, further work is required to clarify
the roles of complement receptors in different tumor types, and how this is influenced by
factors such as tumor immunogenicity, tumor site and the immune status of the host.

5. Conclusions

The present study demonstrated a protective role for C3aR/C5aR1 agonism in murine
models of mammary carcinoma and suggests that this may be due to an enhanced T
cell response. The results provide further evidence that complement proteins can ex-
ert distinct responses depending on the cancer type, possibly due to differences in the
host’s immune response to the tumor. They also suggest that in the mammary tumor
environment, exogenous C3a/C5a stimulation is required to trigger tumor inhibitory mech-
anisms. As proposed by Pio et al. [60], the immune system establishes a balance between
tumor-promoting and tumor-inhibitory elements. By modulating the levels of complement
activation, the balance may be altered towards a more (or less) favorable outcome. Thus,
before complement-regulating drugs can be developed for clinical application, it is impor-
tant to understand the mechanisms by which they exert their effects, and how this varies
with cancer type.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/10.3390/antib10010002/s1, Figure S1: Gating strategies for flow cytometric analysis of the
tumor inflammatory infiltrate.
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Abstract: gC1qR is highly expressed in breast cancer and plays a role in cancer cell proliferation.
This study explored therapy with gC1qR monoclonal antibody 60.11, directed against the C1q binding
domain of gC1qR, in a murine orthotopic xenotransplant model of triple negative breast cancer.
MDA231 breast cancer cells were injected into the mammary fat pad of athymic nu/nu female mice.
Mice were segregated into three groups (n = 5, each) and treated with the vehicle (group 1) or gC1qR
antibody 60.11 (100 mg/kg) twice weekly, starting at day 3 post-implantation (group 2) or when the
tumor volume reached 100 mm3 (group 3). At study termination (d= 35), the average tumor volume in
the control group measured 895 ± 143 mm3, compared to 401 ± 48 mm3 and 701 ± 100 mm3 in groups
2 and 3, respectively (p < 0.05). Immunohistochemical staining of excised tumors revealed increased
apoptosis (caspase 3 and TUNEL staining) in 60.11-treated mice compared to controls, and decreased
angiogenesis (CD31 staining). Slightly decreased white blood cell counts were noted in 60.11-treated
mice. Otherwise, no overt toxicities were observed. These data are the first to demonstrate an in vivo
anti-tumor effect of 60.11 therapy in a mouse model of triple negative breast cancer.

Keywords: gC1qR; breast cancer; xenotransplant model

1. Introduction

Triple negative breast cancer is characterized by the absence of estrogen and progesterone
receptors, as well as human epidermal growth factor receptor 2 [1–3]. Due to the absence of hormone
receptors, chemotherapy represents the major therapeutic modality for triple negative breast cancer.
The median survival, especially for patients with advanced disease [2,3], remains poor. For this reason,
the development of additional therapies directed against novel cellular targets is an important goal to
deepen disease response and improve patient outcomes [4,5].

The complement system is emerging as a novel target in cancer therapy. Complement is involved
not only in shaping the inflammatory tumor microenvironment, but also in tumor growth and
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spread [6–10]. In this regard, the complement component C1q is increasingly recognized as a tumor
promoting factor, enhancing cancer cell adhesion, migration, proliferation, and angiogenesis [11,12].

We have identified gC1qR (also known as/p32/HABP1) as the major cellular binding site for
C1q [13]. Marked upregulation of gC1qR expression has been observed in proliferating cells, particularly
in cancers of epithelial cell origin including breast, colon, and lung cancers [14,15]. Moreover,
overexpression of gC1qR has been associated with poor prognosis in patients with breast cancer [16,17],
prostate cancer [18], serous ovarian adenocarcinoma [19], and endometrial cell cancer [20]. In addition,
gC1qR has been identified as a potential molecular target for delivery of cytotoxic agents [21,22].

The present study used a mouse xenograft model to investigate the C1q-gC1qR axis in triple
negative breast cancer with the 60.11 murine monoclonal antibody, 60.11, which is directed specifically
against the C1q binding domain of gC1qR [23]. Human tumor xenograft models provide important
insights into tumor progression and metastasis. We selected the MDA-MB-231 (MDA231) human
breast cancer cell line, as it represents a triple negative breast cancer cell line that has been widely
studied in xenotransplantation [24]. Moreover, MDA231 cells bind the 60.11 antibody [21], and the role
of gC1qR in MDA231 cell proliferation has been described [25,26].

2. Materials and Methods

2.1. Antibody Production

The therapeutic murine monoclonal antibody (60.11) (IgG) is directed against N-terminal amino
acids 76–93 of human gC1qR, and specifically inhibits C1q binding [27,28]. Surface plasmon resonance
studies estimate the binding affinity of 60.11 for gC1qR at 67 nM (Appendix A). The antibody recognizes
human, mouse, and rat gC1qR [27,28]. Human and rodent (rat/mouse) gC1qR (C1qBP) cDNA sequences
are 89.9% identical [29,30].

The study antibody was prepared using in vitro ascites (IVA), as described [31]. Hybridoma 60.11
was cultured in DMEM (Gibco/Thermo Fisher Scientific, Waltham, MA, USA supplemented with 10%
Fetal Clone I serum (HyClone, Logan, UT, USA), penicillin and streptomycin (Gibco), and non-essential
amino acids (NEAA, Gibco), and subcloned by limiting dilution to identify a high-producing subclone.
Hybridoma supernatants were tested by ELISA against recombinant gC1qR antigen. The selected
subclone was then adapted into an animal-derived component-free medium (ADCF, HyClone)
supplemented with NEAA and inoculated into a CELLine CL1000 flask (Wheaton) according to the
manufacturer’s instructions. Antibody-containing supernatants (IVA) were harvested under sterile
conditions according to manufacturer’s instructions. Collected supernatants were transferred to sterile
tubes (Falcon/Corning Life Sciences, Teterboro, NJ, USA) and stored at −20 ◦C until used. Antibody
quantitation was accomplished by quantitative Western blot. Low-endotoxin, azide-free (LEAF)
IgG1 kappa (BioLegend, Dedham, MA, USA) was used to generate a standard curve. Antibody was
detected in the blot using Alexa Fluor 680-labeled anti mouse IgG (Thermo Fisher, Waltham, MA, USA).
Visualization and densitometry were performed on a Licor Odyssey Infrared Imager.

2.2. Murine Xenotransplantation Model

An orthotopic xenograft model was used to test the in vivo efficacy of 60.11 antibody therapy,
in collaboration with the MSK Antitumor Assessment Core, according to established protocols [32–34].
All procedures were performed under approved Institutional Animal Care and Use Committee
protocols (04–03–009). Briefly, 5 million MDA231 breast cancer cells (ATCC) were injected into the
4th left mammary fat pad of athymic nu/nu female mice (5–6 weeks old). Animals were treated with
gC1qR antibody 60.11 (100mg/kg) starting either 3 days post-MDA231 cell implantation (group 2)
before tumors were measurable, or on day 13, after tumor volume reached approximately 100 mm3

(groups 1 and 3). Control mice (group 1) were treated with the vehicle, starting 3 days after MDA231
cell implantation. Each treatment group consisted of 5 mice, exposed to twice-weekly intraperitoneal
antibody or vehicle injection. Over the course of the experiment, animals in group 2 received 16
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doses of 60.11 antibody, whereas animals in group 3 received 11 doses. Animal weights and tumor
volumes were recorded twice weekly. Tumor volumes were calculated using the following equation,
((width2 × length × 3.14)/6). In addition, clinical assessments of animal distress (weight loss, disruption
of locomotor coordination, hunching, lack of grooming, lethargy) were made and recorded daily to
assess toxicity. At time of sacrifice (35 days after MDA231 cell implantation), automated blood cell
counts (Element HT5 veterinary hematology analyzer, Heska, Loveland, CO, USA) were obtained
and tumors were removed, fixed, and processed for histologic (hematoxylin and eosin staining) and
immunohistochemical evaluation. In addition, vital organs were harvested for histologic examination.
Serum 60.11 antibody levels were quantified using a solid-phase ELISA assay using immobilized
recombinant gC1qR and 60.11 antibody standards [35].

2.3. Immunohistochemical Analysis

Tissue processing and immunohistochemical analysis was performed by the Molecular Cytology
Core Facility of Memorial Sloan Kettering Cancer Center as previously described [36,37]. In brief,
tissues were fixed in 4% formaldehyde and processed by paraffin embedding, using a tissue
processor (Leica ASP6025). Next, 5 μm sections were obtained and applied to superfrost plus slides.
Immunohistochemical detection of Ki 67, Cleaved Caspase 3, TUNEL (Terminal deoxynucleotidyl
dUTP nick end labeling), and CD31 was performed using a Discovery XT processor (Ventana Medical
Systems, Oro Valley, AZ, USA). Slides were counterstained with hematoxylin and cover-slipped with
Permount (Fisher Scientific).

2.3.1. Ki 67 Immunostaining

The Discovery XT autostainer was programmed to incubate slides with primary rabbit polyclonal
Ki 67 antibody (Abcam, Cambridge, MA, USA) at 1μg/mL for 4 h, followed by incubation with secondary
antibody (biotinylated goat anti-rabbit IgG; Vector Labs, San Diego, CA, USA) at a concentration
of 5.75 μg/mL for 30 min. Blocker D, Streptavidin—HRP, and DAB detection kit (Ventana Medical
Systems) were used according to the manufacturer’s instructions.

2.3.2. Cleaved Caspase 3 Immunostaining

A rabbit polyclonal Cleaved Caspase 3 antibody (Cell Signaling) was used at 0.1 μg/mL
concentration. Slides were incubated in the Discovery XT autostainer for 3 h. Incubation with
secondary antibody (biotinylated goat anti-rabbit IgG; Vector labs) at a concentration of 5.75 μg/mL
occurred for 20 min. Blocker D, Streptavidin—HRP, and DAB detection kit (Ventana Medical Systems,
Oro Valley, AZ, USA) were used according to the manufacturer’s instructions.

2.3.3. TUNEL Immunostaining

TUNEL analysis was performed as follows. Slides were manually de-paraffinized in xylene,
rehydrated in a series of alcohol dilutions (100%, 95%, and 70%) and tap water, and placed into the
autostainer. Tissue sections were treated with Proteinase K (20 μg/mL in PBS) for 8 min, incubated with
endogenous biotin blocking kit (Roche Diagnostics, Florham Park, NJ, USA) for 12 min, and incubated
with labeling mix: TdT (Roche, 1000 U/mL) and biotin-dUTP (Roche, 4.5 nmol/mL) for 2 h. Detection
was performed with Streptavidin—HRP and DAB detection kit (Ventana Medical Systems) according
to the manufacturer’s instruction.

2.3.4. CD31 Immunostaining

Primary antibody, a rat anti-mouse CD31 antibody (Dianova, Pine Bush, NY, USA), was used at
2 μg/mL. Slides were incubated in the autostainer for 6 h, followed by exposure to biotinylated rabbit
anti-rat IgG (Vector Laboratories, Inc., Burlingame, CA, USA, 1:200 dilution) for 60 min. Blocker D,
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Streptavidin—HRP, and DAB detection kit (Ventana Medical Systems) were used according to the
manufacturer’s instructions.

2.4. Quantitative Analysis of Target Staining

Quantitative analysis of immunohistochemical staining was performed using a scanning
microscope (Panoramic Flash 250, 3DHisttech, Budapest, Hungary) with image processing analytical
software. Findings were confirmed by microscopic evaluation.

3. Results

Previous studies have shown that gC1qR is upregulated in a variety of breast cancer cell lines
including MDA231 triple negative cells [12,25,26], and human breast cancer tumors [14,15]. In the
present study, we used the 60.11 monoclonal antibody directed against the C1q binding domain of
gC1qR to assess tumor development in mice transplanted with MDA-231 cells. Compared to control
mice, animals treated with 60.11 antibody developed smaller tumors (Figure 1, Table 1). A statistically
significant difference in tumor volume was noted after 9 doses of 60.11 therapy (day 20) when treatment
was initiated 3 days after tumor implantation (group 2), and after 10 doses of 60.11 therapy (day 35)
when treatment was initiated after tumors had reached 100 mm3 (group 3). Antibody treatment had
no effect on mouse weight or physical and behavioral characteristics. Serum 60.11 concentrations,
measured at study termination, were variable, with an average of 50 μg/mL (Table 1).

Figure 1. Tumor development in vehicle control and 60.11-treated mice. Figure 1. gC1qR therapy with
60.11 antibody inhibits MDA231 cell proliferation. Tumor volumes of vehicle-treated control mice
(group 1) and mice treated with 60.11 antibody are presented over time (35 days). 60.11 therapy was
initiated either three days after MDA231 cell implantation (group 2) or on day 13, when tumor volume
had reached approximately 100 mm3 (group 3). Mean and standard deviation (SD) of tumor volume
is shown for each treatment group (n = 5 animals per group). P values were determined by Student
t-test. (*) designates statistically significant differences in tumor volume between control and treatment
groups (p < 0.05). Images of individual tumors resected at study termination are shown in the inset.
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Table 1. 60.11 therapy reduces MDA231 tumor volume.

Vehicle 60.11 Treatment (Group 2) 60.11 Treatment (Group 3)

Tumor Volume (mm3) 894 ± 143
401 ± 48 700 ± 104

(p = 8.34 × 10−5) (p = 0.040)

Mouse Weight (g) 24.80 ± 2.16
25.00 ± 2.00 23.60 ± 1.67
(p = 0.883) (p = 0.356)

Serum 60.11 (μg/mL) undetectable
52 ± 40 49 ± 25

(median 34; range 31–124) (median 47; range 28–89)

Results obtained at study termination (day 35) represent mean ± S.D., n = 5. Mice in group 2 were treated with 60.11
antibody, 3 days after MDA 231 cell implantation before tumors were measurable, and received a total of 16 doses of
antibody by study termination. Mice in group 3 began 60.11 treatment when tumors were measurable (100mm3),
and received a total of 11 treatment doses by study termination.

Immunohistochemical studies of excised tumors were performed to gain insight into the
mechanism of action of 60.11 therapy. Results were compared between controls and treatment
group 2. The data demonstrate an increase in early and late apoptosis markers, cleaved caspase 3,
and TUNEL, respectively, in the treatment group (Figure 2). No difference in cell proliferation index
(Ki 67) was noted.

Figure 2. Histologic and immunohistochemical evaluation of MDA231 breast tumors. Figure 2
Representative histologic images (20 × original magnification) of MDA231 tumors obtained from
control (group 1) and 60.11-treated (group 2) mice. Sections were stained with hematoxylin and
eosin (H&E), cleaved caspase 3, CD31, Ki 76, and TUNEL. Positive immunohistochemical reactivity
is represented by brown stain. Quantitative immunohistochemical evaluation is shown in the bar
graph. Results represent mean ± S.D. (n = 5) of proportional (%) surface area staining positively for the
indicated markers. (*) designates statistical significance, p < 0.05.

Interestingly, 60.11 therapy was associated also with decreased CD31 staining. CD31 is a murine
endothelial cell marker that is widely used to assess angiogenesis in tumor models. Since gC1qR has
been implicated in angiogenesis [8,25], tumors were stained with CD31 to quantify vascular structures
in the developing MDA231 tumors. Fewer CD31-positive structures (brown staining) were observed
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in tumors from treated mice, and the CD31-positive structures appeared small, as compared to their
control counterparts.

Since gC1qR is expressed not only by malignant cells but also by blood cells (B lymphocytes [13],
platelets [38], neutrophils [39], eosinophils [40], and macrophages and dendritic cells [41,42]) as well
as by proliferating normal cells [15], blood cell counts and vital organs were examined at study
termination for on target/off tumor effects. Table 2 compares blood cell counts of control mice and
mice with the greatest 60.11 exposure (group 2). Small but statistically significant differences in WBC
counts, reflected by decreases in granulocytes (neutrophils, eosinophils, basophils) and lymphocytes,
were noted. Reference values are influenced by differences in laboratory instrumentation, methods,
collection sites, mouse age, and sex, as well as by environmental factors. Therefore, group comparisons,
as shown here (control vs. treatment groups), may be more appropriate than comparisons to reference
ranges alone [43].

Table 2. Comparison of peripheral blood cell counts in vehicle control and 60.11-treated mice.

Treatment Groups Reference Values *

Cell Count Vehicle Control (Group 1) 60.11 Treatment (Group 2)

RBC (1012/L) 9.77 ± 0.05 9.68 ± 0.41 (p = 0.779) 7.4–10.1

Hgb (g/dL) 15.95 ± 0.81 15.58 ± 0.54 (p = 0.441) 13.2–18.0

Platelets (109/L) 769 ± 133 778 ± 137 (p = 0.923) 659–1372

WBC (109/L) 7.38 ± 3.50 5.09 ± 1.40 (p = 0.005) 2.1–11.3

Neutrophils
(109/L) 2.10 ± 0.93 1.42 ± 0.44 (p = 0.064) 0.4–2.1

Lymphocytes
(109/L) 4.98 ± 2.54 3.46 ± 1.07 (p = 0.002) 0.7–9.3

Monocytes
(109/L) 0.20 ± 0.10 0.106 ± 0.052 (p = 0.42) 0.01–0.43

Eosinophils
(109/L) 0.090 ± 0.24 0.094 ± 0.017 (p = 7 × 10−5) 0–0.4

Basophils (109/L) 0.010 ± 0.005 0.006 ± 0.005 (p = 2 × 10−5) 0–0.03

Results represent mean ± S.D., n = 5. * Reference values reflect locally established ranges for athymic nude mice.
Blood was obtained from the retro-orbital plexus before sacrifice.

No evidence of tissue damage was observed by histologic examination of vital organs (Appendix B).
In particular, lining cells of the gastrointestinal tract, previously reported to express higher levels
of gC1qR than other normal tissue [15], were closely examined and showed no differences between
treatment and control groups.

4. Discussion

The present study represents the first in vivo proof-of-concept study to evaluate the efficacy
of 60.11 monoclonal gC1qR antibody therapy in a murine orthotopic xenotransplant model of
triple negative breast cancer. Human gC1qR is a multiligand multicompartmental cellular protein,
which is found in the cytosol, plasma membrane, and mitochondria. In addition, soluble forms
are released into the surrounding milieu by proliferating cells [21,44,45]. Indeed, in vitro studies by
Kandov et al. [12] suggested not only that gC1qR blockade inhibits breast cancer cell proliferation,
but also that extracellular, soluble gC1qR enhances cancer cell proliferation via interaction with cell
surface-associated C1q. C1q has been detected on breast cancer cells in vitro by flow cytometry [12],
and in human tumors by immunohistochemistry [7].

Based on this information, we tested the therapeutic potential of a gC1qR antibody (60.11), which is
directed against the C1q binding site of gC1qR (aa 74–282) [23], in an orthotopic xenotransplant mouse
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model using the MDA231 cell line, which was previously shown to bind the 60.11 antibody [21]. In the
absence of formal pharmacokinetic studies, the 60.11 dosing strategy was based on our previous
experience in rats [35] and the desire to achieve plasma concentrations in excess of 10 μg/mL, which are
required to demonstrate antiproliferative effects in vitro [12]. Serum 60.11 levels at study termination
averaged 50 μg/mL, ranging from 28 to 124 μg/mL.

The results demonstrate that 60.11 therapy inhibits MDA231 breast cancer cell proliferation
in vivo. When treatment was begun three days after MDA231 cell implantation (group 2), a statistically
significant antibody effect was observed after nine doses of antibody therapy (day 20). Differences
in tumor volume between controls and treatment group 2 continued to increase for the remainder of
the treatment period (15 days). At the time of study termination, day 35, the average tumor size of
treated mice in group 2 was 50% smaller compared to controls. Significant reductions in tumor size
were also achieved when the 60.11 treatment was begun after visible tumors had formed (group 3).
A statistically significant difference in tumor volume was noted after 10 doses of 60.11 therapy (day 35).
Treatment with the 60.11 antibody was associated with increased MDA231 tumor cell apoptosis and
decreased angiogenesis.

Previous studies have documented that MDA231 breast cancer tumors in mice retain gC1qR
expression, and that the intratumoral distribution of gC1qR, when assessed by immunohistochemical
staining, is consistent with a cell surface gC1qR expression pattern [46]. Despite the ubiquitous
expression of gC1qR by normal cells and tissues, previous studies showed highly selective anti-gC1qR
antibody uptake by MDA231 tumors in vivo [46]. These observations are consistent with our finding
that 60.11 therapy is not associated with overt toxicities in vital organs.

Animal weights remained constant, and histologic examination of vital organs, showed no
pathologic, inflammatory, or degenerative lesions. However, a small decrease in blood leukocyte
counts (granulocytes, lymphocytes) was observed in the 60.11 treatment group. Formal toxicity studies
are required to further evaluate the on target/off tumor effects of 60.11 antibody therapy. It is important
to note that any observations of toxicity may be limited in an immunocompromised mouse model.
Therefore, our limited studies explored potential toxicities related to the antiproliferative effect of
60.11 antibody therapy.

gC1qR is involved in a variety of cellular processes [11]. Although this pilot study was
performed with a single breast cancer cell line, the results support the concept that gC1qR may
play a broader role in breast cancer cell proliferation. The observed 60.11 treatment-induced inhibition
of MDA231 cell proliferation via increased apoptosis suggests a direct effect on cell proliferation.
These findings are consistent with previous observations demonstrating reduced proliferation of
MDA231 breast cancer cells following gC1qR knock-down [26]. Additionally, the present study
provides evidence that modulation of MDA231 tumor development by 60.11 treatment may also occur
via impaired angiogenesis.

Angiogenesis is essential for tumor growth in vivo. Tumor angiogenesis requires endothelial cell
migration into the tumor, followed by endothelial cell organization into hollow tubes that develop
into functional blood vessels [47]. C1q is an important factor in endothelial cell tube formation [8].
In the present study, immunohistochemical staining of tumors from 60.11 antibody-treated mice was
remarkable, not only for decreased staining with the endothelial cell marker CD31 compared to controls,
but also for the presence of much smaller CD31 staining vascular structures.

Results from this pilot study generate several important questions. Pharmacokinetic and
pharmacodynamic studies are needed to better understand the therapeutic potential and toxicologic
profile of 60.11 therapy. At a mechanistic level, the contribution of antibody inhibition of the cell
surface and extracellular gC1qR warrants further exploration. Further, the role of antibody-dependent
cytotoxicity in any observed antitumor effect must be considered but cannot be assessed in the present
study with immunodeficient mice.

The expanding non-traditional roles of complement have been identified in recent years, including
the participation of C1q in cancer [48]. C1q, a constituent of the first component of complement,
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has been identified in the microenvironment of breast cancer, as well as colon, lung, and pancreatic
cancers, in addition to melanoma [7]. Interestingly, C1q localization in the tumor microenvironment
appears concentrated on tumor microvascular endothelial cells and stroma, and is independent of
peripheral blood C1q levels, suggesting local synthesis. Indeed, the genes for C1q A, B, and C chains
are highly expressed in the stroma of human breast cancers, and high expression levels are associated
with poor prognosis [49]. Moreover, C1q deficiency has been associated with decreased tumor growth
and enhanced survival in a mouse melanoma model [7]. Results from the present study support the
concept that blocking C1q–gC1qR interactions may represent a novel treatment approach in breast
cancer, and potentially other malignancies associated with increased gC1qR expression.

5. Patents

EP and BG hold a licensed patent for the use of gC1qR antibodies in angioedema and cancer.
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Figure A1. 60.11 antibody characterization.
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Appendix B

Figure A2. Cont.
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Figure A2. Representative histology of vital organs from control and 60.11 treated animals.
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Abstract: Background: Native cluster of differentiation (CD) 19 targeting antibodies are poorly effective
in triggering antibody-dependent cell-mediated cytotoxicity (ADCC) and complement-dependent
cytotoxicity (CDC), which are crucial effector functions of therapeutic antibodies in cancer
immunotherapy. Both functions can be enhanced by engineering the antibody’s Fc region by altering
the amino acid sequence (Fc protein-engineering) or the Fc-linked glycan (Fc glyco-engineering).
We hypothesized that combining Fc glyco-engineering with Fc protein-engineering will rescue ADCC
and CDC in CD19 antibodies. Results: Four versions of a CD19 antibody based on tafasitamab’s
V-regions were generated: a native IgG1, an Fc protein-engineered version with amino acid
exchanges S267E/H268F/S324T/G236A/I332E (EFTAE modification) to enhance CDC, and afucosylated,
Fc glyco-engineered versions of both to promote ADCC. Irrespective of fucosylation, antibodies carrying
the EFTAE modification had enhanced C1q binding and were superior in inducing CDC. In contrast,
afucosylated versions exerted an enhanced affinity to Fcγ receptor IIIA and had increased ADCC activity.
Of note, the double-engineered antibody harboring the EFTAE modification and lacking fucose triggered
both CDC and ADCC more efficiently. Conclusions: Fc glyco-engineering and protein-engineering
could be combined to enhance ADCC and CDC in CD19 antibodies and may allow the generation of
antibodies with higher therapeutic efficacy by promoting two key functions simultaneously.

Keywords: antibody therapy; cluster of differentiation 19 (CD19); CD19; Fc fragment crystallizable
(Fc); Fc engineering; complement-dependent cytotoxicity (CDC); antibody-dependent cell-mediated
cytotoxicity (ADCC)
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1. Introduction

Therapeutic antibodies have considerably improved treatment outcomes both in solid tumors
and in hematological malignancies [1]. In the treatment of lymphomas, antibody therapy is well
established and both native antibodies such as rituximab and immunoconjugates have been approved
for clinical use. Besides cluster of differentiation (CD) 20, the CD19 antigen represents an attractive
target for antibody-based immunotherapy of B-lineage lymphomas and leukemias [2,3]. CD19 shows a
favorable expression pattern, since its expression is restricted to the B-cell lineage, where it is displayed
from very early to mature stages of B cell differentiation. However, the clinical development of CD19
antibodies was hampered by a lack of efficacy of native IgG1 antibodies. Thus, in contrast to CD20
antibodies, native CD19 antibodies are unable to elicit antibody key effector functions, since they
do not induce growth arrest or programmed cell death and are only poorly effective in triggering
complement-dependent cytotoxicity (CDC), antibody-dependent cell-mediated cytotoxicity (ADCC)
or antibody-dependent cellular phagocytosis (ADCP). Strategies to target CD19 mainly focused on T
cell recruitment [4], which led to clinical approval of the [CD19 × CD3] bispecific T cell engager (BiTE)
molecule blinatumomab and two chimeric antigen receptor (CAR) T cell products, tisagenlecleucel
and axicabtagen–ciloleucel [5,6]. However, most recently, the CD19 antibody tafasitamab (formerly
MOR208 or Xmab®5574), which was optimized by engineering its fragment crystalizable (Fc) domain
to overcome limitations of native CD19 antibodies, has demonstrated clinical efficacy and has received
approval by the FDA for combination treatment with the immunomodulatory drug lenalidomide in
diffuse large B cell lymphoma (DLBCL) patients [7,8].

Key observations underlining the importance of antibody functions that depend on the Fc domain
such as CDC or the recruitment of effector cells for ADCC by engagement of Fcγ receptors (FcγR) on
various effector cells have provided a rational basis for the development of Fc engineering strategies
for the generation of tailor-made antibodies with enhanced efficacy [9]. The importance of CDC has
been demonstrated in selected murine xenograft models [10] and clinical observations have suggested
a role for CDC in CD20 antibody therapy. Thus, the consumption of complement proteins following
rituximab injection has been observed in lymphoma patients and individual patients benefited from
the administration of plasma as a complement source [11,12]. In addition, augmented expression
of the inhibitory membrane-bound complement regulatory protein (mCRP) CD59 has been related
to rituximab resistance in chronic lymphocytic leukemia (CLL) patients [13]. Besides its potential
contribution to the therapeutic activity of monoclonal antibodies, complement activation has also been
associated with first infusion reactions.

The importance of effector cell recruitment was demonstrated in murine xenograft models [14,15].
Moreover, clinical observations suggest the importance of effective FcγR engagement also in patients.
Thus, lymphoma patients homozygous for the FcγRIIIA-158V allelic version, which is bound by the
antibody’s Fc region with higher affinity, showed better responses to rituximab therapy than did
patients carrying the low-affinity FcγRIIIA-158F allele, suggesting functions as ADCC or ADCP as
important mechanisms by which the antibody depletes lymphoma cells [16–18]. However, a consistent
effect of FcγR genotype on the clinical anti-tumour activity of therapeutic IgG1 antibodies has not been
observed in all published clinical studies [19,20].

Currently, two main Fc engineering technologies exist, which either rely on modifying the
Fc-associated glycan linked to amino acid N297 or on altering the amino acid sequence in the C1q
and FcγR binding sites within the antibody constant heavy chain 2 (CH2) domain [9]. For example,
the fucose content in antibody preparations was reduced and afucosylated antibodies or antibodies
with significantly reduced fucose content exerted a higher affinity to FcγRIII (CD16), whose activating
isoform (FcγRIIIA) is expressed by natural killer (NK) cells, macrophages and certain γδ-T cell subsets
in humans, while binding to other FcγR was not affected. Alternatively, Fc protein-engineering was
shown to be a valid approach to improve Fc mediated antibody functions. Amino acid substitutions
were identified that greatly improved binding to activating FcγR and enhanced the antibody’s ability
to trigger NK cell ADCC or ADCP by macrophages. Other substitutions were demonstrated to enhance
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CDC by improving binding to C1q [21,22]. However, maintenance of ADCC function was difficult
in such engineered antibodies optimized for C1q binding, because certain modifications that on the
one side enhanced CDC diminished on the other side FcγR binding and ADCC. Therefore, additional
amino acid substitutions were necessary. For example, a gain in CDC was achieved by the introduction
of amino acid exchanges S267E/H268F/S324T in the CH2 domain, but the two additional substitutions
G236A/I332E were also necessary to preserve ADCC activity (“EFTAE modification”) [21]. Moreover,
mixed isotype IgG1/IgG3 antibodies exerted improved CDC activity, and also the introduction of
certain amino acid exchanges that promote assembly of antibody hexamers augmented CDC [23].
CDC was further improved by combinations of such antibodies recognizing different antigens such as
CD20 and CD37 that are co-expressed on certain lymphomas [24]. Yet, simultaneous enhancement
of both ADCC and CDC functions to increase the potency of native IgG1 molecules by amino acid
alteration was difficult, presumably because the binding sites for FcγR and C1q overlap [25–27].

Fc engineering technologies are particularly important for improving CD19 antibodies that in
general exert poor effector functions [4]. Thus, Fc engineering has been applied for CD19 antibodies
to favor effector cell recruitment and resulted in CD19 antibodies now being capable of triggering
ADCC and ADCP effectively. Thus, CD19 antibodies carrying amino acid substitutions S239D/I332E
(“DE modification”) such as antibody tafasitamab (formerly MOR208 or Xmab®5574) were found
to be more effective in inducing NK-cell-mediated ADCC and ADCP by macrophages [7,28,29].
Importantly, the comparison of tafasitamab with its native counterpart revealed that in non-human
primates Fc engineering was essential for B cell depletion [30]. Clinically, promising results were
obtained with tafasitamab single-agent therapy in B cell Non-Hodgkin lymphoma [31], and therapeutic
efficacy has been demonstrated for this antibody in combination with lenalidomide in DLBCL not
eligible for autologous stem-cell transplantation [8]. Recently, tafasitamab in combination with
lenalidomide has received approval by the FDA for the treatment of adult patients with relapsed
or refractory DLBCL, making the antibody the fourth clinically approved Fc engineered antibody
optimized for enhanced FcγR binding in oncology next to mogamulizumab, obinutuzumab and
Belantamab–Mafodotin, which bind the CC chemokine receptor 4, CD20 and B cell maturation
antigen (BCMA), respectively [32]. Besides, Fc glyco-engineered, afucosylated CD19 antibodies
demonstrated enhanced efficacy in triggering ADCC or ADCP and exerted therapeutic efficacy in
pre-clinical models [33,34]. Clinically, promising results were obtained for monotherapy with the CD19
antibody inebilizumab, which is approved for treatment of the autoimmune disease neuromyelitis
optica spectrum disorder, in a phase I study in relapsed or refractory lymphoma patients [35,36].
Finally, the feasibility to enhance CDC activity of CD19 antibodies by Fc engineering has been
demonstrated by introducing the EFTAE amino acid modifications to optimize C1q binding, resulting
in a CD19 antibody with potent CDC function [21]. However, Fc engineered CD19 antibodies with
established CDC and ADCC activity have not been described yet.

Recently, we have shown that ADCC and CDC by CD20 antibodies can be enhanced simultaneously
by concomitant Fc glyco- and Fc protein-engineering [37]. Thus, an Fc double-engineered version
of rituximab was generated, in which CDC was enhanced by introducing the EFTAE modification,
while ADCC was improved by expression of the antibody as an afucosylated variant in Lec13
cells. Here, we investigated whether Fc double engineering was applicable to CD19 antibody using
differentially engineered versions based on V-regions of tafasitamab, of which a native IgG1 derivative
is ineffective in ADCC and CDC reactions.

2. Materials and Methods

2.1. Cell Culture

Raji, Ramos, SK-BR-3 (DSMZ—German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany) and baby hamster kidney (BHK)-21 cells (American Type Culture Collection,
ATCC, Manassas, VA, USA) were kept in RPMI 1640 Glutamax-I medium (Thermo Fisher Scientific,

147



Antibodies 2020, 9, 63

Waltham, MA, USA) containing 10% fetal calf serum (FCS; Thermo Fisher Scientific, Waltham, MA,
USA), 100 U/mL penicillin and 100 μg/mL streptomycin (Thermo Fisher Scientific; R10+ medium).
BHK-21 cells that were co-transfected with plasmids encoding the FcεRI γ chain and either human
FcγRIIIA 158F (BHK-CD16-158F) or FcγRIIIA 158V (BHK-CD16-158V) were cultured as described [38].
CHO glycosylation mutant Lec13 cells [39,40] were maintained in MEM alpha medium with nucleosides
(Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% dialyzed FCS (Thermo Fisher
Scientific, Waltham, MA, USA) and penicillin (100 U/mL)/streptomycin (100 μg/mL). For culturing
CHO-K1 and Lec13 cells transfected with antibody expression vectors, hygromycin B (Thermo Fisher
Scientific, Waltham, MA, USA) was added to a concentration of 500 μg/mL. CHO cells stably transfected
with a plasmid coding for the cDNA of human CD19 (Origene Technologies Inc., Rockville, MD, USA)
were generated using standard procedures (Peipp, unpublished).

2.2. Antibodies

For generation of a CD19 antibody variant carrying the EFTAE amino acid modification
the variable heavy chain region (VH) of a CD19 antibody (tafasitamab) was excised from vector
pSectag2-CD19-HC-DE [28] and cloned as NheI/PpuMI cassette into vector pSectag2-HC-EFTAE [37]
encoding a modified human IgG1 Fc region with amino acid modification, harboring the exchanges
S267E/H268F/S324T/G236A/I332E [21]. The generation of expression vectors encoding tafasitamab light
chain (LC) and a native CD19 IgG1 heavy chain (HC) has been described previously [28]. Fucosylated
or non-fucosylated CD19 antibodies were expressed in stably transfected CHO-K1 or Lec13 cells,
respectively, and purified by affinity chromatography as described previously [37]. Corresponding
control antibodies against HER2 as well as the Fc engineered variant of rituximab CD20-EFTAE-CHO
were produced as described earlier [37]. Trastuzumab and rituximab were obtained from Roche
(Penzberg, Bavaria, Germany).

2.3. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE), Lectin Blot Analysis,
WESTERN Transfer Experiments and Size Exclusion Chromatography (SEC)

Antibody integrity and concentration were determined by reducing or non-reducing SDS-PAGE
following published procedures [41]. Lectin blots with biotinylated A. aurantia lectin (Vector Laboratories,
Burlingame, CA, USA) and Western Transfer experiments employing goat-anti-human-IgG-HRP
conjugates (Sigma Aldrich, St. Louis, MO, USA) for detection of human IgG heavy chains were
performed as described [41]. SEC was performed according to standard procedures using an Äkta Pure
chromatography system.

2.4. Flow Cytometry

Antibody binding to antigen-positive cells was analyzed using secondary Fluorescein
isothiocyanate (FITC) or Phycoerythrin (PE) conjugates of anti-human IgG Fc F(ab′)2 fragments
of polyclonal goat antibodies (Dianova) and flow cytometry as described [37]. Deposition of C1q was
analyzed by incubating 3 × 105 Raji cells with antibodies (25 μg/mL) in 50 μL R10+medium on ice for
20 min. In parallel, human serum (final concentration of 2%) and antibody eculizumab (200 μg/mL)
(Alexion Pharma GmbH; Munich, Germany) were incubated in R10+medium at room temperature for
20 min to neutralize C5, before 50μL were reacted with antibody-treated cells. After three washing steps,
cell-associated C1q was detected with FITC-conjugated rabbit anti-C1q antibody (DAKO, Glostrup,
Denmark) by flow cytometry.

2.5. Cytotoxicity Assay

CDC and ADCC were analyzed in 51Cr release assays following published procedures [41].
Mononuclear cells (MNC) and plasma were prepared from citrate-anticoagulated blood from healthy
volunteers by density gradient centrifugation employing Easycoll (Biochrom, Berlin, Germany). In CDC
experiments, plasma was added to the reactions (25%) as a source of complement and Refludan®
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(Bayer HealthCare Pharmaceuticals, Wayne, NJ, USA) was used as anticoagulant at concentration of
10 μg/mL. In ADCC experiments, antibodies were analyzed at an effector-to-target cell ratio of 40:1.

2.6. Statistical Analysis

Statistical and graphical analyses were performed using software GraphPad Prism 8.0 (GraphPad
Software, San Diego, CA, USA). p-values were calculated using repeated measures ANOVA and
Bonferroni post-tests. Differences between treatment groups were regarded as statistically significant
for p < 0.05.

3. Results

In an effort to equip CD19 antibodies with both CDC and ADCC functions, an Fc
double-engineered antibody version of the CD19 antibody tafasitamab was generated by applying
Fc protein-engineering and Fc glyco-engineering technologies (Figure 1A). First, the amino acid
substitutions S267E/H268F/S324T/G236A/I332E (EFTAE) were introduced to establish CDC activity [21].
Second, the antibody was produced as an afucosylated variant by expression in Lec13 cells to also
enhance its ability to trigger ADCC in parallel. In addition to this double-engineered CD19 antibody
referred to as CD19-EFTAE-Lec13, also a native IgG1 version (CD19-wt-CHO) and corresponding
mono-engineered variants, i.e., the fucosylated variant with the EFTAE modification (CD19-EFTAE-CHO)
and the afucosylated antibody with native IgG1 Fc (CD19-wt-Lec13) were produced using CHO-K1
or Lec13 cells as expression hosts, respectively (Figure 1B). The antibodies were purified from cell
culture supernatant by affinity chromatography of established monoclonal production lines, and the
integrity of purified antibodies was verified by SDS-PAGE under reducing or non-reducing conditions
and Coomassie Blue staining (Figure 1C). Selected variants were analyzed by SEC to investigate
the content of multimers/aggregates (Supplementary Figure S1) Analysis of fucosylation status by
lectin blot employing A. aurantia lectin revealed that antibodies produced in CHO-K1 cells were
fucosylated, while fucose was almost absent in the Fc domain of antibody versions expressed in Lec13
cells (Figure 1D). Binding studies using flow cytometry indicated that all CD19 antibody variants
bound to CD19-positive Ramos cells (Figure 2A) and did not react with CD19-negative SK-BR-3 breast
cancer cells used as control (Figure 2B). Importantly, the four antibodies showed similar binding to
CD19-transfected CHO-K1 cells and exerted almost equal affinity to the target antigen (Figure 2C).
EC50 values for binding were between 2 μg/mL (13 nM) and 3 μg/mL (20 nM) for the different CD19
antibodies, in agreement with results obtained for the CD19 antibody variant with DE modification [28].

To analyze the impact of fucosylation on FcγRIIIA engagement, dose-dependent binding of the
CD19 antibody variants to BHK cells transfected with expression vectors encoding either FcγRIIIA-158V
or FcγRIIIA-158F expression constructs was analyzed (Figure 3A). Here, antibody variants differed
considerably in their binding affinity. Of note, afucosylated antibodies bound both FcγRIIIA allelic
variants with a significantly higher affinity. Thus, Fc glyco-engineering improved binding of both the
antibody variant with native amino acid sequence and the version carrying the EFTAE modification.
A comparison between the two afucosylated antibodies revealed that whereas they had equal
binding to the high-affinity FcγRIIIA-158V allele (EC50 = 50 nM), the double-engineered antibody
CD19-EFTAE-Lec13 was superior to CD19-wt-Lec13 in binding to the low-affinity FcγRIIIA-158F
allele. Thus, FcγRIIIA-158V transfected cells were bound by CD19-EFTAE-Lec13 as effectively as
FcγRIIIA-158F transfected cells (EC50 = 50 nM), whereas CD19-wt-Lec13 bound with lower affinity
to FcγRIIIA-158F (EC50 = 180 nM). A benefit of the EFTAE modification was also observed for the
fucosylated antibodies, since also CD19-EFTAE-CHO showed better binding than CD19-wt-CHO when
FcγRIIIA-158F transfected cells were analyzed (Figure 3A).
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Figure 1. Generation of Fc engineered CD19 antibodies. (A) Structural model of an IgG molecule
and illustration of amino acid exchanges S267E/H268F/S324T/G236A/I332E (EFTAE modification;
in yellow) in the antibody CH2 domain, and the critical fucose residue in red. The light and heavy
chains are depicted in light grey and dark grey, respectively. The N297-associated carbohydrate
is colored in blue. The model is based on the pdb-file provided by Dr. Mike Clark [42] and was
edited employing Discovery Studio Visualizer software (Biovia, San Diego, CA, USA). (B) Expression
constructs for CD19 heavy chains with native (wt) or with EFTAE modified Fc domain sequences
were generated and transfected into CHO-K1 and Lec13 cells for production of fucosylated antibodies
(CD19-wt-CHO and CD19-EFTAE-CHO) as well as their afucosylated counterparts (CD19-wt-Lec13 and
CD19-EFTAE-Lec13), respectively. (C) After purification by affinity chromatography antibodies were
analyzed by SDS-PAGE and Coomassie blue staining under non-reducing (left gel) or reducing (right gel)
conditions. Amounts of 1–2 μg protein were loaded on 6% and 12% polyacrylamide gels, respectively
(Lanes: (1) CD19-EFTAE-Lec13, (2) CD19-EFTAE-CHO, (3) CD19-wt-Lec13, (4) CD19-wt-CHO). Results
from one representative experiment are shown (n = 3). HC, heavy chain; LC, light chain. (D) The
fucosylation status of the different antibody versions was determined by lectin blot experiments
employing biotinylated A. aurantia lectin and HRP-conjugated neutrAvidin protein (upper panel),
indicating that fucose was almost absent in antibodies produced in Lec13 cells. As a control, antibody
heavy chains (HC) were detected in Western Transfer experiments with an HRP-coupled anti-human
IgG Fc antibody (lower panel). Results from one representative experiment are shown (n = 3). Lanes: (1)
CD19-EFTAE-Lec13 (2) CD19-EFTAE-CHO (3) CD19-wt-Lec13 (4) CD19-wt-CHO).
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Figure 2. CD19 binding analysis. (A) CD19-positive Ramos cells were incubated with antibodies as
indicated (concentration: 50 μg/mL; grey peaks) or in PBA buffer alone (white peaks), stained with
FITC-coupled anti-human IgG Fc F(ab’)2 and then analyzed by flow cytometry. As a control, trastuzumab
was added (IgG1). (B) CD19-wt-CHO, CD19-EFTAE-CHO, CD19-wt-Lec13 and CD19-EFTAE-Lec13
(concentration: 50 μg/mL) bound to CD19-expressing Ramos cells but did not react with CD19-negative
SK-BR-3 cells. Bars indicate mean values ± SEM (n = 3) of mean fluorescence intensity (MFI). PE-labeled
anti-human IgG Fc F(ab’)2 fragments were used as secondary antibodies. Trastuzumab was employed
as a control antibody and bound to HER2-positive SK-BR-3 cells. (C) Binding of antibody versions to
CHO-K1-CD19 cells was analyzed at varying concentrations employing FITC-coupled anti-human
IgG Fc F(ab’)2 fragments as detection reagents and MFI values were determined by flow cytometry.
Mean values ± SEM are shown (n = 4).

To determine the abilities of the antibodies to trigger ADCC, 51Cr release experiments with MNC
effector cells and Raji lymphoma target cells were performed (Figure 3B). At saturating conditions,
CD19-wt-Lec13 and CD19-EFTAE-Lec13 showed an enhanced potency relative to fucosylated antibodies
CD19-EFTAE-CHO and CD19-wt-CHO, which both induced only moderate ADCC. None of the
corresponding control antibodies against HER2, which is not expressed by Raji cells, induced ADCC,
showing the antigen-specific mode of action even when the antibodies had been Fc engineered.
Analysis of dose-dependent ADCC induction using MNC and either Raji or Ramos target cells revealed
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that CD19-EFTAE-Lec13 and CD19-wt-Lec13 had similar efficacy, although the double-engineered
antibody was slightly more effective (Figure 3C). In experiments with Raji cells, EC50 values were 0.4 nM
and 1.3 nM for CD19-EFTAE-Lec13 and CD19-wt-Lec13, respectively. However, these differences did
not reach statistical significance. A comparison between rituximab and CD19-EFTAE-Lec13 revealed
that this antibody now almost reached the potency of rituximab, although rituximab was slightly more
effective in terms of maximum lysis at saturating concentrations (Figure 3D). Thus, Fc glyco-engineering
by the generation of afucosylated antibodies improved the ADCC of CD19 antibodies, and the inclusion
of the EFTAE modification in the afucosylated CD19 antibody even improved ADCC slightly further.

Figure 3. FcγRIIIA binding and induction of ADCC by differentially engineered CD19 antibodies.
(A) Binding of antibodies CD19-wt-CHO, CD19-EFTAE-CHO, CD19-wt-Lec13 and CD19-EFTAE-Lec13
to transfected BHK cells stably expressing human FcγRIIIA-158V (BHK-CD16-158V) or FcγRIIIA-158F
(BHK-CD16-158F) alleles was analyzed by flow cytometry. Secondary FITC-coupled anti-human IgG
Fc F(ab’)2 fragments were employed for detection. MFI, mean fluorescence intensity. (B) Induction of
ADCC by antibody versions (concentration: 2 μg/mL) was investigated in 51Cr release experiments
using Raji as target cells and human MNC as effector cells. Similarly designed variants of trastuzumab
were used as controls. Bars represent mean values of specific lysis ± SEM. Significant differences
between CD19 antibodies and HER2-specific control antibodies or the control reaction performed
in the absence of any added antibody (no Ab) are indicated (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001
n = 3). (C) Dose-dependent induction of ADCC by CD19 variants was analyzed using Raji (n = 3) or
Ramos cells as targets and MNC as effector cells. Data points indicate mean values of specific lysis ±
SEM. Statistically significant differences in ADCC between CD19 antibodies and the control antibody
trastuzumab (IgG1) are indicated (*, p ≤ 0.05; **, p ≤ 0.01; n = 3). (D) Comparison of ADCC by the Fc
double-engineered antibody CD19-EFTAE-Lec13 (purple) and by the CD20 antibody rituximab (black).
Trastuzumab served as an additional negative control (IgG1). Raji cells were used as target cells and
MNC served as effector cells. Mean values of specific lysis ± SEM are shown (n = 3).

Since the induction of CDC along the classical pathway requires efficient C1q deposition,
we investigated whether the EFTAE amino acid substitutions in engineered CD19 antibodies promoted
C1q fixation on lymphoma cells and whether this was affected by the antibody fucosylation status

152



Antibodies 2020, 9, 63

(Figure 4A). To test this, CD19-expressing Raji cells were first incubated in the presence of antibodies
CD19-wt-CHO, CD19-EFTAE-CHO, CD19-wt-Lec13 or CD19-EFTAE-Lec13. Then cells were reacted
with human serum as a source of C1q, which finally was detected using an antibody specific for human
C1q. Analysis by flow cytometry demonstrated that cell-bound C1q was only detectable when Raji
cells were pre-incubated with CD19 antibody variants carrying the EFTAE modification. Of note,
CD19-EFTAE-CHO and CD19-EFTAE-Lec13 were similarly effective in binding C1q, but none of them
reached the efficacy of rituximab (Figure 4A).

Figure 4. C1q binding capacities and induction of CDC by CD19 antibody versions. (A) Raji cells
were left untreated (white peaks) or coated with antibodies CD19-wt-CHO, CD19-EFTAE-CHO,
CD19-wt-Lec13 or CD19-EFTAE-Lec13 (grey peaks) at a concentration of 50 μg/mL. Then cells were
incubated with human serum (1%) as a source of C1q and C1q binding to antibody coated cells was
determined using a FITC-conjugated mouse anti-human C1q antibody and flow cytometry. Rituximab,
which binds C1q efficiently, and trastuzumab, which does not react with HER2-negative Raji cells,
were included as control reagents. MFI, mean fluorescence intensity. (B) CDC by CD19 antibodies was
determined by 51Cr release experiments with Ramos cells as target cells in the presence or in the absence
of 25% human plasma. Antibodies were analyzed at a concentration of 10 μg/mL. Bars represent mean
values of specific lysis ± SEM. Significant differences between antibody-treated groups and the control
group without any added antibody (w/o Ab) are indicated (***, p ≤ 0.001; ns, not significant; n = 3).
(C) CDC against Ramos by antibodies CD19-EFTAE-Lec13, CD19-EFTAE-CHO and CD19-wt-CHO
compared to corresponding engineered control antibodies against HER2 and the native anti-HER2 IgG1
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antibody trastuzumab. Antibodies were analyzed at a concentration of 10 μg/mL. Bars show mean values
of specific lysis ± SEM. Significant differences between CD19 antibodies and the corresponding versions of
the HER2-specific antibody trastuzumab or between antibody treatment and the control reaction without
any added antibody (no Ab) are indicated (**, p ≤ 0.01; n = 3). (D) Dose-dependent induction of CDC
against Ramos cells (n = 3). Human plasma (25%) was added as a source of complement. *, statistically
significant differences (p ≤ 0.05) in CDC between CD19 antibodies and the native CD19-wt-CHO IgG1
molecule; #, statistically significant differences (p ≤ 0.05) between CD19-EFTAE-Lec13 and CD19-wt-Lec13.
Trastuzumab served as an additional negative control (IgG1). (E) Comparison of CDC induced by the
Fc double-engineered antibody CD19-EFTAE-Lec13 and by the CD20 antibody rituximab. Trastuzumab
served as an additional negative control (IgG1). Ramos cells were employed as target cells and serum was
added to 25% as a source for complement. Mean values of specific lysis ± SEM are shown (n = 3). (F) Left
graph: CD19 antibody variants were analyzed at varying concentrations for their ability to induce CDC
against Raji cells, which in comparison to Ramos cells are rather resistant to CDC. Mean values of specific
lysis ± SEM are shown (n = 3). Right graph: CD19 antibody variants were compared with rituximab and an
Fc engineered version of rituximab-containing the EFTAE modification (CD20-EFTAE-CHO). Trastuzumab
served as an additional negative control (IgG1). Mean values of specific lysis ± SEM are shown and
statistically significant differences are indicated (**, p < 0.01).

To investigate CDC induction by CD19 antibodies, 51Cr release assays were performed
employing human plasma and CDC-sensitive Ramos cells (Figure 4B). As a result, only antibodies
CD19-EFTAE-CHO and CD19-EFTAE-Lec13 were able to trigger efficient CDC, while antibodies
CD19-wt-CHO and CD19-wt-Lec13 were not effective. No lysis occurred in the absence of plasma,
indicating that under these experimental conditions no direct induction of cell death was induced.
Additionally, no CDC was found when HER2-specific control antibodies were applied, revealing
that the observed CDC was induced in a target antigen-dependent manner (Figure 4C). Importantly,
the analysis of dose-dependent induction of CDC indicated that CD19-EFTAE-Lec13 was as effective
as CD19-EFTAE-CHO (Figure 4D). Both antibodies triggered CDC at nanomolar concentrations with
EC50 values of 0.5 nM and 0.4 nM for CD19-EFTAE-Lec13 and CD19-EFTAE-CHO, respectively.
The Fc double-engineered antibody CD19-EFTAE-Lec13 almost reached the potency of rituximab
(Figure 4E). Finally, CDC was analyzed with Raji cells that are rather resistant to CDC (Figure 4F).
Both CD19-EFTAE-Lec13 and CD19-EFTAE-CHO were able to trigger CDC against Raji cells in a
dose-dependent manner. However, lysis of Raji cells was quite low. Reduced CDC induction was also
observed for rituximab, which was employed for comparison (Figure 4F). However, an Fc-engineered
variant of rituximab carrying the EFTAE modification (CD20-EFTAE-CHO) [37] was able to trigger
substantial CDC, showing that although Fc engineering improves CDC of CD19 antibodies leading
to a considerable efficacy, limitations associated with unfavorable antigen characteristics or specific
antibody features are not fully overcome, when CDC insensitive target cells are analyzed.

4. Discussion

The CD19 antigen has attractive features for antibody therapy of B-cell lineage leukemias
and lymphomas, but native CD19 IgG1 isotype antibodies only poorly mediate CDC and ADCC.
In an effort to enhance both functions concomitantly, Fc protein-engineering was combined with Fc
glyco-engineering to generate a double-engineered version of a CD19 antibody based on the v-regions
of the clinically approved antibody tafasitamab. We found that the double-engineered afucosylated
CD19 antibody harboring the EFTAE modifications was more efficacious in triggering both ADCC and
CDC than the native IgG1 molecule, which had only weak effects in ADCC and which was unable to
induce CDC. These findings demonstrate that CDC and ADCC functions can be established in CD19
antibodies by combined glyco-engineering and protein-engineering technologies and show that these
technologies are applicable to the same antibody molecule.

The underlying reasons why native CD19 antibodies are not efficacious as for example
CD20 antibodies are not fully understood and presumably are not due to antigen expression
levels. Potential reasons may be specific antigen characteristics such as antigen membrane fluidity,
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size and structure or the antigen′s plasma membrane microdomain localization, as well as antibody
characteristics such as the epitope specificity and its location [43]. However, even when native
antibodies elicit weak effects, they can be turned into effective agents by applying Fc engineering
technologies, which allow fine-tuning of individual antibody effector functions and the generation of
tailor-made antibodies [9,32].

Regarding CD19, the clinically approved Fc protein engineered antibody tafasitamab with amino acid
substitutions S239D/I332E has demonstrated promising results in clinical studies. However, the antibody
is optimized for FcγR binding and still lacks CDC activity [29]. Several observations suggest that CDC
activity is an important antibody function and establishing CDC activity in CD19 antibodies may be
beneficial in certain situations. Thus, in murine tumor models, variation in the relative contribution
of CDC and FcγR-mediated functions were observed and an impact of tumor burden and anatomic
localization has been suggested [44]. Additionally, the immune status of the patient and the tumor
microenvironment may play a role [45]. Moreover, different phenotypes of tumor cells may impact the
susceptibility of tumor cells to different antibody functions differentially, and cell phenotypes of individual
tumor cells may differ even in the same patient. Thus, susceptibility to ADCC may be hampered by
strong expression of inhibitory human leukocyte antigen (HLA) molecules or promoted by increased
expression of NK cell-activating danger signals such as NKG2D ligands [46]. In contrast, tumor cells may
be protected from CDC by expression of mCRP [47]. Interestingly, studies with CD20 transgenic cell
clones revealed that individual CDC resistant cell clones were eliminated by ADCC and vice versa [48].
Thus, CDC as well as effector cell-mediated killing may be required for effective eradication of tumor cells
in certain situations, and Fc double-engineered CD19 antibodies optimized for ADCC and CDC activity
may be advantageous. Whether the double engineering strategy demonstrated here can be applied also
to other CD19 antibodies remains to be investigated.

Of note, Fc glyco-engineering by lowering fucose content enhances only FcγRIIIA affinity,
while Fc protein-engineering often leads to improved affinity for different activating FcγR [9].
Therefore, Fc protein-engineered antibodies carrying for example the DE modification may have
advantages in engaging macrophages that express FcγRI and FcγRIIA next to FcγRIIIA. In addition,
the comparison of Fc protein-engineered and Fc glyco-engineered antibody derivatives revealed
that antibodies harboring the DE modification had a significantly higher affinity to FcγRIIIA than
afucosylated antibodies [41]. However, afucosylated antibodies had an almost equal potency to trigger
ADCC by NK cells, suggesting that the gain in affinity achieved by Fc glyco-engineering is sufficient for
potent effector cell recruitment and ADCC. However, whether also the Fc double-engineered antibody
CD19-EFTAE-Lec13 is as effective in mediating ADCC as a corresponding CD19 antibody with the DE
modification needs to be investigated.

In previous studies, we have demonstrated that neutrophil-mediated ADCC is diminished
when antibodies engineered for improved FcγRIIIA binding were compared to wildtype IgG [49,50].
This may be less relevant for CD19 antibodies, since CD19 antibodies do not trigger neutrophil-mediated
ADCC (unpublished observation). When applied in vivo, the situation might even be more complex,
since FcR-positive cells and complement proteins may compete for Fc binding. For example, Wang and
colleagues demonstrated that complement binding to the Fc domain of wildtype antibodies diminishes
NK cell activation [51]. Addressing this aspect in vivo in preclinical mouse models is challenging
since FcR binding and complement activation of the described engineered Fc domains in commonly
used xenograft models may not reflect the human situation. While certain protein-engineered Fc
variants demonstrate enhanced binding to all mouse FcγR, glyco-engineering of human IgG1 results in
a very minor improvement in mouse FcγR binding [7,52]. Even in complex transgenic mouse models
engineered to express all human FcγR on the respective murine effector populations the contribution
of the complement system might not be adequately reflected and tumor location and tumor burden
may have a significant impact on which effector mechanisms contribute to the therapeutic activity in a
given situation [15,53,54]. Therefore, the impact of double-engineering could probably ultimately only
be tested in non-human primates or clinical trials.
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In conclusion, the combination of Fc glyco-engineering and Fc protein-engineering technologies
promotes both CDC and ADCC activity in CD19 antibodies simultaneously and allows the generation
of CD19 antibodies with appreciable efficacy. Thus, Fc double-engineering may represent an attractive
strategy, which may be in particular advantageous for antibodies directed against antigens as CD19,
which are not that well-suited as target antigens for antibody therapy as CD20 or CD38. Thus, the
Fc double-engineering approach may offer an opportunity to enhance the efficacy of CD19 antibody
therapy and deserves further evaluation.
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Abstract: One of the most challenging aspects of cancer therapeutics is target selection.
Recently, CD46 (membrane cofactor protein; MCP) has emerged as a key player in both malignant
transformation as well as in cancer treatments. Normally a regulator of complement activation, CD46 is
co-expressed as four predominant isoforms on almost all cell types. CD46 is highly overexpressed on a
variety of human tumor cells. Clinical and experimental data support an association between increased
CD46 expression and malignant transformation and metastasizing potential. Further, CD46 is a newly
discovered driver of metabolic processes and plays a role in the intracellular complement system
(complosome). CD46 is also known as a pathogen magnet due to its role as a receptor for numerous
microbes, including several species of measles virus and adenoviruses. Strains of these two viruses
have been exploited as vectors for the therapeutic development of oncolytic agents targeting CD46.
In addition, monoclonal antibody-drug conjugates against CD46 also are being clinically evaluated.
As a result, there are multiple early-phase clinical trials targeting CD46 to treat a variety of cancers.
Here, we review CD46 relative to these oncologic connections.

Keywords: CD46; membrane cofactor protein (MCP); complement; cancer therapeutics; measles
virus; adenovirus; antibody-drug conjugates

1. Introduction to CD46

CD46 is a ubiquitously expressed membrane protein in humans that regulates C3b/C4b that
deposits on host cells and serves as a receptor for multiple pathogens. CD46 was originally discovered
as a C3b-interacting protein based on its ability in surface-labeled, solubilized cell preparations to bind
to C3b and C3(H2O) affinity columns [1]. Subsequently, it was demonstrated to be a cofactor protein
for the plasma serine protease factor I (FI) to mediate cleavage of C3b to iC3b and C4b to C4c and
C4d [2,3]. Further, CD46 performs its function intrinsically; that is, this inhibitor binds its two ligands,
C3b and C4b, only if they are deposited on the same cell on which CD46 is expressed. As a membrane
protein, CD46 does not bind to C3b or C4b free in blood, attached to immune complexes or bound to
other cells. CD46 has a wide tissue distribution, being expressed by almost all human cell populations
except erythrocytes [3,4]. Thus, CD46 protects healthy human cells from complement attack.

CD46 is rather unique among complement proteins, receptors and regulators in that most cell
types co-express four primary isoforms (Figure 1). These arise from alternative splicing of a single
gene (Figure 2) located within the regulators of complement activation (RCA) cluster on the long
arm of chromosome 1 at position q3.2 [5]. The N-terminus of CD46 consists of four contiguous
complement control protein (CCP) repeats. Following this is an alternatively spliced segment enriched
in serines, threonines and prolines (i.e., the STP domain) that is variably O-glycosylated. The STP
domain of the regularly expressed proteins consists of B+C or C alone, although rarer isoforms exist.
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Following the STP domain and common to all isoforms is a juxtamembraneous segment of 12 amino
acids of undefined function and a hydrophobic transmembrane domain. CD46 also contains one of two
cytoplasmic tails (termed CYT-1 or CYT-2), each of which has distinct signaling motifs (reviewed in [3]).
Much remains to be learned about the biological reasons for CD46 isoform variation among cell types.

Figure 1. CD46 (membrane cofactor protein; MCP) is a widely expressed, alternatively spliced
complement regulatory protein whose structure is dominated by four complement control protein
modules (CCPs). CCPs 2–4 house the main sites for C3b and C4b interactions. CCPs 1, 2 and 4
feature N-glycans. Alternative splicing of the STP region (enriched in serines, threonines and prolines,
and a site of variable levels for O-glycosylation) and of the cytoplasmic tails (CYT-1 or CYT-2, which have
distinct signaling motifs) generates four common isoforms co-expressed to variable levels on most cells.
These are called BC1, BC2, C1 and C2. Rarer isoforms also exist. UND, undefined juxtamembraneous
segment; TM, transmembrane domain; CK-2, casein kinase 2; PKC, protein kinase C.

Figure 2. The gene for CD46. The alternatively spliced MCP gene lies at 1q3.2 and consists of 14 exons
and 13 introns for a minimum length of 43 Kb. The exon number and corresponding domain are indicated.
Note that CCP2 and the hydrophobic domain (HY) are encoded by two exons. Abbreviations per
Figure 1: 5′UT/SP (5′ untranslated area and signal peptide); CYT-2/3′UT (cytoplasmic tail 2 and 3′
untranslated region).
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Since its original discovery in 1987, CD46 is now known to play a broader role in human biology
(reviewed in [6,7]). This includes modulation of immune cell function through its intracellular signaling
capabilities; namely, CD46 is an important modulator of adaptive immunity and a central participant in
human infectious and Th1 biology [8,9]. Individuals with a homozygous CD46 deficiency are hampered
in mounting Th1 responses and suffer from recurrent severe infections [10] and, more commonly,
atypical hemolytic uremic syndrome at a young age [11]. CD46 engagement on CD4+ T cells results in a
Th1 response; however, as IL-2 accumulates, a switch occurs to a T regulatory phenotype characterized
by production of IL-10 that is mediated by the CYT-1 tail of CD46 [12,13]. In this manner, CD46 also
contributes to the contraction phase of a Th1 response. CD46 cytoplasmic tail switching links Th1
cell activation (CYT-1) and then contraction (CYT-2) to a pathway for metabolic reprogramming [14].
The bulk of the work on this subject has been performed by the Kemper laboratory employing human
CD4+ T cells and is reviewed extensively elsewhere [6,8,15].

Four additional key observations relevant to this review are CD46′s: (1) enhanced expression
by many types of malignant cell populations; (2) “abuse” by ten human-specific pathogens that use
CD46 as a receptor, including species of measles virus and adenovirus; (3) modulation of immune
cell function via its intracellular signaling capabilities; (4) role as a driver of cellular metabolism [16].
Point #3 is briefly noted in the preceding paragraph while the other three points will be further
highlighted in this review because of their oncologic implications.

2. CD46 as Tumor Target

CD46 is emerging as an important player in both malignant transformation as well as in cancer
immunotherapy. Complement expression is often dysregulated in tumors [17] (reviewed in [18]).
Although heterogeneous relative to tumor type, complement proteins expressed by malignant cells are
variable; in general, tumor cells express low C8 and C9 but highly express C3 and the regulators factor H,
factor I and especially the membrane regulators CD46, CD55 and CD59 [19]. Notably, CD46 expression
is increased up to 14-fold in relapsed multiple myeloma (MM) patients who have the region on
chromosome 1q carrying CD46 genomically amplified (mean antigen density 313,190 for MM vs.
22,475 for healthy donor plasma cells) [20]. The overexpression of CD46 occurs in many, although not all,
other common tumor types but usually to a lesser magnitude. For example, in hepatocellular carcinoma
cells, the relative density of CD46 is increased approximately 6-fold [21]. Complement deposition
also is frequently noted in tumor tissue and soluble activation fragments are identified in patients’
sera [22,23], including increased levels of soluble CD46 [24]. Further, clinical and experimental data in
ovarian and breast cancer as well as multiple myeloma support an association between increased CD46
expression and malignant transformation and metastasizing potential [25–27]. Indeed, increased CD46
expression is a prognostic indicator in multiple common malignancies, including ovarian cancer,
breast cancer and hepatocellular carcinoma [25,26,28].

In the context of cancer, the view of the complement system has traditionally been that of
an anti-tumor effector, particularly to enhance the efficacy of anti-cancer monoclonal antibodies
(mAb) [29,30]. Complement engagement following Ab binding to a tumor Ag has several potential
mechanisms to enhance cell killing [31]. These include direct complement-mediated lysis or
complement-dependent cytotoxicity (CDC) and enhancing antibody-dependent cellular cytotoxicity
(ADCC). Additionally, C3a and C5a can recruit immune cells that then may modulate the adaptive
immune response. The upregulation of complement inhibitors, including CD46, has historically been
considered an evasion mechanism against Ab therapy that may also prevent the generation of an
acquired immune response (reviewed in [17]). The interference of membrane complement regulators
with the efficacy of anti-cancer mAb therapy has been demonstrated in animal models ([32] and reviewed
in [33,34]). Several strategies have been employed to target the overexpression of complement regulators
and thereby improve the therapeutic outcome [34]. These include small interfering RNAs [35–37],
neutralizing (blocking) mAbs to complement inhibitors [38,39], bispecific antibodies [40–43] and
a targeted complement activator (CR2-Fc) [30,44].
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Targeted downregulation of the in vivo expression of a complement inhibitor, such as CD46,
is technically challenging due to its ubiquitous presence on normal cells. However, the feasibility
of this approach has been demonstrated both in vitro and in animal models where tumor
cells can be manipulated ex vivo. For example, siRNA-mediated downregulation of CD46,
CD55 and/or CD59 on several primary tumors and tumor cell lines sensitizes them to CDC [35,36].
Furthermore, the downregulation of the complement inhibitor Crry (the murine counterpart of CD46)
on tumor cells in a mouse model of metastatic bladder cancer induced a protective anti-tumor CD8+ T
cell response [37]. In another model, complement inhibitor neutralization on tumor cells prior to
vaccination elicited protective immunity [38]. Proof of principle also has been demonstrated in murine
models for the efficacy of neutralizing mAbs [39] and bispecific antibodies [40–43]. Another study
determined that in primary myeloma cells derived from bone marrow aspirates, a macropinocytosing
CD46-antibody drug conjugate induced apoptosis and cell death but did not affect the viability of
nontumor mononuclear cells [20]. In a slightly different approach, a strategy to utilize the targeting
specificity of a mAb to amplify complement activation on tumor cells (CR2-Fc) demonstrated efficacy
in murine models [30,44].

Unfortunately, complement activation does not always act to the host’s benefit [45,46].
The protumor roles of complement were discussed recently in an excellent review [19]. C5a, in particular,
has been shown to be protumor by recruitment of myeloid-derived suppressor cells and T regulatory
cells that suppress anti-tumor T cell responses [47,48]. Complement may also promote tumorigenesis
by triggering tumor cell proliferation, invasiveness and metastasis, as well as by enhancing
angiogenesis [49]. Therefore, although increased CD46 on tumor cells is generally considered
an immune evasion mechanism, in certain situations, preventing complement activation may also
benefit the host. For example, suppressing complement activation at the level of C3 will also inhibit
downstream C5 cleavage and generation of C5a, which has been shown to have protumor effects [45,47].
Another possibility is that the role of complement in promoting the clearance of apoptotic cells, which is
a generally tolerogenic process, supports tumor growth. Indeed, apoptotic cells have been shown
to directly activate complement [50–52]. This possibility was demonstrated in a murine model of
lymphoma in which delivering a targeted complement inhibitor enhanced the outcome of radiation
therapy by inhibiting apoptotic cell clearance, thereby promoting inflammation within the tumor and
driving a systemic antitumor immune response [53].

Notably, a body of literature, as well as online resources such as The Cancer Genome Atlas (TCGA)
Program reveal that the involvement of CD46 in cancer varies. CD46 expression in malignancies
may: (1) correlate with a poorer prognosis (e.g., breast, colorectal, prostate and cervical cancers);
(2) correlate with a positive outcome (e.g., renal or stomach cancers); (3) have no apparent impact.
Further, there can be variability in expression even among specific tumor cell types. For example,
one study reported that 35% of patients with colon or prostate carcinoma overexpressed CD46,
while in other cancers (such as brain, lymphoma and lung), ~11% of tissue samples overexpressed
CD46 [54]. Such variability suggests differences in the potential mode of action of CD46 in different
contexts. Dissecting the role CD46 plays in multiple settings will support which patient cohorts would
benefit from specific CD46-targeted therapeutics.

3. CD46 as a Receptor for Anti-Tumor Therapeutic Vectors

Interestingly, CD46 is known as a “pathogen magnet” because it is a target for ten (and counting)
human pathogens [55–58], including the Edmonston vaccine strain of the measles virus [59] and some
species of adenovirus (see below). Moreover, bovine and swine CD46 are receptors for the bovine viral
diarrhea virus and the classical swine fever virus, respectively [60,61]. CD46 is utilized as a receptor for
pathogens to gain entry into the cell. The exact reason why so many microbes target CD46 is unclear.
However, several issues likely drive this phenomenon, including its high level of and ubiquitous
expression across human cell types. In addition, because pathogens bind to different sites on the protein
(see Figure 3) and utilize distinct methods for cellular entry, CD46 is likely targeted not simply due to
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its wide distribution and high level of expression but also because of its immune-modulatory signaling
functions including immune suppression [56]. For example, Neisseria gonorrhoeae dysregulates the
CD46-CYT-1 autophagic pathway to disturb lysosome homeostasis and promote its survival [62].
Furthermore, measles virus downregulates IL-12 production by monocytes through its binding to
CD46 [63,64].

Figure 3. CD46 is a receptor for 10 human-specific pathogens; bovine and swine CD46 are also pathogen
receptors. For seven of the human pathogens, the binding site has been identified (indicated above),
including strains of measles virus and adenovirus. Two features make CD46 an attractive target for
oncology applications: (1) it is overexpressed on many cancer cell types and (2) measles and adenoviral
vectors can be constructed to target CD46 for cancer treatment. More than 20 CD46-targeted cancer
treatments trials are currently being conducted.

One of the most challenging aspects of cancer therapy development is target selection. In this
regard, two features make CD46 an attractive candidate. First, as noted in the preceding paragraph, it is
a receptor for some strains of measles- and adenoviruses. Second, as outlined above, CD46 is commonly
overexpressed on a variety of tumor cells [27,33]. Thus, a number of therapeutic agents, including more
than 20 now in clinical trials (Table 1), employ CD46-targeted oncolytic adenoviral- or measles
virus-based vectors [20,54,65–68]. More than 500 gene therapy trials have been conducted, most with
human adenoviral vectors. Many have been conducted using Adenovirus type C that binds to the
coxsackie-adenovirus receptor (CAR) (reviewed by [69]). However, the low expression level of CAR by
cancer cells has limited the efficiency of such targeted oncolytic therapies. Alternatively, some species B
adenoviruses target CD46, thus presenting an improved approach to increase the effectiveness of cancer
targeting. As an example, comparisons between CD46 and CAR-targeted adenoviral therapy have
demonstrated superior outcomes with CD46 targeting in bladder cancer [69] and ovarian cancer [70],
despite comparable receptor expression by the tumor cells.
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Other oncolytic strategies utilize measles virus that also targets CD46. For example, the Edmonston
lineage (vaccine) strain of measles virus has been modified to express carcinoembryonic antigen or
the human sodium iodide symporter (NIS) for noninvasive monitoring. These are being tested in
a variety of tumor types (reviewed in [71] and see Table 1). Notably, treatment of an MM patient
with an engineered oncolytic measles virus containing the NIS (termed MV-NIS) resulted in durable
remission in a case report [72] and demonstrated activity in phase 1 trials for patients with ovarian
cancer [73,74] and MM [75].

Another CD46-targeted therapy employs an antibody-drug conjugate (ADC) [20]. In this
case, the CD46-targeting specificity is mediated by an Ab instead of a virus. As noted above,
the region on chromosome 1q carrying CD46 commonly undergoes genomic amplification in relapsed
myeloma patients. This amplification correlates with markedly increased expression of CD46 by the
tumor [20]. The potential of the CD46-ADC approach was demonstrated in MM in which potent
inhibition of myeloma cell proliferation was achieved in an orthostatic xenograft (mouse) model [20].
The CD46-ADC approach has also shown efficacy in metastatic castration-resistant prostate cancer,
utilizing a tubulin inhibitor conjugated as the ADC added to a macropinocytosing anti-CD46 antibody
(Ab) [65]. These studies support CD46 as a promising target for antibody-based therapeutics for
certain tumor types. Two phase 1 trials using an anti-CD46 ADC are being conducted against MM and
metastatic prostate cancer (Table 1).

Factors affecting the expression of CD46 and loss from the cell surface also need to be taken into
consideration relative to targeting of CD46 as a therapeutic strategy. For example, a recent report
demonstrated that p53, which is a frequently deleted or modified gene in human cancers, impacts CD46
expression and, thus, MM susceptibility to oncolytic measles virus [76]. Further, CD46 is known to
be internalized by two mechanisms. CD46 can be constitutively internalized via clathrin-dependent
endocytosis and recycled to the surface. In addition, crosslinking of CD46 on the cell surface by
multivalent anti-CD46 Ab or measles virus induces ligand-engulfing pseudopodia (a process similar
to macropinocytosis) and subsequently leads to CD46 degradation and downregulation on the cell
surface [77]. This was demonstrated in vitro, as well as in in vivo murine and non-human primate
(NHP) models. In NHPs, CD46 depletion enhanced the depletion of CD20+ B cells by a low dose of
rituximab [78].

4. CD46 as a Metabolic Driver

New understandings of the complement system as well as CD46 are expanding their roles beyond
that traditionally appreciated. It has become increasingly recognized that most cells contain an
intracellular complement system, ICS or complosome, that not only provides immune defense but
also assists in key interactions for host cell functions [79]. For example, autocrine activation of CD46
via C3b plays a critical role in nutrient uptake and enhances cellular metabolism [14]. While the
arsenal of complement components and specific cell types constituting the complosome continues
to be elucidated, the finding of CD46 as a metabolic driver suggests a possible role in malignant
transformation and/or cell proliferation.

Cancer cells are highly glycolytic and preferentially metabolize glucose anaerobically ([80]
reviewed in [81]). Interestingly, new connections have been discovered between glucose metabolism and
the ICS that indicate that this metabolic pathway may be driven by intracellular C3 signaling [81]. In the
ICS of human CD4+ T cells, C3a generated intracellularly interacts with its receptor, C3aR, expressed on
lysosomes and thus provides tonic low-level activation of the mammalian target of rapamycin (mTOR)
signaling pathway [16] (Figure 4). This interaction is an essential survival signal for CD4+ T cells.
Intracellular complement activity also drives anti-apoptotic activity through intracellularly generated
C3b engagement of CD46 on the surface of T cells that subsequently enhances glycolysis [14] (Figure 4).
Analogously, CD8+ T cells rely on CD46 stimulation of fatty acid metabolism for optimal cytotoxic
function [82]. King et al. demonstrated that intracellular C3 in pancreatic islet β cells regulates
autophagy to protect β cells from death [83]. Further, CD46 has been shown to interact with Jagged1,
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a Notch family member, to regulate Th1 cell activation [10]. Notch is known to regulate oxidative
phosphorylation and glycolysis in cancer cells [14]. Thus, a new view is emerging that intracellular
complement activation regulates cell survival pathways (reviewed in [81]). Future studies addressing
CD46-driven metabolic reprogramming are warranted to address its oncologic implications in cancer.

Figure 4. Intracellular C3 and CD46 drive cell metabolism and survival. Intracellular C3 is
biosynthetically derived or can be loaded from the plasma. Generation of C3a and C3b from intracellular
C3 can induce metabolic pathways through the PI3K-AKT-mTOR axis, enhancing glycolysis and
homeostatic cell survival.

Given the importance of the CD46-C3 axis for cell survival, the source of intracellular C3 has been
examined. We have shown that intracellular C3 arises via two distinct routes: either being synthesized
in situ [16] or taken up from the extracellular milieu [84]. Specifically, the form taken up from the
extracellular fluid is C3(H2O). Thus, C3(H2O) has two main functions—in the extracellular space, it is
a trigger for the AP, and in the intracellular space, it provides a source of C3 for the complosome. In the
context of cancer, C3(H2O) has not been evaluated, although, notably, dysregulation of the alternative
pathway of complement activation, which can be initiated by C3(H2O), has been demonstrated in
several hematological cancers [85].

Oncogenesis also may be driven by aberrant signaling processes. Buettner et al.
correlated overexpression of CD46 mRNA and protein with the binding of activated signal transducers
and activators of transcription 3 (STAT3) to two sites in the CD46 promoter [86]. Since STAT3 is
persistently activated in a wide variety of tumors and IL-6 is increased with co-stimulation of CD46 in
the presence of C3(H2O) [84], the CD46-STAT3-C3 axis may play a key role in regulating metabolic
and regenerative processes. We hypothesize that CD46 isoform cytoplasmic tail switching (as occurs
in activated versus quiescent T cells [87]) may be altered in cancers, such as MM. The potential for
CD46-targeting to modulate this axis deserves further investigation.

5. Conclusions

Since the discovery of CD46 more than 30 years ago, much knowledge has been gleaned about
this multifaceted protein [7]. The surprising finding of its alternative splicing to produce four common
isoforms that co-exist on most cells has proven significant in both its function and importance to
biology. Much remains to be leveraged about these roles. Because of its widespread expression,
it is not surprising that at least ten human-specific pathogens have targeted CD46. Beyond its role
in complement regulation, we now also appreciate CD46 as a driver of cellular metabolism and an
important player in the newly described intracellular complement system. Collectively, these studies
provide a strong rationale for further characterization of these interconnected players in oncology.
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The success of pre-clinical studies utilizing CD46 as a therapeutic target have now led more than
20 clinical trials being conducted for cancer treatments. Thus, ‘friendly fire’ aimed at CD46 utilizing
approaches such as oncolytic viruses or antibody-drug conjugates (alone or in combination with other
therapeutics) offers promising new modalities for the treatment of malignancies.
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