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Abstract
Approved for the treatment of autoimmune diseases, hematological malignancies, and solid cancers, several monoclonal anti-
bodies (mAb) make use of complement in their mechanism of action. Such an assessment is based on comprehensive investi-
gations that used mouse models, in vitro studies, and analyses from patients at initiation (basal level to highlight deficiencies) and
after treatment initiation (mAb impact on complement), which have further provided key insights into the importance of the
complement activation and/or complement deficiencies in mAb activity. Accordingly, new approaches can now be developed
with the final objective of increasing the clinical efficacy of mAb. These improvements include (i) the concurrent administration
of fresh frozen plasma during mAb therapy; (ii) mAb modifications such as immunoglobulin G subclass switching, Fc mutation,
or IgG hexamerization to improve the fixation and activation of C1q; (iii) optimization of the target recognition to induce a higher
complement-dependent cytotoxicity (CDC) and/or complement-dependant cellular cytotoxicity (CDCC); and (iv) the control of
soluble and cellular complement inhibitors.
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Introduction

Within therapeutic innovations from the last two decades, im-
munotherapeutic drugs have gained worldwide acceptance as
they are able to selectively target cells. In addition, lessons
from the utilization of blockbusters and first-line immunother-
apy treatment in cancer and autoimmunity have revealed an
impressive efficacy when drugs are initiated [1–3]. However,
these strategies have also demonstrated some limitations with

an overall non-response/relapse of the patients, while some
patients respond very well. As a consequence and as the im-
munotherapeutic options are growing, there is a necessity to
start with the most appropriate immunotherapy and, in those
with non-response/relapse, to better understand the mecha-
nisms and to propose new drugs and/or associations [4–7].
Among the different mechanisms, complement activation
could be the predominant mechanism in vivo and this notion
is supported by recent considerations.
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The complement system is part of the innate immune
system and represents an evolutionarily well-conserved
system implicated in the destruction of damaged and/or
non-self material such as aberrant endogenous proteins
or bacteria [8, 9]. This system involves approximately 50
proteins and protein fragments including circulating pro-
teins and cell membrane receptors [10]. As the main
source of complement proteins, the liver produces inactive
circulating precursors and, to be activated, specific prote-
ases are required during complement activation leading to
the release of opsonins, anaphylatoxins, chemoattractants,
and activation of the cell-killing membrane attack com-
plex (MAC). Three biochemical pathways referred to as
the alternative complement pathway, the lectin pathway,
and the classical pathway converge at a common amplifi-
cation stage characterized by the formation of C3
convertase followed by C5 convertase, which initiates
the terminal pathway of complement activation to form
the MAC. The alternative complement pathway is contin-
uously activated in the plasma by hydrolysis of C3b and
such a process is increased when C3b can bind to either
host cells or pathogen surfaces. Next, C3b binds factor B
to form the C3 convertase (C3bBb) and binding with pro-
perdin stabilizes this enzyme (Fig. 1). The lectin pathway
involves the mannan-binding lectin (MBL) or the ficolin
that binds mannose residues present on the pathogen sur-
face activating in turn the MBL-associated serine prote-
ases, MASP-1, and MASP-2 [11]. MASPs are C1r and
C1s homologues (MASP-1 and MASP-2 with C1r and
C1s, respectively), MASP-2 cleaving C4 and C2 to form
C3 convertase, while MASP-1 may cleave C3 directly.
When produced, the C2a and C4b fragments can attach
to the cell surface to become the catalytic component of

the C3 convertase (C4b2a). Last but not least, C1q can be
recruited by antibodies (Ab) generated either by the adap-
tive immune system or by monoclonal antibodies (mAb),
which constitute the classical complement pathway as de-
scribed in the following paragraph.

This review underlines the link between mAb used in im-
munotherapy, complement activation, and their implications
in autoimmune diseases and cancer therapies. Limits of this
strategy as well as the areas for improvement are also
developed.

The Classical Complement Pathway

Antibody-Mediated C1q Recruitment and C3
Convertase Activation

When an immunoglobulin recognizes antigens notably pres-
ent on cell surface membranes, binding is associated with
important changes in its crystallizable region fragment (Fc).
As a consequence, the C1q molecule is able to fix the constant
heavy (CH)4 domain of IgM or the CH2 domain of IgG3,
IgG1, and to a lesser extent IgG2 [12, 13]. In addition, to fix
the Fc part of the IgG, C1q binding requires hexamerization of
IgG to be activated [12, 14, 15]. C1q is a protein consisting of
six collagen-like arms, each containing an N-terminal triple
helix and a C-terminal immunoglobulin-binding globular
head domain [16] with an overall shape like a bunch of tulips
and their changed form induces recruitment of two proteases,
C1r and C1s [14, 17, 18]. The C1 complex (C1q-C1r-C1s)
cleaves in a cascade the C2 followed by the C4 proteins to
generate the C3 convertase (C4b2a) such as described in the
alternative and lectin complement pathways.
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Fig. 1 Classical complement activation pathways. MAC membrane attack complex
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Anaphylatoxins

Complement activation leads likewise to the production of
anaphylatoxins (C3a, C4a, and C5a), molecules implicated
in vascular permeability, smooth muscle contraction, hista-
mine release from mast cells, and elaboration of reactive ox-
ygen species [19]. Moreover, anaphylatoxins are
chemoattractants and participate in the recruitment of the cel-
lular immune system through specific receptors [20–22].
Notably, this has been reported for C5a which acts as a
chemoattractant for the recruitment of macrophages and par-
ticipates in the up-regulation of the activating Fc receptors
while down-regulating the inhibitory receptor FcRIIb
[23–26]. The increase of Fc receptors allows ADCC
(antibody-dependent cellular cytotoxicity) mediated predom-
inantly by NK (natural killers) cells and to a lesser extent by
macrophages and granulocytes. Less effective than C5a, C3a
can also recruit immune effector cells via the C3a receptor
[27–30].

Opsonins

Opsonins (C3b, iC3b, and C4b) are also produced during
complement activation and their deposition on target cells
promotes CDCC (complement-dependent cellular
cytotoxicity) through binding to specific complement recep-
tors present on monocytes/macrophages, granulocytes, and
NK cells (Fig. 2) [27–29, 31–33]. Combining opsonization

of target cells via the complement receptors (CR) and the
fixation of antibody via Fc receptors induces phagocytosis
of these cells by macrophages in a phenomenon referred to
as ADCP (antibody-dependent cellular phagocytosis).

Soluble Inhibitors

Soluble regulators of the classical complement pathway in-
clude, but are not limited to, C1 inhibitor, C4-binding protein
(C4BP), factor I, factor H, and complement factor H–related
(CFHR) proteins (Table 1). C1 inhibitor is a protease inhibitor
that controls the activity of the C1 complex, thereby
preventing the first step in complement activation by antibod-
ies [37]. By competitively binding the C4 component, C4BP
is effective in inhibiting the C3 convertase formation. Factor I
regulation occurs downstream of C3 convertase by degrading
the active C3b product into inactive breakdown products. C3b
degradation often involves the help of factor H or of the com-
plement factor H–related (CFHR)3, both of which exhibit
cofactor activity for factor I [39, 42]. In addition to cofactor
activity on C3b, factor H promotes dissociation of the alterna-
tive pathway C3 convertase by displacing factor B from C3b.
The functions of CFHR proteins are less known, but it has
been demonstrated that CFHR1 can inhibit C5 convertase and
reduce C5b deposition on target cell surfaces [41]. Due to high
sequence homology, it is proposed that the other CFHR pro-
teins share similar complement regulatory functions.
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inducing cell

apoptosis

Effector cell (NK)Ac�va�ng
of FcγRs

An�body-dependent celllular
cytotoxicity (ADCC)
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Fig. 2 Complement lysis activation pathways. ADCC antibody-dependent cellular cytotoxicity, ADCP antibody-dependent cellular phagocytosis,
CDCC complement-dependent cellular cytotoxicity, CR complement receptor, FcγR fragment crystallizable gamma receptor
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Cellular Membrane Regulators

Membrane-bound regulators of complement activation
(mRCA) include CD46 (membrane cofactor protein), CD55
(decay accelerating factor, DAF), and CD59 (protectin)
(Table 1). CD46 serves as a cofactor for factor I and promotes
C3b degradation to its inactive form, iC3b. CD55 prevents
CDC by inhibiting the C3 convertase and thus C3b genera-
tion. There is also evidence that CD55 can negatively regulate
T cell–mediated immunity [43, 44]. CD59 prevents MAC for-
mation downstream of C5b deposition. In addition to the
membrane-bound complement regulators, expression of sialic
acids on the cell surface was found to be important (Table 1).
Sialic acids act frequently via a α2–3 or α2–6 glycosidic
linkage to galactose and N-acetylgalactosamine. Enzymes that
support these sialylation react ions belong to the
sialyltransferase (ST) family, and they are unlikely to be
expressed in normal B cells [45]. The presence of sialic acids
is implicated in the recruitment of soluble complement inhib-
itors such as factors H and I [36], that, in turn, control the
mAb-capacity to induce complement activation [46, 47].

Therapeutic Monoclonal Antibodies
and Complement Activity

Animal Models

Several animal models support a critical role for complement
in mAb activity. As an example, the C1q-deficient mice

exhibit a defective response to rituximab (RTX), an anti-
CD20 mAb, in a lymphoma tumor mouse model, delineating
the importance of CDC and/or CDCC as important effector
mechanisms in immunotherapy instead of ADCC as such an
effect was not reported after depletion of either NK cells or
granulocyte cells [48]. On the other hand, mAb efficiency in
mouse models can be improved by enhancing complement
activation and this was demonstrated by changing the IgG1
heavy chain of the anti-CD20 RTX to IgG3 which is more
efficient in binding C1q [49].

Lessons from Anti-CD20 mAbs

The implication of a role for complement in mAb-mediated
immunotherapy was demonstrated first in patients treated with
RTX since this mAb was one of the first therapeutic mAbs
approved by the Food and Drug Administration (FDA) and
the European Medicines Agency (EMA) to be used in non-
Hodgkin’s lymphomas (NHL), in chronic lymphocytic leuke-
mia (CLL) [50], and later in autoimmune diseases such as rheu-
matoid arthritis [51] and autoimmune hemolytic anemia [52]. In
patients with systemic lupus erythematosus (SLE), RTX is not
recommended as a first line of treatment although some case
reports have confirmed a long-term beneficial effect [2].

Efficacy of RTX varies from patient to patient and a higher
rate of relapse has been observed in CLL patients compared
with NHL [53]. RTX mediates its efficacy by different mech-
anisms of B cell death mediated by complement-dependent
pathways through MAC formation (CDC) and the clearance
of C3b(i) opsonized cells by macrophages (ADCP); or by

Table 1 Main inhibition
functions of complement
regulatory molecules

Number Role References

Membrane molecules

CD46 Inactivates, through cleavage, complement components
C3b and C4b by serum factor I

[34]

CD55 Prevents formation of new enzymes C3- and C5-convertases,
and also accelerates decay of these preformed enzymes

[35]

CD59 Interferes with MAC formation through its physical incorporation
to the forming complex, avoiding the binding of C9

[35]

Sialic acids Favors adhesion of factor H on the cell membrane and has an
inhibitory effect on C3

[36]

Soluble molecules

C1 inhibitor Irreversibly binds to and inactivates C1r and C1s proteases
in the C1 complex.

Inactivates MASP-1 and MASP-2 proteases in MBL complexes

[37]

C4BP Inhibits the classical C3 convertase by competitively binding
the C4 component

Accelerates decay of C3-convertase

Is a cofactor for serine protease factor I which cleaves C4b and C3b.

[38]

Factor I Is responsible for specific cleavage of C3b and C4b [39]

Factor H Displays decay acceleration activity that promotes dissociation of the
alternative pathway C3 convertase and acts as a cofactor for the
factor I–mediated proteolytic inactivation of C3b

[40]

CFHR Inhibits the C5 convertase and reduces C5b deposition on target cell surfaces [41]
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non-complement-dependent mechanisms (ADCC and direct
apoptosis) [48, 54–59]. Following treatment with RTX, the
CD20 molecules are clustered in lipid rafts (LRs) allowing
RTX hexamer formation that is necessary for the fixation of
C1q [60].

In order to induce a higher CDC, the fully humanized
anti-CD20 mAb ofatumumab (2F2, HuMax-CD20,
Genmab/GSK) was developed. Ofatumumab binds to a
portion of CD20 closer to the B cell membrane, and lo-
cated in the CD20 small extracellular loop. Preclinical
studies have thus far established that ofatumumab has a
slower rate of dissociation from CD20 than RTX and
greater CDC power [61] with sustained success [62].
However, such an effect may be deleterious on mAb ac-
tivity since ofatumumab administration leads to a rapid
and significant depletion of circulating C4 levels in CLL
patients with initial lymphocytosis. Indeed, C4 depletion
is suspected of having a therapeutic impact based on a
report of non-response in a patient with an accelerated
depletion, while a partial depletion of circulating CLL
was observed in those patients with a partial response
[63]. Moreover, additional mAbs targeting different
CD20 epitopes and displaying complement activation
have been approved by the FDA and are summarized in
Table 2 [70–75, 77–79].

Other mAbs

The success of anti-CD20 mAbs has encouraged drug devel-
opers to propose novel mAbs of specific B cell lineage such as
CD19 or CD22 (Table 2). All these mAbs are IgG1 in order to
mediate complement activation [81–86].

Furthermore, in hematological malignancies, targeting
non-specific B cell lineage tumor-related antigens such as on-
cogenic receptors, chemokine receptors, and molecules in-
volved in the formation and preservation of the tumor micro-
environment represents another way of research. To this end,
different mAbs have been developed and some of them (typ-
ically IgG1 mAbs) allow activation of complement and are
identified in Table 3. Succinctly, alemtuzumab, an anti-CD52,
was created and demonstrated an activation of complement
and efficiency in CLL [87]. An anti-DKK1 (BHQ880) was
generated for the treatment of osteolytic lesions in multiple
myeloma and its action is mediated both by ADCC and
CDC, although well tolerated the clinical benefits of this
mAb are limited. [88]. Other mAbs use not only ADCC but
also activation of complement through CDC and/or ADCP to
induce their efficiencies (Table 3). These other mAbs include
mAbs targeting immune checkpoints (CD80, CD40, and
CD70), receptors of cytokines (BAFF-R, IL-3Rα (CD123)),
chemokine and its receptor (CCR4, CXCR4), signaling path-
ways (GRP78, CD98 (4F2, FRP-1), CD38, CD157 (BST-1),
SLAMF7 (signaling lymphocytic activation molecule family

member F7) (CD319, CS1), EPHA3 (ephrin type-A receptor
3)), ganglioside (M2 (GM2)), and CD37 (but its exact biolog-
ical function has not yet been elucidated).

In addition, mAbs with complement activity are not
limited to hematological malignancies and autoimmune
diseases since other mAbs directed against solid tumors
are effective through the activation of complement
(Table 4). We can note as targets: epithelial cell adhe-
sion molecule (EpCAM), a cell surface glycoprotein im-
plicated in cell adhesion, present in epithelial tissues
and highly expressed on carcinomas [134]; HER2 (hu-
man epidermal growth factor receptor 2), a glycoprotein
of the tyrosine kinase family enhancing cell proliferation
and favoring survival with expression cell location sim-
ilar to EpCAM [135]; EGFR (epidermal growth factor
receptor) a glycoprotein of the tyrosine kinase family
inducing cell proliferation and differentiation with an
expression of epithelial cells [136]; and GD2 (glycolipid
disialoganglioside 2), a cell surface glycolipid receptor
implicated in the attachment of tumor cells to extracel-
lular matrix, present on nervous system cells and mela-
nocytes, highly expressed on neuroblastomas and mela-
nomas [137].

A Specific Case: Eculizumab

The atypical hemolytic uremic syndrome (aHUS) is caused by
C3mutations with a gain of function or caused by a deficiency
of the complement inhibitor CD46 [138, 139]. Against this
phenomenon, a therapeutic anti-C5 antibody, eculizumab,
which inhibits the complement terminal pathway initiation,
was developed and approved for aHUS therapy [140–142].

Eculizumab is also recommended in paroxysmal noctur-
nal hemoglobinuria (PNH) as this disease is characterized
by defective control of the complement pathway at the
membrane level of red blood cells and platelets [143].
Indeed, somatic mutations in the X-linked PIG-A (phos-
phatidylinositol glycan anchor biosynthesis class A) gene
which is involved in glycosylphosphatidylinositol (GPI)
anchor biosynthesis underlie a group of congenital syn-
dromes characterized by severe neurodevelopment defects.
Among the 30 enzymes that require GPI biosynthesis, the
two regulatory complement proteins CD55 and CD59 are
important to prevent hemolytic anemia [144].

Eculizumab is used, furthermore, to control complement
activation during (i) myasthenia gravis [145], (ii) throm-
botic microangiopathy complications associated with SLE,
and (iii) thrombotic events related to the anti-phospholipid
syndrome (APS) [146]. Because of the suppression of the
complement activation pathway, great care must be taken
in patients treated with eculizumab to prevent the develop-
ment of infections [147].
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Complement Altered Pathways
and Immunotherapy

For effective efficacy of the mAb, the complement pathway
needs to be effective since innate or acquired complement
deficiencies can be observed in those patients treated with
mAb and this is particularly true for patients with autoimmune
diseases, hematological malignancies, or tumoral aggressive-
ness [148, 149]. To illustrate this purpose, some patients with
Sjӧgren’s syndrome present an innate homozygous deficiency
of complement C4A or C4B, which promotes the autoimmune
disease and among these patients the acquisition of a severe
deficit in C4 is associated with the apparition of a mucosa-
associated lymphoid tissue lymphoma (MALT) [150, 151].

On the other hand, enhancing the complement pathway
could be favorable for tumor establishment and progression
due to the pathway’s involvement in many diverse functions
including angiogenesis, trophoblast invasion, and tissue re-
modeling [152]. As a consequence, an uncontrolled increase
activity of the complement pathway when using mAb may be
beneficial for the tumor and can lead moreover to chronic
inflammation and tissue damage notably because of the lack
of effective complement inhibitors or of the increase of com-
plement proteins [153–155].

Autoimmune Diseases

During autoimmune diseases, complement activation and
inflammation could be detrimental for patients. To pre-
vent these phenomena, eculizumab was tested for the
treatment of SLE and RA but had limited results com-
pared with other treatments [156]. In order to improve its
efficacy in RA, Durigutto et al. have proposed fusing
eculizumab with a synovial homing peptide in order to
better inhibit the classical complement pathway activation
by immune complexes in joints [157, 158]. In the APS,
eculizumab was used in association with RTX and dem-
onstrated some beneficial results [159]. As indicated be-
fore, eculizumab may be at increased risk for developing
serious infections, especially with encapsulated bacteria,
by preventing the formation of MAC. Then, development
of new mAbs was lead as reported for the anti-C5a mAb
IFX-1, which does not interfere with the constitution of
MAC [160]. Alternatively, the effects of C5a could be
neutralized by blocking its receptor C5aR. Antibodies
targeting C5aR or another C5a receptor, C5L2, have dem-
onstrated their utility in experimental models and they
have been tested in human clinical trials [161–164]. C5
is also a target in other diseases such as age-related mac-
ular degeneration (AMD) for which chronic low-grade
complement activation together with inflammation was
reported but the efficacy of eculizumab in this indication
has not been demonstrated [165].Ta
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On the contrary, there are also early protein deficiencies of
the classical complement pathway, either innate or acquired
that could impact mAb therapy. Complete deficiencies (homo-
zygotes or composite heterozygotes) in proteins of the early
phase of the classical pathway (C1q, C1r, C1s, C1s, C4, C2)
are associated with a predisposition to SLE and related dis-
eases including Sjӧgren’s syndrome. Ninety percent of pa-
tients diagnosed with complete C1q deficiency have SLE,
making it the highest susceptibility factor for SLE disease
[166]. The link between complement and SLE is ambiguous
[149, 167]. The fact that hereditary or early protein deficien-
cies of the classical pathway are associated with SLE suggests
that complement plays a beneficial role in SLE pathophysiol-
ogy, probably because of its role in the clearance of immune
complexes and apoptotic cells. On the other hand, this activa-
tion of the complement contributes to tissue damage and in-
flammation. Treatment with fresh frozen plasma has been pro-
posed in SLE to restore complement activity in those patients
with deficiency [168] and improvement was reported in a
clinical trial [169]. Combination of plasma exchange and
RTX has been proposed in APS [170] even if the clinical
benefit has not been confirmed by Abisror et al. [171].

Hematological Diseases

Complement deficiencies are reported in CLL patients and
suspected of limiting anti-CD20 mAb efficacy in vivo [172].
In this disease, serum complement is quickly consumed upon
administration of RTX or with ofatumumab [32, 63]. The
serum complement levels declined quickly in vitro as assessed
by complement hemolytic activity on sheep erythrocytes [32].
Additionally, C1 and C4 levels were below normal in more
than 50% of the sera tested [173]. To further support the im-
portance of the complement pathway, it was established that
RTX therapeutic activity was strongly enhanced in CLL pa-
tients resistant to RTX after concurrent administration of fresh
frozen plasma [174].

Moreover, in follicular (FL) and diffuse large B cell lym-
phoma (DLBCL), C1QA polymorphisms and complement
regulatory CFH and CFHR5 gene expression may affect the
clinical response and duration of response to RTX therapy,
suggesting functional complement is important for anti-
tumor effects by immunotherapies [175, 176]. Some authors
(including ourselves) have not confirmed such results [177].

Solid Tumors and Complement Activation

In solid tumors, alternative complement pathway activation is
often observed. For example, in colorectal tumors, a positive
correlation was found with the serum level ofMASP-2 and the
aggressiveness of the disease [178]. In glioblastoma multi-
form (GBM), MBL deficiency is significantly more frequent
in healthy controls than in GBM patients, pointing to a pro-
tumor role for increased alternative complement pathway ac-
tivation [179]. Some tumor cells can induce intracellular acti-
vation of C3 promoting the accumulation and immune-
suppressive activity of tumor-associated macrophages
(TAMs) in a C3aR-dependent mechanism. Blocking C3 and
immunosuppressive TAM enhances the anti-tumor activity of
anti-PDL1 mAb [180]. Conversely, activation of complement
could be benefit for immune response as demonstrated in mice
with intra-tumoral delivery of antigen with complement C3-
bound liposomes [181]. Then, the challenge is to be able to
amplify the activity of antibodies by activating the comple-
ment while ensuring that this activation does not benefit the
tumor.

Perspectives

As described, an effective complement pathway is necessary
for efficient immunotherapy in many cases and this can be
compromised particularly in those patients with autoimmune
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diseases and cancers (Fig. 3). New strategies are currently in
development to improve complement activation by mAb:

-The addition of serum to restore innate and/or acquired
complement deficiencies in order to enhance the action of
the mAb as reported with rituximab [182].
-Promoting mAb hexamerization on opsonized cells is
another option to improve C1q recruitment as demon-
strated with a Fc mutated IgG1 anti-epidermal growth
factor receptor (EGFR) mAb [183]. Other alternatives
are to perform single-point mutations in the Fc domain
of the IgG (e.g., E345K or E430G) to enhance Fc:Fc
interaction or to perform IgG subclass switch to IgG3
for better fixation of C1q [49].
-The use of bispecific antibodies targeting tumor antigens
and neutralizing complement regulators overexpressed
on cancer cells has been developed [184].
-Development of strategies to neutralize soluble and cel-
lular complement regulators represent two other strate-
gies to increase the efficacy of immunotherapy [185].

Conclusion

Complement is implicated positively in innate and specific
immunity against tumors but also negatively in these same
diseases and in autoimmune disorders. Understanding the in-
nate mechanisms as reviewed in this special issue [186–194]
and controlling complement in these pathologies represents an
important challenge not only to have a better view of the
pathophysiology of the disease but also to develop and im-
prove the efficacy of the immunotherapy. Due to the impor-
tance of the complement pathway on mAb activity, such as-
pects need to be taken into consideration from the beginning
of an immunotherapy development effort [182].
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