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Abstract

The complement system is an important part of innate immunity. Through complement-dependent cytotoxicity (CDC), it
plays an important role in the clearance of invading pathogens but also cancerous host cells. Therapy with anti-CD20
monoclonal antibodies (mAbs), for example, rituximab and ofatumumab, is a well-established treatment for lymphoid
malignancies, and CDC is one of the main mechanisms underlying their anti-cancer activity. However, there are still some
issues with the clinical application of anti-CD20 antibodies. On the one hand, anti-CD20 can cause some clinical side effects;
on the other hand, anti-CD20 has low potency in some patients, and increasing the dosage does not enhance its ef-
fectiveness in these patients. Previous studies have reported that a gain-of-function in a certain complement component can
boost the cytolytic activity of anti-CD20 mAbs. Through reviewing the literature on complement system control and anti-
CD20 mAbs, this article aims to provide a thorough understanding of the potential of targeting complement components in
lymphoma therapy.
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strategy for cancer treatment for the past 20 years; however,
there is still much space for improvement, in particular anti-
CD20 mAbs, which have been reported to have various
detrimental symptoms and/or low response in some
patients.”'® Manipulating complement cascade can serve
as an effective strategy to increase the anti-cancer efficacy
of anti-CD20 mAbs.">"'""'*

In innate immunity, the complement system is a key
component. The activation of the complement cascade is
strictly restricted by different regulators in order to protect

Introduction

Lymphoma is a group of cancers that start in the lymph
system. Hodgkin lymphoma (HL) and non-Hodgkin
lymphoma (NHL) are two main types of lymphoma, yet
there also exist additional'~* subclasses of lymphoma based
on lymphoid lineage cells that expand and undergo ma-
lignant transformation.** Lymphoma can occur in all age
groups, yet HL is more common among people aged 15—
39 years and 75 years or older than other age groups while
the rates of NHL grow higher as people get old.* In 2020,
HL and NHL accounted for 23,376 and 259,793 deaths

globally, respectively.”® Though HL is relatively rare, it is
the most common type of cancer among teens aged 15—
19 years.®

Thanks to the development of antibody therapy, the
survival rate of lymphoma has increased. Monoclonal
antibodies (mAbs) have been developed into a mature
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host tissues from being attacked, though, it can be de-
tected on the surface of cancer cells and the fluids of
cancer patients.'>'® Previous studies have found that
blocking negative regulators of the complement system or
introducing gain-of-function complement protein mutants
can enhance the lymphocytolysis efficacy of anti-
CD20 mAbs.

The activation and regulation of
complement system

The complement system is ubiquitous in innate immune
defense; However, it is also involved in acquired immunity,
for example, when recruited by antigen-antibody com-
plexes. Studies from recent years have shown components
of the complement cascade are also involved in adaptive
immune responses. For instance, intracellular protease-
activated complement cascade component C3 inside
CD4" T cells participates in the induction of Thl and
Th17 responses; And regulators of complement activation
CD46 and CDS55 have been proven to affect T cell
activation.'”"” There are three pathways to initiate the
complement cascade: the classical pathway (CP), lectin
pathway (LP), and alternative pathway (AP). All those
pathways converge in the assembly of C3 convertase and
C5 convertase and end by forming the same terminal
product named membrane attack complex (MAC).'7-2*2!

CP is activated by antigen-antibody immune complexes
binding to C1.>> The C1 complex (C1qC1r2Cl1s2) is a
pentamer composed of a characteristic bouquet-shaped
module Clq and a heterotetramer C1r2C1s2.2** Clq
serves as a scaffold for the heterotetramer, its collagen-like
stem can bind with the fragment crystallizable (Fc) of
antibodies IgG and IgM after their binding with cognate
antigens.”>** As a result of the interaction between Clq
and Fc, serine proteases on the C1 complex, Clr and Cls,
are activated.”> Next, complement C4 is cleaved into a
small inactive fragment (C4a) and a large active fragment
(C4b) by Cls. Then, complement C2 binds to C4b, forming
the C3 convertase proenzyme.”” Afterward, C2 is cleaved
into C2a and C2b by Cls, the larger fragment containing
the catalytic site, C2b, stays bound with C4b, forming the
activated C3 convertase C4bC2b, whilst the small inactive
fragment C2a is released.'’*****° Figure 1

LP is similar to CP in how it also activates serine
proteases and leads to cleavage of C4 and C2; The main
difference between these pathways is that LP is initiated by
pattern recognition molecules: collectins, ficolins, and
mannose-binding lectins (MBL).**?“?° These pattern
recognition molecules initiate LP by recognizing and
binding to sugar residues on microbial surfaces; As a result,
MBL serine proteases (MASP-1, MASP-2, and MASP-3)
are activated, leading to cleavage of C4 and C2 and

assembly and activation of C3 convertase as in CP.'”!

C3 convertase acts on complement protein C3 which is the
pivotal point of all three complement initiation pathways;
The activated C3 convertase cleaves C3 into a smaller
fragment C3a and a larger fragment C3b.'”*° The released
C3a part acts as an anaphylatoxin, decreasing in concen-
tration the further away from infection; The larger C3b
deposits on the microbial surface covalently and acts as an
opsonin and aids in phagocytosis.>'** In the complement
cascade, C3D is the principal effector molecule, after C3 is
cleaved by C3 convertase into C3a and C3b, C3b further
participates in the generation of C5 convertase and the
assembly of MAC Figure 1.%°

In AP, C3b is produced by the spontaneous hydrolysis of
complement C3 or downstream reaction of the complement
cascade, leading to a positive feedback amplification
loop.?"** C3b recruits complement protein factor B, which
is the homologue of C2 in AP and binds to it, forming the
C3 convertase proenzyme which is called C3bB.>' Then
complement factor D cleaves factor B into smaller leaving
fragment Ba and catalytic fragment Bb, causing the
transformation of the proenzyme into its active form:
C3bBb.?! Trrespective of the initially activated pathways,
AP serves as an amplification loop to generate and increase
C3b and C3 convertase Figure 1.'7*

All three pathways converge on forming C5 convertases;
Once C3b is formed, it binds with C3 convertase and
generates C5 convertases (C4bC2bC3b in CP and LP or
C3bBbC3b in AP).'?! C5 convertases cleave complement
C5, releasing a C5a fragment that acts as an anaphylatoxin,
creating a chemical gradient decreasing in concentration the
further away from the infection site and producing C5b
which initiates the Terminal Lytic Pathway, which is
identical in all three pathways.'’”?' C5b first binds to
complement component C6, forming a stable complex
C5b6 which further binds to C7; the newly generated
complex C5b67 anchors to the membrane surface. After-
ward, complement protein C8 binds to it, forming
C5b678 and leading to the first membrane penetration;
subsequently, multiple repeats of complement C9 are ar-
ranged on complex C5b678, enlarging the transmembrane
channel and leading to the formation of the terminal
complement component, MAC.'2%2%26 A5 a consequence
of the complement cascade, a pore on the cell membrane is
caused by MAC, resulting in cell lysis through osmotic
flux 3436

To protect host tissues from attack from the complement
system, the activation of the complement cascade is strictly
controlled by soluble and membrane-bound complement
regulators and inhibitory proteins. Except for properdin, the
only known positive regulator in the regulation of the
complement cascade, all complement regulators and inhibi-
tory proteins down-regulate the activity of the complement
cascade.”’"° There are four ways for complement
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Figure 1. Activation of Three Complement Pathways. The three complement activation pathways: classic pathway, lectin pathway, and
alternative pathway converge on cleaving complement component C3 into the principal effector molecule C3 and forming
C5 convertase.
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regulators and inhibitory proteins to down-regulate the
complement system: inhibition of complement cascade ac-
tivators; inhibition of MAC formation, proteolytic inactiva-
tion of active complement components (C3b and/or C4b); and
decay-accelerating C3/C5 convertase. C1 esterase inhibitor
(C1INH) is a soluble complement regulating factor which is
an important inhibitor in CP and LP and was also found to
have down-regulating activity on AP.*” C1INH prevents the
initiation of the complement cascade in CP by binding to Cls
and Clr and thus inhibiting the activation of Clq and in-
activating the C1 complex; in LP by binding MASP-1 and
MASP-2 and inhibiting activation of MBL.*'~* Unlike in CP
and LP, C1INH down-regulation in AP might lie in its
possible decay-accelerating activity, as it can compete with
factor B to reversibly bind with C3.%° CD59, vitronectin, and
clusterin regulate complement cascade by preventing the
formation and/or the cytolytic activity of MAC. CD59, also
known as homologous restriction factor 20 (HRF20) and
protectin, can prohibit the formation of MAC through inhi-
bition of C9 binding to C5b678.**® Vitronectin, which is
also called S protein and epibolin, binds at the membrane
binding site of C5b67 and blocks its membrane insertion
activity; in addition, vitronectin can also inhibit the poly-
merization of C9 on C5b678.*"*® Clusterin, alias apoprotein
J, can competitively form stable complexes with C5b67,
C5b678, and MAC to prevent their cytolytic activity.**°
Proteolytic inactivation of C3b and/or C4b is dependent on
factor I (CFI) in both membrane-bound and fluid phases;
nonetheless, CFI alone cannot accomplish this cleavage, and
it must be aided with cofactors as factor H (CFH), C4b-
binding protein (C4BP), CD35 (complement receptor type 1,
CR1), and CD46 (membrane cofactor protein, MCP).*7-8!
In the presence of CFI and appropriate cofactors, C3b and
C4b are degraded into inactive fragments iC3b and iC4b.
iC3b then participates in other immune activities, including
down-regulating inflammasome activation, enhancing B cell-
mediated response, and targeting pathogens for phagocytosis.>>
However, no immunological function has been found in iC4b
so far™ CDS55, namely, decay-accelerating factor (DAF),
down-modulates complement cascades by promoting the
disassembly of key enzymes C3 convertase and C5 convertase
in all three pathways.54 Notably, CFI cofactors CFH, C4BP,
and CD35 also have similar decay-accelerating activity in
complement regulation; as CFH and C4BP dissociate C3/
C5 convertases C3bBb/C3bBbC3b and C4bC2a/C4bC2aC3b
in AP and CP/LP, respectively, while C4BP degrades C3/
C5 convertases in all three pathways.*’~® In contrast to decay-
accelerating activity, properdin up-regulates AP of complement
cascade by stabilizing C3 and C5 convertases.”’

Complement system in cancer treatment

The activation of the complement system is limited to foreign
tissues, yet its components can be detected on the surface of

cancerous host cells and in the biological fluids of cancer
patients.'>'® An elevated level of complement activation has
been reported in patients diagnosed with solid cancer such as
breast, ovarian, lung, digestive tract, brain cancers, and blood
cell tumors.>>** Complement activation can have both anti
and pro-cancer effects. It triggers the clearance of cancerous
cells by CDC, whereas its products (like C3a and C5a) are
involved in inflammation as well as in angiogenesis in cancer
progression.®™*® Despite the controversial role of some
complement components in cancer progression, CDC itself is
detrimental to cancerous cells. In order to escape from CDC,
cancer cells overexpress negative complement regulators and
inhibitory proteins including both membrane (CD55, CD59,
CD46) and soluble (CFH, CFI, C4BP) ones.”>®% The over-
expression of negative complement regulators and inhibitory
proteins, together with other immune escape strategies of
cancer cells, leads to a lack of specificity and potency for the
response of an innate immune system, including the com-
plement system, to cancer cells.’”*® Figure 2

Therapeutic mAbs are widely applied in cancer treatment
by redirecting the immune system to attack and/or suppress
cancer cells, and the complement system plays a critical role in
this process, in particular, in the elimination of lymphoma
B cells by anti-CD20 mAbs.®® CD20 is a non-glycosylated,
four-transmembrane phosphoprotein expressed during B cell
differentiation from the pro-B cell to the plasma cell. As a
general marker of B cells, CD20 has been the best-studied
biomarker and mAb drug target in lymphoma treatment in the
past two decades. Indeed, CD-20 targeting mAb rituximab, a
murine-human chimeric mAb developed for NHL treatment,
is the first FDA (U.S. Food and Drug Administration) ap-
proved therapeutic mAb.” Second generation anti-CD20
mAbs, including ofatumumab, ocrelizumab, and veltuzu-
mab are Fc-engineered to be more humanized compared to
rituximab, especially ofatumumab, which is an FDA-approved
fully human anti-CD20 mAbs.” Obinutuzumab and ocar-
atuzumab are third generation anti-CD20 mAbs that are fully
humanized and engineered.”” However, patients might suffer
various detrimental symptoms in anti-CD20 mAbs treatment.
As anti-CD20 mAbs cause B-cell deletion and some degree of
immunodeficiency, infectious complications are not uncom-
mon in patients; infusion-related reactions (IRR) (e.g., urti-
caria, fever, and chills) are also common adverse events in anti-
CD20 therapy and some high-grade adverse events can even
be fatal.”® Monoclonal antibodies binding to CD20 antigens
can elicit cytolytic responses by multiple parallel effector
pathways, including CDC, antibody-dependent cell-mediated
cytotoxicity (ADCC), and direct induction of apoptosis.*
CDC and ADCC interact in a complementary manner and
ADCC is synchronously promoted once CDC is activated.®'
Previous in vitro studies have suggested that CDC and ADCC
together enhance mAb-dependent NK cell-mediated cyto-
toxicity.®' This review would mainly discuss the CDC potency
of anti-CD20 mAbs.
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Anti-Cd20 Source Major FDA-approved Side Effects Appr
Monoclonal Mechanisms indications oval
Antibodies Year
Rituximab Murine-human | CDC, NHL, CLL, IRR (e.g., urticaria, fever, | 1997
chimeric IgGl | ADCC, GPA, MPA and chills), hypotension,
PCD,ADCP rigors, bronchospasm,
angioedema, cardiac
arrhythmias, acute
coronary syndromes, and
the development of acute
interstitial lung disease
Y90-Ibritumomab | Murine IgGlx | High CDC, relapsed or neutropenia, leukopenia, | 2009
Low ADCC refractory thrombocytopenia,
low-grade, anemia, infection,
follicular or asthenia, musculoskeletal
transformed symptoms and
B-cell NHL, gastrointestinal
including symptoms
patients that are
refractory to
rituximab
Tositumomab Murine IgG2ak | Low CDC, CD20 positive | neutropenia, 2003
High ADCC | relapsed or thrombocytopenia,
refractory anemia, infections,
low-grade, infusion reactions,
follicular or asthenia, fever, and
transformed nausca
NHL, including
patients with
rituximab
refractory
disease
Ofatumumab Fully Human High CDC Refractory or IRR, neutropenia 2009
IgGlk conventional
therapy
intolerant CLL
Obinutuzumab Humanized Low CDC, With IRR, neutropenia, 2013
IgG2x High PCD, chlorambucil pneumonia
High ADCC | for previously
untreated CLL
QOcrelizumab Humanized Low CDC, RRMS, PPMS | IRR, an increased risk of | 2017
IgGl High ADCC serious infectious
rcactions (c.g. hepatitis B
reactivation), PML

Figure 2. FDA-approved anti-CD20 mAbs in clinical treatment.®>~’® Abbreviation: CDC, complement-dependent lysis; ADCC,
antibody-dependent cell-mediated cytotoxicity; PCD, programmed cell death; ADCP, Antibody-dependent cellular phagocytosis;
NHL, non-Hodgkin’s lymphoma; CLL, chronic lymphocytic leukemia; RA, Rheumatoid arthritis; GPA, granulomatosis with polyangiitis;
MPA, microscopic polyangiitis; IRR, Infusion-related reactions; RRMS, relapsing-remitting multiple sclerosis; PPMS, pemphigus multiple

sclerosis; PML, progressive multifocal leukoencephalopathy.

According to their different effector mechanisms, anti-
CD20 mAbs can be classified into two types. Type I mAbs,
including rituximab, ocrelizumab, ofatumumab, veltuzu-
mab, and ocaratuzumab, are potent in inducing CDC, but
less effective in activating cell death; By contrast, type 11
mAbs like obinutuzumab is an effective activator of ap-
optotic or non-apoptotic cell death with no significant
effect in complement activation.®® Both type I and type II
mAbs can recruit complement, though, type I mAb has a
semi-saturation value 10 to 1000 times lower than type 11
mAbs when recruiting complement to a similar level, and

some type Il mAbs hardly activate any CDC.* Due to its
hydrophobic properties, CD20 has a rather low affinity to
lipid rafts, causing difficulties for MAC deposition around
mAb:CD20 binding area on the cell surface. Lipid rafts are
cholesterols and glycosphingolipids enriched micro-
domains on the cell surface facilitating bioactivities of the
bilayer.**%-** Cholesterol enrichment on the cell surface
provides a favorable environment for MAC deposition,
further elevating CDC.5*#*%4 Previous research on human
erythrocytes has shown that in cholesterol-rich cells with
antisera and complement, a 30%-50% hemolysis could be
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observed, whereas cholesterol-depleted cells under the
same incubation conditions remained nearly intact.*> Only
type I mAbs can redistribute CD20 molecules to lipid rafts
on the cell surface, and thus type I anti-CD20 mAbs rather
than type II are effective in activating CDC Figure 3.5%%
Besides, the different binding properties of type I and type
II mAbs to CD20 can result in their different cytotoxic
effects. The study of Diebolder et al. revealed that com-
plement is activated by IgG hexamers assembled at the
surface of the target cell.*® In the hexameric IgG-Cl
binding model, the hexameric platform in the center was
arranged by six Fc fragments, one Fab arm of each antibody
was positioned at the height of the platform while the other
Fab arm was placed vertically to the platform and bound
the membrane-associated antigen, and the collagen-like
stem of Clq bound to Fc fragments at the hexameric
platform.®® Kumar et al. found that when the Fab fragments
of type I mAbs rituximab and ofatumumab bound to CD
20 with the Fab arms oriented in opposite directions, which
was similar to the conformation of Fab fragments in the
hexameric IgG-C1 binding model; and in contrast to type I,
Fab fragments of type Il mAb obinutuzumab bound to CD
20 nearly vertically to the membrane plane.®” On the other
hand, type I mAbs bind twice as many type Il mAbs to a
certain B cell type. Type II forms 1:2 (mAb: CD20)
“terminal” complexes that preclude binding of additional
mAbs; While type I forms 1:2 or 2:1 (mAb: CD20)
“seeding” complexes that enable subsequent concatenation

of mAb or CD20 molecules, leading to an increased local
concentration of Fc fragments and an enhancement of their
oligomerization for C1q recruitment.®’

The off-rate of antibody may also account for the dif-
ferent CDC potency of anti-CD20 mAbs, however, there are
contradictory results about the contribution of anti-CD20
mAbs’ off-rate to their CDC potency in previous studies.®®
Li et al. found that in rituximab and its modulated mutants,
CDC potency was independent of the off-rate.** Golden-
berg et al. also suggested that the off-rate difference between
mAbs is not related to an enhanced CDC, as though they
observed a significantly slower off-rate in veltuzumab
compared to rituximab in all three cell lines used in their
studies (Daudi, Raji, and Ramos), only in Daudi cells
veltuzumab showed an enhanced CDC.”® By contrast,
Teeling et al. reported that using a non-complement acti-
vating F (ab’)2 anti-human « reagent to mitigate rituximab’s
off-rate can enhance its CDC potency;”' However, in their
follow-on research, they generated a new anti-CD20 mAb
2C6 (IgG1) and found that 2C6 which had a faster off-rate
than rituximab showed a significantly higher potency than
rituximab in activating CDC.”?

Manipulations of complement cascade as
anti-cancer strategies

Even though rituximab functions successfully in treating
most lymphoma cases, its effectiveness can be limited due
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to inter-individual variability, resulting in rituximab re-
sistance in a subset of patients.'® Early phase II trials have
shown that the response rate of rituximab for follicular or
low-grade lymphomas is only about 50% and that for
intermediate- to high-grade lymphomas is even lower.'*?
A dose-escalation trial on CLL patients has demonstrated
that a higher rituximab dose could lead to a higher response
rate.”* On the other hand, a higher level of rituximab can
also cause worse adverse reactions in patients with little
difference in their survival rate.”> Some previous studies
have suggested that the dosage of rituximab should be
tailored precisely to patients’ conditions, or much simpler,
increased overall.”’ However, in order to increase thera-
peutic efficacy, and preserve safety in the clinic, it is more
rational to reduce rituximab dosage and increase anti-
cancer efficacy via combination therapies. For example,
in CLL treatment, apoptosis-inducing agents, such as
fludarabine, cyclophosphamide, and bendamustine com-
bined with rituximab have been the most commonly used
chemoimmunotherapy regimens for patients.'' Venetoclax,
a mimetic of the anti-apoptotic B-cell lymphoma-2 (Bcl-2)
protein that results in programmed cell death of CLL cells,
is also used in combination with rituximab.'? However, all
these compounds targeting the apoptosis pathway can also
cause modest to severe side effects, especially for CLL
patients who are elderly and/or have comorbidities."?
CDC pathway can be a promising target for combi-
nation therapy development. Previous studies have found
that manipulating the complement cascade can enhance
the CDC of type I anti-CD20 mAbs in lymphoma cells
in vitro. Some recent research has reported that by in-
troducing gain-of-function complement protein mutants,
an enhancement effect on lymphocytolysis mediated by
type I anti-CD20 mAbs can be observed in vitro. Felberg
A. et al. have found that under a restricted complement
concentration, adding quadruple hyperactive factor B
mutants D279 G, F286 L, K323 E, Y363 A, or selected
single mutants could lead to a significantly increased
cytolysis in ofatumumab-resistant lymphoma cells (Na-
malwa and SU-DHL-8 cells), as well as complete lysis of
moderately sensitive lymphoma cells (Raji and WSU-
NHL cells)." The increased rituximab-mediated CDC
might result from hyperactive convertases formed by
those mutants, which can be observed to have a more
intense cytolysis effect at the same time and a slower
decay compared with wild-type convertases in the he-
molytic assay.' Notably, in 2020, Urban A. et al. further
reported a complement C2 gain-of-function mutant,
S250 C, in an atypical hemolytic uremic syndrome
(aHUS) patient. They found that this natural mutant,
S250 C, together with the positive control in their study, a
C2 mutant designed in silico, Y347 A (equivalent to
Y363 A mutation in factor B), has a significantly higher
cytolysis activity in lymphoma Raji and Ramos cell lines

compared with wildtype C2 and other mutants found in
aHUS patients 2. In addition, S250 C and Y347 A are also
examined to be able to form hyperactive and more stable
C3/C5 convertases in the presence of ofatumumab.? Their
latest research published in 2022 suggested that optimized
C2 variants had a universal property of enhancing anti-
CD20 mAbs combination therapy, not limited to type I
mADbs.”® For type I mAbs, they reported that supple-
mentation of patients’ sera with gain-of-function
C2 mutants can reduce the effective rituximab dose;
Besides, gain-of-function C2 mutants can also enhance
CDC activated by type I anti-CD20 mAbs toward resistant
CLL cells.”® As for type II mAbs, they observed a sig-
nificantly increased cytocidal effect in Raji cells that were
sensitized with type Il anti-CD20 mAb obinutuzumab and
supplemented with gain-of-function C2 variants; How-
ever, the mechanism behind the enhanced CDC still needs
more experimental evidence to discover.”®
Manipulation of complement cascade by down-
regulating negative complement regulators and inhibi-
tory proteins can also serve as a rational strategy for
increasing the anti-cancer activity of anti-CD20 mAbs. Ge
et al. also demonstrated that in rituximab-resistant Raji
32 and LY8 cells, herbal products curcumin and perillyl
alcohol can suppress the expression of only inducible
CD59 but not CD20 and consequently sensitize those
rituximab-resistant B lymphoma cells to CDC effect.”’
Besides, in a series of in vitro studies using blood samples
from prolymphocytic leukemia (PLL) and B-cell chronic
leukemia (B-CLL) patients, Golay J. and his colleagues
also found that in the presence of antibodies blocking
negative complement regulators and inhibitory proteins,
the lymphocytolysis efficacy of rituximab could be sig-
nificantly improved.’® They reported a lymphocytolysis at
2- to 3-fold increase with adding a single blocking an-
tibody and up to 10-fold increase with adding both anti-
CDS55 and anti-CD59 in samples from patients with low
rituximab-mediated CDC (less than 10%); However, in
high responders group (more than 50% rituximab-
mediated CDC), lymphocytolysis was complete in the
presence of single blocking antibodies.”® Golay J et al.
also reported that the expression of CDS55 and
CD59 shows high individual variability; this was ob-
served as an up to 100-fold (CD55) or 10-fold (CD59)
difference in the mean fluorescence intensity respectively.
However, it was also demonstrated that there is no cor-
relation between lymphocytolysis and the expression
level of CD55 and CD59, and that the complement
cascade could be efficiently blocked even at low levels of
CD55 and/or CD59.”® Hence, we might expect that the
stability of C3/C5 convertases, rather than the expression
level of their inhibitors, plays a more important role in
alleviating decay-accelerating and further enhancing the
efficacy of type I anti- CD20 mAbs. However, studies on
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the role of inhibitors and the gain-of-function components
of complement convertases in CDC mediated by type 1
anti-CD20 mAbs are quite limited, and the hypothesis that
improving the stability of complement convertases could
enhance the efficacy of type I anti-CD20 mAbs still needs
more experimental evidence to back up. Besides, as we
mentioned before, the products of C3/C5 convertases:
C3a and C5a, play a controversial role in cancer pro-
gression. However, as these anaphylatoxins participate in
the promotion of angiogenesis and the recruitment of
myeloid-derived suppressor cells, this is more the case in
solid tumors such as ovarian cancer, their role in lym-
phoma and immunotherapy may have limited
importance.*'” The development of a rational clinical
strategy for anti-CD20 mAbs application based on
complement cascade manipulation, especially in blocking
the decay-accelerating of complement convertases, still
has a long way to go through.

Discussion

This review discussed the role of the complement system in
anti-CD20 therapy for lymphoma. The complement system
is an important part of innate immune defense against
invading pathogens as well as cancerous host cells. To
protect host tissues from CDC, the complement cascade is
restricted by complement regulators and inhibitory pro-
teins. Overexpressing negative complement regulators and
inhibitory proteins to block CDC is an important immune
escape strategy for cancerous cells. Anti-CD20 mAbs are
well-established therapies for B cell lymphomas that can
induce cytolytic responses including CDC, ADCC, and
direct induction of apoptosis. Manipulation of the com-
plement cascade is a promising strategy to improve ther-
apeutic efficacy and preserve the safety of anti-CD20 mAs.
Anti-CD20 mAbs can be classified into two types by their
different effector mechanisms. Type I mAbs like rituximab
and ofatumumab are potent CDC activators but are less
effective in activating cell death; In contrast to type I, type
IT mAbs like obinutuzumab are potent apoptotic or non-
apoptotic cell death activators with no significant effect in
CDC activation.

Previous in vitro studies suggested that CDC can be
enhanced in the presence of optimized complement pro-
teins. Felberg A. et al. found that gain-of-function factor B
mutants could lead to increase cytolysis in ofatumumab-
resistant lymphoma cells as well as complete lysis of
moderately sensitive lymphoma cells.! Urban A. et al. also
reported that in the presence of gain-of-function
C2 mutants, the cytolysis activity in lymphoma Raji and
Ramos cell lines significantly increased compared with
wildtype and other C2 mutants’; their follow research
further revealed that gain-of-function C2 mutants could not
only enhance CDC activated by type I mAbs but also

increase the cytocidal effect of by type II mAbs in lym-
phoma cell lines.”® Another strategy to manipulate the
complement cascade is the down-regulation of negative
complement regulators and inhibitory proteins. The study
of Ge et al. indicated that herbal products curcumin and
perillyl alcohol could activate rituximab-mediated CDC in
rituximab-resistant B lymphoma cell lines by the inhibition
of CD59 expression.”” In blood samples from lymphoma
patients with less than 10% rituximab-mediated CDC,
Golay J et al. observed a 2- to 3-fold increase of lym-
phocytolysis by adding a single anti-CDS55 or anti-CD59
blocking antibody and an up to 10-fold increase by adding
both antibodies.”

There are still limitations in this review. On the one
hand, as this review focused on the complement system in
anti-CD20 mAbs therapies, there is a lack of in-depth
expansion on the effects of anti-CD20 mAbs on ADCP
and apoptosis. On the other hand, though models of anti-
CD20 mAbs binding to C1q and CD20 were discussed in
this review, a systematic sorting-out of the research results
about the protein structural study of complement com-
ponents has not been included. Besides, due to the lack of
publication about the in vivo experimental evidence of
optimized complement proteins or inhibitors of negative
complement regulators and inhibitory proteins in the use
of boosting the efficacy of anti-CD20 monoclonal anti-
bodies, this review can only provide a theoretical sug-
gestion of the clinical prospect of manipulating the
complement system in lymphoma treatment. In a word,
this review is based on the author’s own analysis and
summary of publications about the complement system
and anti-CD20 mAbs. Although the analysis process is as
objective as possible, it still has subjectivity and limitation
to some extent.

Conclusion

Anti-CD20 mAbs therapy is a mutual strategy for lym-
phoma treatment, and the activation of CDC is an important
mechanism of anti-CD20 mAbs eliminating cancerous
cells. Previous in vitro studies have suggested that ma-
nipulation of the complement cascade can boost the cy-
tolysis activity of anti-CD20 mAbs in lymphoma cell lines.
There are two manipulation strategies that are reported to
be able to result in an increased mAbs-mediated CDC:
adding gain-of-function complement C2/factor B mutants
and inhibiting negative complement regulators and in-
hibitory proteins. However, the in vivo evidence for the
potency of complement system manipulation in treating
lymphoma is still lacking. Therefore, the development of a
practical clinical strategy for anti-CD20 mAbs application
based on complement cascade manipulation still has a long
way to go through.
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