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Abstract: The complement system is a vital part of the immune system, and its activation can eliminate malignant
tumor cells. Complement regulatory proteins (CRPs) can regulate complement activation precisely. However, studies
have reported that some cancer types upregulate CRPs, and the upregulated CRPs inhibit complement activation
and membrane attack complex formation, and they restrict T cell activation, proliferation and differentiation; this
helps tumor cells escape immune attacks and leads to the poor prognosis of patients with tumors. Furthermore,
anti-tumor monoclonal antibodies (mAbs) can induce anti-tumor effects through complement-dependent cytotoxic-
ity and antibody-dependent cell-mediated cytotoxicity by activating the complement system. Upregulated CRPs on
tumor cells limit the therapeutic efficacy of mAbs in tumor immunotherapy. Thus, targeting CRPs to treat patients
with tumors is essential in tumor immunotherapy. Here, we present a review of the most recent studies that have in-
vestigated the role of CRPs in tumor immunity, T cell response and immunotherapy, and the mechanisms underlying
CRPs’ overexpression in tumor cells. We also discuss the approaches to targeting CRPs to improve the therapeutic
efficacy of mAbs in tumor immunotherapy and emphasize the chief challenges of each approach for better applica-
tions in clinical settings.
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Introduction proteases -1 and 2 to regulate the lectin path-
way [3]. CFl is a common regulator of the three
complement activation pathways and cleaves
C3b and C4b by the cofactors CFH, C4BP,
CD46, CR1, etc., thereby hindering the forma-
tion and activities of C3 and C5 convertases
[4]. With the multiple binding sites of C3b, CFH
impedes the formation of C3 convertase by act-
ing as a CFl cofactor in the alternative pathway
[5]; moreover, CFH can contribute to the decay-
accelerating activity of C3 convertase of the
classical pathway. Factor H-like protein 1 (FHL-

Activation of the complement system can elimi-
nate malignant tumor cells by causing comple-
ment-dependent cytotoxicity (CDC) and enhanc-
ing antibody-dependent cell-mediated cytotox-
icity (ADCC) [1, 2]. Complement regulatory pro-
teins (CRPs), comprising soluble CRPs (sCRPs)
and membrane-bound CRPs (mCRPs), can
regulate complement activation in different
stages of the classical, lectin, and alternative
pathways.

sCRPs primarily comprise C1 inhibitors (C1INH),
complement factor | (CFl), complement factor H
(CFH), C4 binding protein (C4BP) and clusterin/
vitronectin. C1INH is a serine protease inhibitor
which can bind serine proteases Cl1r and Cls,
isolate C1 complexes and block the initiation of
the classical pathway. In addition, C1INH can
bind the mannose-binding lectin-related serine

1) exhibits similar complement regulatory func-
tions as CFH and can bind to C3b, thereby hin-
dering C3 convertase. C4BP can regulate the
classical and lectin pathways by inhibiting their
C3 convertase [6]. Clusterin/vitronectin can
prevent the binding of sC5b67 to the cell mem-
brane, thereby hindering the formation of MAC
[7].
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MCRPs primarily comprise CD46, CD55, CD59
and CD35; CD46 inhibits the formation of C3
convertase of the alternative and classical
pathways by combining C3b. CD46 also exhib-
its the cofactor property of CFl [8]. CD55 is a
glycosylphosphatidylinositol (GPI) glycoprotein;
it exists in anchored form and prevents C4b2a
and C3bBb formation, thereby inhibiting com-
plement C3 activation [9]. CD59, a small GPI-
anchored glycoprotein with a globular struc-
ture, can inhibit the formation of MAC by bind-
ing C8 and C9, thereby blocking complement-
mediated cell lysis [10]. CD35 can recognize
C3b and C4b, leading to a decay-accelerating
activity toward the C3 and C5 convertases [11].
Furthermore, CUB and Sushi multiple domain 1
(CSMD1), a transmembrane protein, can inhibit
complement activation by promoting CFl-
mediated C4b/C3b degradation and inhibit the
MAC assembly at the C7 level [12].

Unpredictably, the CRPs on tumor cells are reg-
ulated to protect themselves from complement
attack, affecting the prognosis of patients with
tumors and resisting mAb-mediated killing in
immunotherapy. In addition, mMCRPs suppress T
cell anti-tumor responses. Hence, targeting
CRPs is crucial for treating patients with tumors.
This review focuses on the role of CRPs in tumor
immunity, T cell response and immunotherapy
and discusses the approaches to improve the
efficacy of mAbs by targeting CRPs. This review
also emphasizes the chief challenges of each
approach for better applications in clinical set-
tings in the future.

Role of sCRPs in tumor immunity

Inhibiting sCRPs could inhibit tumor growth.
Both CFH and FHL-1 are upregulated in some
tumor cells, including lung cancer cells [13],
cutaneous squamous cell carcinoma (cSCC)
cells [14] and liver cancer cells [15]. In lung can-
cer, upregulated CFH and FHL-1 can bind to the
surface of non-small cell lung cancer (NSCLC)
cells to avert C3b deposition in their cell mem-
branes, thereby hindering complement activa-
tion [13]; this suggests that upregulated CHF in
tumor cells renders the cells resistant to com-
plement-mediated lysis. The in vivo growth of
CFH-deficient cells in athymic mice was report-
edly considerably declined and recovered when
mice were depleted of the complement using
cobra venom factor [16]. In addition, CFH over-
expression in lung adenocarcinoma is associ-
ated with a poor prognosis [17]. In ¢SCC, the
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knockdown of CFH and FHL-1 expression
repressed the proliferation and migration of
¢SCC cells [14]. In liver cancer, tumor-initiating
cells upregulated CFH and C7, and their overex-
pression could upregulate the expression of
stemness factors by inducing the expression of
late SV40 factor. Besides, the knockdown of C7
and CFH expression abrogates tumorsphere
formation and induces differentiation [15],
demonstrating that CFH and C7 play vital roles
in maintaining stemness in liver tumor-initiating
cells. Riihila et al. reported that the IFN-y could
upregulate the expression of CFH by cSCC cells,
and basal CFH and FHL-1 expression was
dependent on extracellular signal-regulated
kinase (ERK) 1/2 and p38 signaling [14].

Other sCRPs are also crucial in helping tumor
cells escape immune attack. In liver cancer, the
knockdown of C4BPa noticeably augments the
deposition of C5b-9 in vitro and in vivo [18].
Data obtained from a clinic scrutinizing patients
with breast cancer revealed that CFI correlated
with a considerably short cancer-specific sur-
vival [19]. In NSCLC cells, the tumor cells pro-
duce CFI and C4BP, thereby decreasing C3
deposition and CDC in vitro [20]. Furthermore,
the knockdown of CFl expression potently inhib-
its the growth of human cSCC xenograft tumors
in vivo [21].

The role of mCRPs in tumor immunity and their
mechanisms of overexpression

Compared with sCRPs, the role of mCRPs in
tumors has been investigated comprehensive-
ly. AlImost all cancer types highly express at
least one mCRP, and some cancer types
express two or three, compared with normal tis-
sues. mMCRP overexpression in some tumors
types indicates a poor prognosis in patients
with breast cancer [22], colorectal cancer [23],
ovarian cancer [24], and other cancers. A
recent study reported that CD55 and CD59 are
clinically relevant for the differentiation and
TNM staging of colon cancer [25]. In lung can-
cer cells, CD59 is overexpressed and inhibits
the formation of MAC. Further, the weight of
nude mice tumor grafts markedly decreases,
and the survival rate markedly increases, upon
silencing CD59 [26]. In breast cancer, the
knockdown of CD59 significantly inhibits MDA-
MB-231-HM cell growth both in vitro and in vivo
[22]. Furthermore, in NSCLC cancer cells, the
declined expression of CD59 results in the
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increased expression of caspase-3 and Fas
and decreases the expression of Bcl-2 [26],
indicating that CD59 could regulate the apopto-
sis of cancer cells. The overexpression of CD55
in colon cancer cells restricts their sensitivity to
CDC triggered by the heterologous expression
of a-gal xenoantigen [27]. In prostate cancer,
the expression of CD55 is associated with poor
patient survival and is found to be increased in
epithelial cells. Downregulation of CD55 via
small interfering RNA (siRNA) in prostate tumor
epithelial cells significantly reduces the overall
tumor burden in vivo in severe combined immu-
nodeficiency (SCID) mice [28]. In addition, a ret-
rospective study reported that the overexpres-
sion of CD55 or CD59 results in a higher relapse
rate in patients with breast cancer [29]. In cer-
vical carcinoma, a low expression of CD46 is
significantly associated with the deposition of
C3 [30].

Several studies have previously reported the
mechanisms underlying mCRP overexpression
on tumor cells. Tumor cells or tumor stromal
cells can secrete vascular endothelial growth
factor (VEGF), which induces the upregulation
of mCRPs [31]. Cytokines, such as IL-6, IL-1B
and TNF-«, can upregulate the expression of
CD59 and CD55 on hepatocellular carcinoma
cells [32]. Both epidermal growth factor and
prostaglandin E2 can upregulate the expres-
sion of CD55 in colorectal cancer [33]. Du et al.
reported that Spi, the extensively expressed
transcription factor, may regulate the constitu-
tive expression of CD59, whereas CREB-binding
protein (CBP)/p300 bridge NF-kB and CREB,
which surprisingly function as enhancer-binding
proteins that induce CD59 upregulation during
lipopolysaccharide (LPS)-triggered comple-
ment activation [34]. Likewise, Cui et al. report-
ed hepatitis B X-interacting protein could upreg-
ulate CD59, CD55, and CD46 through
p-ERK1/2/NF-kB signaling to protect breast
cancer cells from CDC [35]. In addition, signal
transducers and activators of transcription 3
(STAT3) are activated in many tumor cell types
[36], and their activation could induce the
expression of CD46 and protect tumor cells
from CDC [37]. Interestingly, two studies report-
ed that microRNA (miRNA) participates in regu-
lating the expression of mMCRPs in tumors. In
breast cancer cells, miR-520b and miR-520e
could sensitize these cells to CDC by directly
targeting 3-UTR of CD46. Furthermore, the
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overexpression of miR-520b and miR-520e led
to the increased deposition of C3b [38]. In
K562 cells, the overexpression of miR-217 and
-200 (b and c) could enhance the expression of
CD55 and CD46 but not of CD59 [39].
Additionally, sublytic MAC, a complement acti-
vation product, could surprisingly promote
tumor cell activation [40]; however, the underly-
ing mechanism warrants further investigation.
Besides, sublytic MAC and C5a can increase
the expression of CD59 by activating the NF-kB
and CREBsignaling pathways [34]. Nonetheless,
the underlying mechanisms that regulate the
expression of CRPs require further comprehen-
sive investigation to elucidate how tumor cells
upregulate CRPs.

The role of CRPs in T cell anti-tumor immune
responses

Several recent studies have reported that CRPs
participate in T cell anti-tumor immune respons-
es and that these CRP functions may be com-
plement-dependent or beyond complement
regulation. Mostly, these CRPs comprise
mMCRPs.

CD59 in T cell anti-tumor immune responses:
CD59 is reportedly upregulated on human acti-
vated CD4* T cells. A CD59 blockade with
CD59-specific antibodies can enhance the
response of human CD4* T cells isolated from
patients with colorectal cancer [41]. Likewise,
Xie et al. reported that the activation and prolif-
eration of CD4* and CD8* T cells were enhanced
by the gene silencing of CD59 by siRNA. In addi-
tion, the mechanism by which CD59 suppress-
es the antigen-specific activation of human T
cells involves binding its ligand on antigen-pre-
senting cells (APCs) [42]. However, the prolifer-
ation of CD4" T cells was reportedly enhanced
in CD59a knockout mice, whereas CD8* T cell
responses remained unaffected [43]; a possi-
ble reason for this finding could be a difference
in the function of CD59 between mice and
humans. For example, it showed impaired T cell
responses in patients with paroxysmal noctur-
nal hemoglobinuria [44]. CD59 may act via the
kinase Lck to modulate T cell responses, and
Lck could alter the intracellular calcium con-
centration and eventually alter critical gene
expression for T cell activation and survival by
phosphorylating the immunoreceptor tyrosine-
based activation (ITAM) motifs of the T cell
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receptor (TCR)/CD3 complex [45, 46]. Lipp et
al. reported that CD59-mediated signaling is
strongly dependent on the TCR/CD3 surface
expression of Jurkat T cells and demonstrated
that Lck is a key component for signal trans-
duction from CD59 to the TCR/CD3 pathway
[47]. However, the underlying mechanism of
Lck-mediated signaling from CD59 to TCR/CD3
remains unclear.

CD55 in T cell anti-tumor immune responses:
The role of CD55 in T cell responses depends
on systemic complement activation and its
function may span beyond complement regula-
tion. In addition, CD55 controls the secretion of
cytokines on APCs and T cells. During primary T
cell activation, the absence of CD55 on APCs
and on T cells enhances T cell proliferation and
amplifies induced IFN-y-producing cells; the
effect was factor D- and, at least in part,
C5-dependent, indicating that local alternative
pathway activation is essential [9]. CD55-
deficient APCs produced significantly more C5a
and IL-12 and promoted a greater number of
IFN-y-producing T cells; this process was depen-
dent on the C5a receptor expressed on APCs
and demonstrated a correlation among CD55,
local complement activation, IL-12 and T cell-
produced IFN-y [48]. Furthermore, the co-stim-
ulation of human naive CD4* cells through
CD97/CD55 interaction d drives the activation,
expansion, and function of T regulatory type 1
(Trd) cells. Moreover, Trls proliferate and main-
tain their differentiated IL-10"&" phenotype via
CD55 re-stimulation, thereby demonstrating
that CD55 inhibits T cell function in an IL-10
dependent manner [49]. However, Fang et al.
reported that the lack of CD55 on the APCs of
naive mice did not alter their T cell stimulating
activity. In contrast, APCs derived from CD55-
knockout mice treated with inflammatory stim-
uli were more potent T cell stimulators than
those derived from similarly treated wild-type
mice. The acquisition of a higher T cell stimulat-
ing activity by APCs in challenged CD55-
knockout mice required C3 and C5aR and was
correlated with decreased surface PD-L1 and/
or increased CD40 expression [50], suggesting
that CD55 inhibits T cell immunity in the con-
text of systemic complement activation and
inflammation but does not play an intrinsic role
in either T cells or APCs during T cell-APC inter-
action. Capasso et al. reported that the direct
stimulation of CD55 on CD4* T cells with CD97
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can modulate the T cell activation but does not
interfere with CD55-mediated complement reg-
ulation [51], suggesting that the role of CD55
spans beyond complement regulation. This evi-
dence implies that the underlying mechanisms
of CD55 in the T cell response are complex and
diverse and warrant further investigation.
Furthermore, a clinical study based on the roles
of CD55 in T cell response in patients with
osteosarcoma reported the potential of tumor
vaccine targeting CD55 for cancer treatment
[52].

CD46 in T cell anti-tumor immune responses:
Some studies reported that CD46 could restrict
T cell responses through Trl and T helper type
1 (Th1) cells. Activation of human CD4 T cells
by anti-CD46 and anti-CD3 crosslinking leads
to the induction of Trl [53]; these cells secret a
large amount of IL.-10 and inhibit CD4 T-cell pro-
liferation. Besides, the ligation of CD46 with a
physiologically relevant ligand, such as C3b or a
pathogen, also induces Trl cell generation [54].
Furthermore, the co-stimulation of human CD4*
T cells with CD46 and CD3 leads to the differ-
entiation of a “switched” Th1 population, which
shuts down IFN-y secretion and upregulates
IL-10 [55]; and blocking CD46 can inhibit IL-10
production [56]. CD46 signaling in CD4* T cells
leads to a strong reduction in miRNA-150 lev-
els. Compared with IFN-y-secreting Thl cells,
CD46-induced “switched” IL-10-secreting Th1 T
cells increase the expression of miRNA-150,
suggesting that CD46 controls both Th1 activa-
tion and regulation by a miRNA-150-dependent
mechanism [55].

These findings indicate that CRPs play impor-
tant roles in inhibiting the T cell response in
tumor immunity (Figure 1). However, the mech-
anisms underlying the CRP inhibition of T cell
responses remain clear and warrant further
studies. Apparently, these data support the
fact that developing approaches targeting CRPs
is helpful in improving the anti-tumor T cell
responses in tumor immunotherapy.

Role of CRPs in immunotherapy

Anti-tumor monoclonal antibodies (mAbs), such
as rituximab and ipilimumab, are being increas-
ingly used for cancer therapy [57]; these mAbs
target different antigens to Kkill tumor cells
directly or indirectly by different mechanisms
(Figure 2) [1, 57, 58]. These mAbs are primarily

Int J Clin Exp Med 2019;12(4):3083-3094



CRPs and tumor immunotherapy

T cell

. 4
L Suppressing the activation and proliferation of CD4+ and CD8+ T cells ]

costimulation i
Suppressing T
cell responses

C» —IL12]>(CD4T ) — ——— INF-y
IFN-y-producing
I San effector T cell l

c5al Inhibiting local CD55 on APCs

complement activation

Blocking CD46 l

Tr1 — IL-10
C .
C[I!3ICD4'6 - CcD4aT Suppressing T
costimulation cell responses
Th1

—— INF-y

Figure 1. Mechanisms suppressing T cell responses by CRPs. A. APCs produce the MHC class ll-peptide complex
to present antigens to CD4* T cells and MHC class |-peptide complex to present antigens to CD8* T cells by binding
TCR, producing phosphorylated ITAM of CD3 and ultimately altering gene expression for their activation. The up-
regulated CD59 on T cells binds to its ligand on APCs to suppress the activation and proliferation of CD4* and CD8*
T cells. The signaling from CD59 to the TCR/CD3 complex may be mediated by Lck; however, several mechanisms
remain unclear to date. B. CD55 suppresses T cell responses though two pathways: (1) co-stimulation of naive CD4*
T cells with CD55/CD97 generates Trl, leading to the release of IL-10. (2) red lines, CD55 can inhibit the production
of INF-y by inhibiting the release of IL-12. CD55 on APCs inhibits local complement activation, leading to reduced
Cbha. By binding to its receptor on APCs, C5a upregulates IL-12 production, leading to the differentiation of T cells
into IFN-y-producing effector T cells. CD55 may suppress T cell responses by other mechanisms; however, these
mechanisms warrant further investigation. C. Co-stimulation of CD4* T cells with CD3/CD46 generates Trd, resulting
in the release of IL.-10 (blue lines), which also leads to the shutdown of the release of INF-y (red lines) and increases
in the release of IL-10 on Th1 (blue lines). Besides, blocking CD46 on activated CD4* T cells suppresses the release
of IL-10 (red lines).

1g8G1 and IgG2, and their Fc region can activate poor efficacy of mAbs in tumor immunotherapy.
the complement by binding Clq, leading to Thus, understanding the relevant resistance
CDC and enhanced ADCC. However, tumor cells mechanisms is essential to improving the ther-
resist mAb-mediated Killing, resulting in the apeutic efficacy of mAbs.
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Figure 2. Effector mechanisms of anti-tumor mAbs to
kill tumors in tumor immunotherapy. A. mAbs binding
to the target antigen on the tumor cell surface can
be recognized by Fcy-receptors (FCRs) expressed on
immune cells, such as natural killer (NK) cells, and
macrophages, or some T-cell subsets, resulting in
ADCC. C1q binding to the mAb Fc region can activate
the classical pathway of the complement system
and result in the deposition of C3b or iC3b on cell
surface, which are opsonizing agents for cells hav-
ing CR3. In addition, complement activation can lead
to the formation of the MAC, resulting in CDC. ADCC
can be further enhanced by complement receptor
3 (CR3) binding to iC3b deposited on cell surface,
thereby enhancing FcR-mediated effector-cell bind-
ing and combining the above described mechanisms.
B. Some mAbs can target pro-apoptotic factors such
as the TNF receptor, TRAIL-R and could induce apop-
tosis in tumor cells via Fas or TRAIL pathways. C.
Growth arrest is caused by mAbs targeting receptors
for growth factors (e.g. cetuximab, rituximab).

Some studies have reported that the secretion
of sCRPs and the overexpression of mCRPs by
tumor cells are the primary reasons for the poor
efficacy of anti-tumor mAbs in tumor immuno-
therapy. For instance, the inhibition of CFH
binding CLL cells by the human recombinant
CFH-derived short-consensus repeat 18-20
(hSCR18-20) significantly boosts rituximab-
induced CDC [59]. In addition, a single nucleo-
tide polymorphism (rs3766404) in the CFH
gene is significantly related to event-free sur-
vival in rituximab-treated follicular lymphoma
(FL) [60]. Mamidi et al. reported a reduced
expression of mCRPs (CD59, CD55 and CD46)
on tumor cells, including breast cancer cells,
ovarian cancer cells, and lung cancer cells, by
siRNAs, leading to increased trastuzumab- and
pertuzumab-induced CDC. Besides, the anti-
body-induced C3 opsonization of these tumor
cells was found to be markedly enhanced [61].
In B cell acute lymphoblastic leukemia cells,
the simultaneous loss of expression of CD55
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and CD59 significantly increased the sensitivity
to the CDC induced by rituximab, ofatumumab
or alemtuzumab. In addition, the retrovirally
induced increment in CD55 or CD59 expres-
sion protects the cells from CDC [62]. The data
obtained from clinic scrutinizing patients with
breast cancer treated with adjuvant trastuzum-
ab demonstrated that patients with an overex-
pression of mCRP had a considerably shorter
survival than those with a low mCRP expression
[29]. Overall, these findings indicate that CRPs
inhibition could significantly reduce the resis-
tance of tumor cells to the mAb-induced com-
plement-mediated attack.

Approaches targeting CRPs to enhance tumor
killing

Based on the importance of CRPs in tumor
immunity, T cell responses and immunothera-
py, CRPs are crucial targets and potential
therapeutic strategies targeting CRPs have
been developed in immunotherapy (Figure 3).
However, these results have been obtained in
vitro or in murine models, and there is a lack of
such clinical data from humans. Hence, some
problems, such as their effects and safety, war-
rant resolution to avoid unwanted side effects,
such as hemolytic disease (wherein CD59 is
highly expressed in erythrocytes).

Studies regarding approaches targeting sCRPs
focus on CFH

Approaches targeting SCRPs comprise utilizing
their autoantibodies, neutralizing sCRPs and
blocking them from binding the tumor cell sur-
face. In 2010, Nita et al. reported autoantibod-
ies to CFH in the serum of patients with early
NSCLC [63]. Later, the CFH autoantibody was
proven to belong to the 1gG3 subclass. Purified
CFH autoantibodies isolated from patients with
lung cancer could restrict the binding of CFH to
A549 cells, increase C3b deposition, and result
in complement-dependent tumor cell lysis [64],
suggesting that using recombinant CFH auto-
antibodies which directly target CFH to treat
patients with cancer may be a feasible approach
in the future. However, a limitation of 1IgG3 anti-
bodies is their short serum half-life [65], which
needs further studies. Besides, rituximab-
induced CDC in B-cell chronic lymphocytic leu-
kemia (B-CLL) cells derived from patients sig-
nificantly enhanced by neutralizing CFH with
anti-CFH mAbs [66]. hSCR18-20 can block the
binding of CFH to the tumor cell surface by rep-
resenting the main binding domain of CFH. In
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Therapeutic strategies targeting CRP proteins

sCRPs
mAbs 0.: *

bsAbs % autoantibody/mAbs

mCRPs {t? 8

cancer-associated \

Transient yZ /

removal 4
/7 P
7/

EABBEEY // Chemotherapy ,I

: /
P 7 with mAbs
il /
"4 1

@0  DiMNF
Peptide

v

Figure 3. Approaches targeting tumor complement regulatory proteins
(CRPs). As several tumors upregulate the expression of mCRPs and sCRPs
to circumvent complement-mediated kKilling, certain strategies have been
developed to block/inhibit CRPs. At the protein level, CRP function can be
blocked by directly targeting those using antibodies of different formats
(e.g. autoantibody, bsAbs and anti-CRP mAbs). Besides, amino acid pep-
tides (e.g. rlLYd4) and small recombinant protein (e.g. Ad35K**) can block
CRPs in particular. h\SCR 18-20 can inhibit the binding of CFH to the tumor
cell surface. At the gene level, the expression of CRP can be regulated by
interfering with the expression level (e.g. siRNA, peptide, aryl hydrocarbon
receptor modulator DiMNF). Otherwise, chemotherapeutic drugs can down-
regulate mCRPs, thereby increasing the therapeutic efficacy.

CLL cells, rituximab- or ofatumumab-induced
CDC was significantly enhanced by utilizing
hSCR18-20 in vitro [59, 67]; however, their
effects in vivo warrant further investigation.

Approaches targeting mCRPs

SiRNA-mediated RNA interference (RNAI) is the
most efficient approach for silencing specific
genes encoding CRPs. For example, in uterine
serous carcinoma cell lines, the downregula-
tion of CD55 and CD59 by siRNA significantly
increases trastuzumab-induced CDC and ADCC
in vitro [68]. The critical problem with this
approach is the delivery of CRP-directed siRNA
to specifically target tumor cells in vivo and the
ideal delivery of CRP-specific siRNA to tumor
cells warrants the conjugation of targeting mol-
ecules, such as receptor ligands or antibodies
to lipid carriers. Cinci et al. reported that anti-
MCRP siRNAs were encapsulated in transfer-
rin-coupled lipoplexes for precise delivery to
transferrin receptor CD71"e" expressing SW-
480, DU145, and BT474, resulting in the effi-
cient silencing of all three mCRPs (up to 90%)
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and a significant increase in
CDC on CD71"e" tumor cells
[69]. AtuPLEX, a cationic lipid-
based siRNA delivery system,
can deliver anti-mCRP siRN-
AS to HER2 overexpressing
SKOV3, SK-BR-3, Calu-3 and
BT474 cancer cells, thereby
= @ resulting in an 85%-90% reduc-
tion in the mCRPs expression
and the augmentation of CDC
[61].

Neutralizing mCRPs should av-
oid damaging healthy tisues
and cells because of their
widespread expression in he-
althy cells. Neutralizing mCRPs
using an tibodies to them could
sinificantly increase mAb in-
duced CDC and ADCC to tumor
cells such as CLL cells and lung
carcinoma cells [2, 70], there-
by augmenting the therapeutic
effects of anti-tumor mAbs.
riLyd4, a CD59 inhibitor, can
sensitize rituximab-resistant ly-
mphoma cells to ofatumumab-
and rituximab-induced CDC bo-
th in vitro and in vivo [71, 72].
In addition, rlLYd4 did not adversely mediate
the hemolysis of CD59-expressing erythrocytes
in vivo [71]. Ad35K**, a small recombinant pro-
tein, can enhance the efficacy of trastuzumab,
alemtuzumab and rituximab by transiently
removing CD46; further, it is safe in CD46
transgenic mice and macaques [73]. Overall,
these in vivo and in vitro results suggest that
the neutralization of CRPs through appropriate
CRP inhibitors is feasible.

Perhaps, simultaneously targeting tumor-asso-
ciated antigen and mCRPs on tumor cells to
inhibit MCRPs could avoid damage to healthy
tissues and cells. Hence, bispecific antibodies
(bsAbs) are designed to improve efficacy of
mAbs in immunotherapy. Junnikkala et al. com-
bined biotinylated anti-CD59 antibody with
anti-GD-3 gangliosides on the surface of
human melanoma cells, causing a substantially
increased killing effect of the complement to
the tumor cells [74]. In cervical carcinoma cells,
BsAbs (anti-Ep-CAM*anti-CD55) were designed
to target CD55 and Ep-CAM, resulting in a two-
fold increase in C3 deposition in vitro [30]. In
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CLL cells, two bsAbs targeting CD20 and CD55
or CD59 could kill 4-25-times more cells than
the anti-CD20 recombinant antibody by the
CDC in vitro; further, the two bsAbs completely
prevent the development of human/SCID lym-
phoma in mice [75].

Interestingly, chemotherapeutic drugs can
improve the efficacy of anti-tumor mAbs in
immunotherapy as adjuvant therapy. In lung
carcinoma cell lines, cisplatin can downregu-
late the expression of CD55 and CD59, thereby
enhancing trastuzumab-induced CDC [70]. In
FL cell lines, fludarabine can downregulate the
expression of CD55, thereby increasing ritux-
imab-induced CDC [76]. In CLL cell lines,
sorafenib can downregulate three mCRPs by
inhibiting the STAT3 phosphorylation, thereby
increasing ofatumumab-induced CDC [37, 77].
In diffuse large B-cell lymphoma cell lines, a
recent study reported that gemcitabine (GEM)
could enhance the anti-tumor efficacy of ritux-
imab by upregulating the expression of CD20;
the mechanism underlying this upregulation
correlated with GEM-induced NF-kB activation
[78]. These studies suggest that the appropri-
ate combination could result in maximum ther-
apeutic outcomes in different tumors.

Other approaches inhibiting the expression of
CRPs are anticipated at the transcriptional lev-
els. Repressor element-silencing transcription
factor (REST) is reportedly expressed as a trun-
cated protein and is involved in the overexpres-
sion of CD59 in neuroblastoma and colorectal
cancer [79, 80]; this truncated isoform of REST
can be targeted with peptides to sensitize
tumor cells to CDC killing in neuroblastoma. In
addition, selective aryl hydrocarbon receptor
(AHR) modulators can regulate AHRs, thereby
inhibiting the expression of pro-inflam matory
genes. 3, 4-dimethoxy-a-naphthoflavone (Di-
MNF) is an AHR modulator that inhibits the
expression of CD55. The fluorescein reporter
assay shows that DiMNF acts on the promoter
of CD55 [81], suggesting that DiIMNF can target
CD55 to inhibit its expression. However, studies
regarding the expression of CRPs at the tran-
scriptional levels are limited at present.

Conclusions

Although CRPs can protect healthy human tis-
sues and cells from complement attack, the
upregulation of CRPs on tumor cells could ren-
der these cells safe from complement attack.
While these can promote tumor growth that
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leads to a poor prognosis in patients, they
could also inhibit mAb-induced complement-
mediated tumor killing, resulting in the poor
efficacy of anti-tumor mAbs in immunotherapy.
Furthermore, CRPs suppresstheT cell response
in tumor immunity. These functions of CRPs
may be complement-dependent or beyond
complement regulation. To date, several mech-
anisms remain unclear and warrant further
studies.

Based on the roles of CRPs in immunity and
immunotherapy, targeting CRPs in immunother-
apy is essential to treat tumors. Inhibiting CRPs
not only improves complement attack on tumor
cells and the therapeutic efficacy of mAbs but
also enhances the killing of T cells to tumor
cells. Although some approaches have been
developed to target CRPs, we lack patient data
to assess the effects and safety of those
approaches; thus, we expect to obtain data
from patients for future investigations. Further,
all approaches should avoid complement-medi-
ated immune disorders due to the widespread
expression of CRPs in normal cells. In the
future, the role of CRPs in immunity and immu-
notherapy should be further investigated to
develop novel strategies to enhance tumor Kill-
ing by targeting CRPs and to help elucidate the
mechanisms of escape of tumors and their
resistance to anti-tumor mAbs.

Acknowledgements

This work was supported by grants from the
National Natural Science Foundation of China
(31160233), the Science and Technology Fou-
ndation of Jiangxi Province (20142BAB204013),
and the Graduate Student Innovation Special
Foundation of Jiangxi Province (YC2018-S087).

Disclosure of conflict of interest
None.

Address correspondence to: Dr. Muying Ying, De-
partment of Molecular Biology and Biochemistry,
Basic Medical College of Nanchang University,
Bayi Road 603, Nanchang 330006, PR China.
Tel: 86-0791-85788326; Fax: 86-0791-857883-
26; E-mail: yingmuying@ncu.edu.cn

References
[1] Macor P and Tedesco F. Complement as effec-

tor system in cancer immunotherapy. Immunol
Lett 2007; 111: 6-13.

Int J Clin Exp Med 2019;12(4):3083-3094


mailto:yingmuying@ncu.edu.cn

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

[13]

CRPs and tumor immunotherapy

Mamidi S, Hone S, Teufel C, Sellner L, Zenz T
and Kirschfink M. Neutralization of membrane
complement regulators improves complement-
dependent effector functions of therapeutic
anticancer antibodies targeting leukemic cells.
Oncoimmunology 2015; 4: e979688.

Vinci G, Lynch NJ, Duponchel C, Lebastard TM,
Milon G, Stover C, Schwaeble W and Tosi M. In
vivo biosynthesis of endogenous and of hu-
man C1 inhibitor in transgenic mice: tissue dis-
tribution and colocalization of their expression.
J Immunol 2002; 169: 5948-5954.

Fraczek LA and Martin BK. Transcriptional con-
trol of genes for soluble complement cascade
regulatory proteins. Mol Immunol 2010; 48:
9-13.

Parente R, Clark SJ, Inforzato A and Day AJ.
Complement factor H in host defense and im-
mune evasion. Cell Mol Life Sci 2017; 74:
1605-1624.

Wenderfer SE, Soimo K, Wetsel RA and Braun
MC. Analysis of C4 and the C4 binding protein
in the MRL/Ipr mouse. Arthritis Res Ther 2007;
9: R114.

Murphy BF, Saunders JR, O’Bryan MK,
Kirszbaum L, Walker ID and d’Apice AJ. SP-40,
40 is an inhibitor of C5b-6-initiated haemoly-
sis. Int Immunol 1989; 1: 551-554.

Richards A, Kemp EJ, Liszewski MK, Goodship
JA, Lampe AK, Decorte R, Muslumanoglu MH,
Kavukcu S, Filler G, Pirson Y, Wen LS, Atkinson
JP and Goodship TH. Mutations in human com-
plement regulator, membrane cofactor protein
(CD46), predispose to development of familial
hemolytic uremic syndrome. Proc Natl Acad Sci
US A2003; 100: 12966-12971.

Heeger PS, Lalli PN, Lin F, Valujskikh A, Liu J,
Mugim N, Xu Y and Medof ME. Decay-
accelerating factor modulates induction of T
cell immunity. J Exp Med 2005; 201: 1523-
1530.

Bodian DL, Davis SJ, Morgan BP and Rushmere
NK. Mutational analysis of the active site and
antibody epitopes of the complement-inhibito-
ry glycoprotein, CD59. J Exp Med 1997; 185:
507-516.

Liu D and Niu ZX. The structure, genetic poly-
morphisms, expression and biological func-
tions of complement receptor type 1 (CR1/
CD35). Immunopharmacol Immunotoxicol
2009; 31: 524-535.

Escudero-Esparza A, Kalchishkova N, Kurbasic
E, Jiang WG and Blom AM. The novel comple-
ment inhibitor human CUB and Sushi multiple
domains 1 (CSMD1) protein promotes factor
I-mediated degradation of C4b and C3b and
inhibits the membrane attack complex assem-
bly. FASEB J 2013; 27: 5083-5093.

Ajona D, Castano Z, Garayoa M, Zudaire E,
Pajares MJ, Martinez A, Cuttitta F, Montuenga

3091

(14]

(15]

(16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

LM and Pio R. Expression of complement fac-
tor H by lung cancer cells: effects on the activa-
tion of the alternative pathway of complement.
Cancer Res 2004; 64: 6310-6318.

Riihila PM, Nissinen LM, Ala-aho R, Kallajoki
M, Grenman R, Meri S, Peltonen S, Peltonen J
and Kahari VM. Complement factor H: a bio-
marker for progression of cutaneous squa-
mous cell carcinoma. J Invest Dermatol 2014;
134: 498-506.

Seol HS, Lee SE, Song JS, Rhee JK, Singh SR,
Chang S and Jang SJ. Complement proteins C7
and CFH control the stemness of liver cancer
cells via LSF-1. Cancer Lett 2016; 372: 24-35.
Ajona D, Hsu YF, Corrales L, Montuenga LM
and Pio R. Down-regulation of human comple-
ment factor H sensitizes non-small cell lung
cancer cells to complement attack and reduc-
es in vivo tumor growth. J Immunol 2007; 178:
5991-5998.

Cui T, Chen Y, Knosel T, Yang L, Zoller K, Galler
K, Berndt A, Mihlan M, Zipfel PF and Petersen
I. Human complement factor H is a novel diag-
nostic marker for lung adenocarcinoma. Int J
Oncol 2011; 39: 161-168.

Feng G, Li J, Zheng M, Yang Z, Liu Y, Zhang S,
Ye L, Zhang W and Zhang X. Hepatitis B virus X
protein up-regulates C4b-binding protein alpha
through activating transcription factor Sp1 in
protection of hepatoma cells from comple-
ment attack. Oncotarget 2016; 7: 28013-
28026.

Okroj M, Holmquist E, Nilsson E, Anagnostaki
L, Jirstrom K and Blom AM. Local expression of
complement factor | in breast cancer cells cor-
relates with poor survival and recurrence.
Cancer Immunol Immunother 2015; 64: 467-
478.

Okroj M, Hsu YF, Ajona D, Pio R and Blom AM.
Non-small cell lung cancer cells produce a
functional set of complement factor | and its
soluble cofactors. Mol Immunol 2008; 45:
169-179.

Riihila P, Nissinen L, Farshchian M, Kivisaari A,
Ala-aho R, Kallajoki M, Grenman R, Meri S,
Peltonen S, Peltonen J and Kahari VM.
Complement factor | promotes progression of
cutaneous squamous cell carcinoma. J Invest
Dermatol 2015; 135: 579-588.

Ouyang Q, Zhang L, Jiang Y, Ni X, Chen S, Ye F,
Du Y, Huang L, Ding P, Wang N, Yang C, Huang
T,SunY, Li S, Xia Y, Hu W, Luo R and Shao Z.
The membrane complement regulatory protein
CD59 promotes tumor growth and predicts
poor prognosis in breast cancer. Int J Oncol
2016; 48: 2015-2024.

Durrant LG, Chapman MA, Buckley DJ,
Spendlove |, Robins RA and Armitage NC.
Enhanced expression of the complement regu-
latory protein CD55 predicts a poor prognosis

Int J Clin Exp Med 2019;12(4):3083-3094



[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

CRPs and tumor immunotherapy

in colorectal cancer patients. Cancer Immunol
Immunother 2003; 52: 638-642.

Surowiak P, Materna V, Maciejczyk A, Kaplenko
I, Spaczynski M, Dietel M, Lage H and Zabel M.
CD46 expression is indicative of shorter reviv-
al-free survival for ovarian cancer patients.
Anticancer Res 2006; 26: 4943-4948.

Shang Y, Chai N, Gu Y, Ding L, Yang Y, Zhou J,
Ren G, Hao X, Fan D, Wu Kand Nie Y. Systematic
immunohistochemical analysis of the expres-
sion of CD46, CD55, and CD59 in colon can-
cer. Arch Pathol Lab Med 2014; 138: 910-919.
Li B, Lin H, Fan J, Lan J, Zhong Y, Yang Y, Li H
and Wang Z. CD59 is overexpressed in human
lung cancer and regulates apoptosis of human
lung cancer cells. Int J Oncol 2013; 43: 850-
858.

Wu Y, Wang Y, Qin F, Wang Z, Wang Y, Yang Y,
Zheng H and Wang Y. CD55 limits sensitivity to
complement-dependent cytolysis triggered by
heterologous expression of alpha-gal xenoanti-
gen in colon tumor cells. Am J Physiol
Gastrointest Liver Physiol 2014; 306: G1056-
1064.

Loberg RD, Day LL, Dunn R, Kalikin LM and
Pienta KJ. Inhibition of decay-accelerating fac-
tor (CD55) attenuates prostate cancer growth
and survival in vivo. Neoplasia 2006; 8: 69-78.
Liu M, Yang YJ, Zheng H, Zhong XR, Wang Y,
Wang Z, Wang YG and Wang YP. Membrane-
bound complement regulatory proteins are
prognostic factors of operable breast cancer
treated with adjuvant trastuzumab: a retro-
spective study. Oncol Rep 2014; 32: 2619-
26217.

Gelderman KA, Blok VT, Fleuren GJ and Gorter
A. The inhibitory effect of CD46, CD55, and
CD59 on complement activation after immu-
notherapeutic treatment of cervical carcinoma
cells with monoclonal antibodies or bispecific
monoclonal antibodies. Lab Invest 2002; 82:
483-493.

Mason JC, Steinberg R, Lidington EA,
Kinderlerer AR, Ohba M and Haskard DO.
Decay-accelerating factor induction on vascu-
lar endothelium by vascular endothelial growth
factor (VEGF) is mediated via a VEGF recep-
tor-2 (VEGF-R2)- and protein kinase C-alpha/
epsilon (PKCalpha/epsilon)-dependent cyto-
protective signaling pathway and is inhibited
by cyclosporin A. J Biol Chem 2004; 279:
41611-41618.

Spiller OB, Criado-Garcia O, Rodriguez De
Cordoba S and Morgan BP. Cytokine-mediated
up-regulation of CD55 and CD59 protects hu-
man hepatoma cells from complement attack.
Clin Exp Immunol 2000; 121: 234-241.

Holla VR, Wang D, Brown JR, Mann JR, Katkuri
S and DuBois RN. Prostaglandin E2 regulates
the complement inhibitor CD55/decay-accel-

3092

(34]

(35]

(36]

(37]

(38]

[39]

[40]

[41]

[42]

[43]

[44]

erating factor in colorectal cancer. J Biol Chem
2005; 280: 476-483.

DuYY, Teng X, Wang N, Zhang X, Chen J, Ding P,
Qiao Q, Wang Q, Zhang L, Yang C, Yang Z, Chu
Y, Du X, Zhou X and Hu W. NF-kappaB and en-
hancer-binding CREB protein scaffolded by
CREB-binding protein (CBP)/p300 proteins
regulate CD59 protein expression to protect
cells from complement attack. J Biol Chem
2014; 289: 2711-2724.

Cui W, Zhao Y, Shan C, Kong G, Hu N, Zhang Y,
Zhang S, Zhang W, Zhang Y, Zhang X and Ye L.
HBXIP upregulates CD46, CD55 and CD59
through ERK1/2/NF-kappaB signaling to pro-
tect breast cancer cells from complement at-
tack. FEBS Lett 2012; 586: 766-771.
Buettner R, Mora LB and Jove R. Activated
STAT signaling in human tumors provides novel
molecular targets for therapeutic intervention.
Clin Cancer Res 2002; 8: 945-954.

Buettner R, Huang M, Gritsko T, Karras J,
Enkemann S, Mesa T, Nam S, Yu H and Jove R.
Activated signal transducers and activators
of transcription 3 signaling induces CD46
expression and protects human cancer cells
from complement-dependent cytotoxicity. Mol
Cancer Res 2007; 5: 823-832.

Cui W, Zhang Y, Hu N, Shan C, Zhang S, Zhang
W, Zhang X and Ye L. miRNA-520b and miR-
520e sensitize breast cancer cells to comple-
ment attack via directly targeting 3'UTR of
CD46. Cancer Biol Ther 2010; 10: 232-241.
Hillman Y, Mazkereth N, Farberov L, Shomron
N and Fishelson Z. Regulation of complement-
dependent cytotoxicity by MicroRNAs miR-
200b, miR-200¢, and miR-217. J Immunol
2016; 196: 5156-5165.

Towner LD, Wheat RA, Hughes TR and Morgan
BP. Complement membrane attack and tumor-
igenesis: a systems biology approach. J Biol
Chem 2016; 291: 14927-14938.

Sivasankar B, Longhi MP, Gallagher KM, Betts
GJ, Morgan BP, Godkin AJ and Gallimore AM.
CD59 blockade enhances antigen-specific
CD4+ T cell responses in humans: a new tar-
get for cancer immunotherapy? J Immunol
2009; 182: 5203-5207.

Xie XH, Gao MH, Zhang B, Wang MJ and Wang
J. Post-transcriptional CD59 gene silencing by
SsiRNAS induces enhanced human T lympho-
cyte response to tumor cell lysate-loaded DCs.
Cell Immunol 2012; 274: 1-11.

Longhi MP, Sivasankar B, Omidvar N, Morgan
BP and Gallimore A. Cutting edge: murine
CD59a modulates antiviral CD4+ T cell activity
in a complement-independent manner. J
Immunol 2005; 175: 7098-7102.

Romagnoli P and Bron C. Defective TCR signal-
ing events in glycosylphosphatidylinositol-defi-
cient T cells derived from paroxysmal noctur-

Int J Clin Exp Med 2019;12(4):3083-3094



[45]

[46]

[47]

(48]

[49]

[50]

[51]

(52]

(53]

(54]

[55]

(56]

CRPs and tumor immunotherapy

nal hemoglobinuria patients. Int Immunol
1999; 11: 1411-1422.

Palacios EH and Weiss A. Function of the Src-
family kinases, Lck and Fyn, in T-cell develop-
ment and activation. Oncogene 2004; 23:
7990-8000.

Smith-Garvin JE, Koretzky GA and Jordan MS. T
cell activation. Annu Rev Immunol 2009; 27:
591-619.

Lipp AM, Juhasz K, Paar C, Ogris C, Eckerstorfer
P, Thuenauer R, Hesse J, Nimmervoll B,
Stockinger H, Schutz GJ, Bodenhofer U, Balogi
Z and Sonnleitner A. Lck mediates signal trans-
mission from CD59 to the TCR/CD3 pathway in
Jurkat T cells. PLoS One 2014; 9: e85934.
Lalli PN, Strainic MG, Lin F, Medof ME and
Heeger PS. Decay accelerating factor can con-
trol T cell differentiation into IFN-gamma-
producing effector cells via regulating local
Cha-induced IL-:12 production. J Immunol
2007; 179: 5793-5802.

Sutavani RV, Bradley RG, Ramage JM, Jackson
AM, Durrant LG and Spendlove |. CD55 costim-
ulation induces differentiation of a discrete T
regulatory type 1 cell population with a stable
phenotype. J Immunol 2013; 191: 5895-5903.
Fang C, Miwa T and Song WC. Decay-
accelerating factor regulates T-cell immunity in
the context of inflammation by influencing co-
stimulatory molecule expression on antigen-
presenting cells. Blood 2011; 118: 1008-
1014.

Capasso M, Durrant LG, Stacey M, Gordon S,
Ramage J and Spendlove |. Costimulation via
CD55 on human CD4+ T cells mediated by
CD97. J Immunol 2006; 177: 1070-1077.
Ullenhag GJ, Spendlove |, Watson NF, Kallmeyer
C, Pritchard-Jones K and Durrant LG. T-cell re-
sponses in osteosarcoma patients vaccinated
with an anti-idiotypic antibody, 105AD7, mim-
icking CD55. Clin Immunol 2008; 128: 148-
154.

Kemper C, Chan AC, Green JM, Brett KA,
Murphy KM and Atkinson JP. Activation of hu-
man CD4+ cells with CD3 and CD46 induces a
T-regulatory cell 1 phenotype. Nature 2003;
421: 388-392.

Price JD, Schaumburg J, Sandin C, Atkinson JP,
Lindahl G and Kemper C. Induction of a regula-
tory phenotype in human CD4+ T cells by
streptococcal M protein. J Immunol 2005;
175: 677-684.

King BC, Esguerra JL, Golec E, Eliasson L,
Kemper C and Blom AM. CD46 activation regu-
lates miR-150-mediated control of GLUT1 ex-
pression and cytokine secretion in human
CD4+ T Cells. J Immunol 2016; 196: 1636-
1645.

Cardone J, Le Friec G, Vantourout P, Roberts A,
Fuchs A, Jackson |, Suddason T, Lord G,

3093

(57]

(58]

(59]

[60]

[62]

[63]

[64]

[65]

[66]

Atkinson JP, Cope A, Hayday A and Kemper C.
Complement regulator CD46 temporally regu-
lates cytokine production by conventional and
unconventional T cells. Nat Immunol 2010; 11:
862-871.

Sliwkowski MX and Mellman I. Antibody thera-
peutics in cancer. Science 2013; 341: 1192-
1198.

Wang SY and Weiner G. Complement and cel-
lular cytotoxicity in antibody therapy of cancer.
Expert Opin Biol Ther 2008; 8: 759-768.

Horl S, Banki Z, Huber G, Ejaz A, Windisch D,
Muellauer B, Willenbacher E, Steurer M and
Stoiber H. Reduction of complement factor H
binding to CLL cells improves the induction of
rituximab-mediated complement-dependent
cytotoxicity. Leukemia 2013; 27: 2200-2208.
Rogers LM, Mott SL, Smith BJ, Link BK, Sahin
D and Weiner GJ. Complement-regulatory pro-
teins CFHR1 and CFHR3 and patient response
to Anti-CD20 monoclonal antibody therapy.
Clin Cancer Res 2017; 23: 954-961.

Mamidi S, Cinci M, Hasmann M, Fehring V and
Kirschfink M. Lipoplex mediated silencing of
membrane regulators (CD46, CD55 and CD59)
enhances complement-dependent anti-tumor
activity of trastuzumab and pertuzumab. Mol
Oncol 2013; 7: 580-594.

Loeff FC, van Egmond HM, Nijmeijer BA,
Falkenburg JH, Halkes CJ and Jedema |I.
Complement-dependent cytotoxicity induced
by therapeutic antibodies in B-cell acute lym-
phoblastic leukemia is dictated by target anti-
gen expression levels and augmented by loss
of membrane-bound complement inhibitors.
Leuk Lymphoma 2017; 58: 1-14.
Amornsiripanitch N, Hong S, Campa MJ, Frank
MM, Gottlin EB and Patz EF Jr. Complement
factor H autoantibodies are associated with
early stage NSCLC. Clin Cancer Res 2010; 16:
3226-3231.

Campa MJ, Gottlin EB, Bushey RT and Patz EF
Jr. Complement factor h antibodies from lung
cancer patients induce complement-depen-
dent lysis of tumor cells, suggesting a novel im-
munotherapeutic strategy. Cancer Immunol
Res 2015; 3: 1325-1332.

Stapleton NM, Andersen JT, Stemerding AM,
Bjarnarson SP, Verheul RC, Gerritsen J, Zhao Y,
Kleijer M, Sandlie |, de Haas M, Jonsdottir |,
van der Schoot CE and Vidarsson G.
Competition for FcRn-mediated transport gives
rise to short half-life of human 1gG3 and offers
therapeutic potential. Nat Commun 2011; 2:
599.

Winkler MT, Bushey RT, Gottlin EB, Campa MJ,
Guadalupe ES, Volkheimer AD, Weinberg JB
and Patz EF Jr. Enhanced CDC of B cell chronic
lymphocytic leukemia cells mediated by ritux-
imab combined with a novel anti-complement

Int J Clin Exp Med 2019;12(4):3083-3094



[67]

[68]

[69]

[70]

[71]

[72]

[73]

CRPs and tumor immunotherapy

factor H antibody. PLoS One 2017; 12:
e0179841.

Horl S, Banki Z, Huber G, Ejaz A, Mullauer B,
Willenbacher E, Steurer M and Stoiber H.
Complement factor H-derived short consensus
repeat 18-20 enhanced complement-depen-
dent cytotoxicity of ofatumumab on chronic
lymphocytic leukemia cells. Haematologica
2013; 98: 1939-1947.

Bellone S, Roque D, Cocco E, Gasparrini S,
Bortolomai I, Buza N, Abu-Khalaf M, Silasi DA,
Ratner E, Azodi M, Schwartz PE, Rutherford TJ,
Pecorelli S and Santin AD. Downregulation of
membrane complement inhibitors CD55 and
CD59 by siRNA sensitises uterine serous carci-
noma overexpressing Her2/neu to comple-
ment and antibody-dependent cell cytotoxicity
in vitro: implications for trastuzumab-based
immunotherapy. Br J Cancer 2012; 106: 1543-
1550.

Cinci M, Mamidi S, Li W, Fehring V and
Kirschfink M. Targeted delivery of siRNA using
transferrin-coupled lipoplexes specifically sen-
sitizes CD71 high expressing malignant cells to
antibody-mediated complement attack. Target
Oncol 2015; 10: 405-413.

Zhao WP, Zhu B, Duan YZ and Chen ZT.
Neutralization of complement regulatory pro-
teins CD55 and CD59 augments therapeutic
effect of herceptin against lung carcinoma
cells. Oncol Rep 2009; 21: 1405-1411.

Hu W, Ge X, You T, Xu T, Zhang J, Wu G, Peng Z,
Chorev M, Aktas BH, Halperin JA, Brown JR and
Qin X. Human CD59 inhibitor sensitizes ritux-
imab-resistant lymphoma cells to complement-
mediated cytolysis. Cancer Res 2011; 71:
2298-2307.

Ge X, Wu L, Hu W, Fernandes S, Wang C, Li X,
Brown JR and Qin X. rILYd4, a human CD59 in-
hibitor, enhances complement-dependent cy-
totoxicity of ofatumumab against rituximab-re-
sistant B-cell ymphoma cells and chronic lym-
phocytic leukemia. Clin Cancer Res 2011; 17:
6702-6711.

Beyer |, Cao H, Persson J, Wang H, Liu Y, Yumul
R, Li Z, Woodle D, Manger R, Gough M, Rocha
D, Bogue J, Baldessari A, Berenson R, Carter D
and Lieber A. Transient removal of CD46 is
safe and increases B-cell depletion by ritux-
imab in CD46 transgenic mice and macaques.
Mol Ther 2013; 21: 291-299.

3094

[74]

[75]

[76]

[(77]

(78]

[79]

(80]

Junnikkala S, Hakulinen J and Meri S. Targeted
neutralization of the complement membrane
attack complex inhibitor CD59 on the surface
of human melanoma cells. Eur J Immunol
1994, 24: 611-615.

Macor P, Secco E, Mezzaroba N, Zorzet S,
Durigutto P, Gaiotto T, De Maso L, Biffi S,
Garrovo C, Capolla S, Tripodo C, Gattei V,
Marzari R, Tedesco F and Sblattero D. Bispecific
antibodies targeting tumor-associated anti-
gens and neutralizing complement regulators
increase the efficacy of antibody-based immu-
notherapy in mice. Leukemia 2015; 29: 406-
414.

Di Gaetano N, Xiao Y, Erba E, Bassan R,
Rambaldi A, Golay J and Introna M. Synergism
between fludarabine and rituximab revealed in
a follicular lymphoma cell line resistant to the
cytotoxic activity of either drug alone. Br J
Haematol 2001; 114: 800-809.

Dwojak M, Bobrowicz M, Bil J, Bojarczuk K,
Pyrzynska B, Siernicka M, Malenda A, Lech-
Maranda E, Tomczak W, Giannopoulos K,
Golab J and Winiarska M. Sorafenib improves
rituximab and ofatumumab efficacy by de-
creasing the expression of complement regula-
tory proteins. Blood Cancer J 2015; 5: e300.
Hayashi K, Nagasaki E, Kan S, Ito M, Kamata Y,
Homma S and Aiba K. Gemcitabine enhances
rituximab-mediated complement-dependent
cytotoxicity to B cell lymphoma by CD20 up-
regulation. Cancer Sci 2016; 107: 682-689.
Palm K, Metsis M and Timmusk T. Neuron-
specific splicing of zinc finger transcription fac-
tor REST/NRSF/XBR is frequent in neuroblas-
tomas and conserved in human, mouse and
rat. Brain Res Mol Brain Res 1999; 72: 30-39.
Westbrook TF, Martin ES, Schlabach MR, Leng
Y, Liang AC, Feng B, Zhao JJ, Roberts TM,
Mandel G, Hannon GJ, Depinho RA, Chin L and
Elledge SJ. A genetic screen for candidate tu-
mor suppressors identifies REST. Cell 2005;
121: 837-848.

Narayanan GA, Murray IA, Krishnegowda G,
Amin S and Perdew GH. Selective aryl hydro-
carbon receptor modulator-mediated repres-
sion of CD55 expression induced by cytokine
exposure. J Pharmacol Exp Ther 2012; 342:
345-355.

Int J Clin Exp Med 2019;12(4):3083-3094



