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Therapeutic antibodies targeting vascular endothelial growth
factor (VEGF) have become a critical regimen for tumor ther-
apy, but the efficacy of monotherapy is usually limited by drug
resistance and multiple angiogenic mechanisms. Complement
proteins are becoming potential candidates for cancer-targeted
therapy based on their role in promoting cancer progression
and angiogenesis. However, the antitumor abilities of simulta-
neous VEGF and complement blockade were unknown. We
generated a humanized soluble VEGFR-Fc fusion protein
(VID) binding VEGFA/PIGF and a CR1-Fc fusion protein
(CID) targeting C3b/C4b. Both VID and CID had good affin-
ities to their ligands and showed effective bioactivities.
In vitro, angiogenesis effects induced by VEGF and hemolysis
induced by complement were inhibited by VID and CID,
respectively. Further, VID and CID confer a synergetic thera-
peutic effect in a colitis-associated colorectal cancer (CAC)
model and an orthotopic 4T1 breast cancer model. Mechani-
cally, combination therapy inhibited tumor angiogenesis, cell
proliferation, and MDSC infiltration in the tumor microenvi-
ronment and promoted tumor cell apoptosis. Our study offers
a novel therapeutic strategy for anti-VEGF-resistant tumors
and chronic-inflammation-associated tumors.

INTRODUCTION
Cancer is a major public health problem that causes death by
increasing morbidity. However, progress has been made in only a
few types of tumors. Most solid tumors still lack effective treat-
ment.1–3 In the early 1980s, Folkman put forward the view that “tu-
mor growth depends on angiogenesis.”4 A number of anti-angiogen-
esis drugs, such as bevacizumab (Avastin), which inhibits the activity
of vascular endothelial growth factor (VEGF), and multi-target anti-
angiogenic drugs (sunitinib and sorafenib) have already been widely
used with cancer patients.4,5 However, an increasing number of cases
of resistance to anti-angiogenesis therapy have emerged.6–8 It has
been reported that the withdrawal of bevacizumab accelerates tumor
regrowth in patients with colorectal cancer9,10 and that monotherapy
of anti-VEGF antibody induces tumor hypoxia and potentiates the
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growth of human colon cancer xenografts.11 In addition, studies
have reported that inhibitors targeting the VEGF pathway concomi-
tantly elicit tumor adaptation ability and then progress to a high
malignant degree in mouse models of pancreatic neuroendocrine car-
cinoma and glioblastoma.9 These findings raise the question of how to
improve the efficacy of antitumor angiogenesis therapy.

Immune escape is a key factor in tumor development;12–15 blocking tu-
mor immune escape is an interesting strategy for tumor therapy. Com-
plement acts as a first defense against microorganism invasion and
widely participates in immune regulation, which plays an important
role in the occurrence of inflammation, tumor development, and other
diseases. In recent years, the relevance between complement systemand
cancer development has become a research focus. Complement activa-
tion can inhibit tumor cell apoptosis and promote tumor angiogenesis
and immune escape,16 making it a potential target for tumor therapy.

It has been reported that complement activation and C5a signaling
are involved in the recruitment of myeloid-derived suppressor cells
(MDSCs) into the tumor environment and the suppression of
CD8+ T cell-mediated tumor killing.17 In addition, previous studies
indicated that CD31+ endothelial cells in angiogenesis were signifi-
cantly impaired in both C3KO and C5aR (C5a receptor)KO mice.18

Further, tube formation of human umbilical vein endothelial cells
(HUVECs) was shown to be C5a dependent, possibly through inter-
actions with the VEGF165, but not the VEGF121, isoform.19
ors.
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Figure 1. Molecular and Biochemical Characteristics

of VID and CID

(A) Schematic diagram outlines the structure of VID and CID.

(B) Comparison of binding affinity of CID, VID, and IgG to C3b

and C4b as determined by ELISA. The average of triplicates

is indicated with bars representing SD. OD450, optical den-

sity 450. (C) Comparison of binding affinity of CID, VID, and

IgG to VEGF121, VEGF165, and PIGF as determined

by ELISA. The average of triplicates is indicated with bars

representing SD.
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The tumorigenesis, progression, and metastasis are complex
processes involved with multiple mechanisms and pathways, which
impose great challenges on the development of antibody drugs. The
majority of these drugs only target a single target, leading to the limited
outcomes. In order to improve the therapeutic effect and explore
the multi-target combination therapy, we hypothesized that simulta-
neous inhibition of VEGF and complement component would exert
a strong antitumor ability via inhibiting angiogenesis and releasing
an immune response. To prove this hypothesis, we first generated a sol-
uble VEGF inhibition domain (VID) blocking VEGF-A/PIGF
(placental growth factor) and a soluble complement-inhibited domain
(CID) blocking C3b/C4b in the complement activation process and
then tested this strategy in a mouse colitis-associated colorectal cancer
(CAC) model and in orthotopic breast cancer models. Our findings
demonstrated that the combination therapy effectively inhibited tumor
angiogenesis and released antitumor immunity, resulting in a signifi-
cant tumor control. Our present data provide the theoretical and exper-
imental evidence for multi-targeted combination treatment of cancer.

RESULTS
Characterization of VID and CID

The humanized soluble VID consists of the second immunoglobulin
G (IgG)-like domain of VEGFR1, the third IgG-like domain of
VEGFR2, and humanized Fc antibody fragments (Figure 1A). The hu-
manized soluble CID has high binding affinity for C3b and C4b (Fig-
ure 1A). Both VID and CID form a stable dimer, and their molecular
mass is 124 kDa and 106.4 kDa, respectively, which is verified by high-
performance liquid chromatography-mass spectrometry (HPLC-MS)
(Figures S1A–S1D). The detailed information of VID and CID is
described in the Patent Cooperation Treat (PCT, patent no.
WO2013082563 A1).

Binding Affinity of VID and CID

To evaluate the affinity activity of VID and CID with their ligands,
ELISA assays were conducted, and results revealed that CID was
able to bind complement proteins C3b and C4b, but not any of the
VEGF-A isoforms, with the ECs50 (the concentrations that result in
half-maximal effect) at 32.64 nM (n = 3) and 0.84 nM (n = 3) (Fig-
ure 1B). VID could bind to human VEGF-A121, VEGF-A165, and
Molec
PlGF, but not C3b or C4b, with the EC50 values
at 9.67 nM (n = 3), 3.48 pM (n = 3), and
55.42 nM (N = 3), respectively (Figure 1C).
Further, the competitive binding assays showed that VID blocked
the biotinylated VEGF binding to the KDR (kinase insert domain re-
ceptor, also kown as VEGFR2), and that CID blocked biotinylated
C4b binding to the CD35 (CR1) (Figure S2).

Thus, these data suggested that both CID and VID have specific bind-
ing capacities to their targets in vitro.

VID Inhibited the Proliferation, Migration, and Tube Formation of

HUVECs In Vitro

In order to evaluate the bioactivity of VID, VEGF-induced HUVEC
migration, tube formation, and proliferation assays were used. First,
we observed that the proliferation of HUVECs was inhibited in the
VID group (p < 0.001) and in combination treatment (p < 0.005)
(Figure 2A); the addition of CID would not affect the inhibitory ef-
fect of VID on VEGF in the combined group. Furthermore, the tube
formation assay proved that HUVECs treated with 10 ng/mL VEGF
showed more tube-like structures than cells in basal medium (p <
0.001). However, VEGF-induced tube formation was significantly
inhibited by VID (p < 0.001). Additionally, the number of branch
structures also decreased significantly when VID and CID were
administrated simultaneously (combined group [VID+CID]; p <
0.001) (Figures 2B and 2C). The capacity of VID and combination
treatment to inhibit HUVEC migration was investigated with
a Transwell chamber assay. Similarly, a significant increase
of migrated cells was observed in the VEGF-A165 group
(10 ng/mL) compared to that in the untreated group (p < 0.001).
When VID was added into VEGF-containing medium, the
number of migrating cells was significantly reduced, compared
with that in the VEGF-treated group (p < 0.001). The combined
group had the same decrease in migration as the VID group (p <
0.001) (Figures 2D and 2E). The aforementioned results indicated
VID had good biological activity in vitro.

CID Inhibited Complement Activation and Bioactivity of HUVECs

In Vitro

To investigate the biological activity of CID, we examined the inhib-
itory effect of CID via classic pathway complement-mediated hemo-
lysis (CH50) assays and alternative pathway complement-mediated
ular Therapy: Oncolytics Vol. 16 March 2020 21

http://www.moleculartherapy.org


Figure 2. Bioactivity of VID In Vitro

(A) Comparison of HUVEC proliferation rate detected by CCK-8, with error bars

representing SD. OD450, optical density 450. (B) Endothelial tube formation was

estimated following the incubation of HUVECs with conditioned media. 40�; scale

bar, 200 mm. (C) The number of branches was quantified, with error bars repre-

senting SD. (D) HUVEC migration was estimated following the incubation with

conditioned media. 100�; scale bar, 100 mm. (E) Cell migration rate was quantified,

with error bars representing SD. **p < 0.005; ***p < 0.001; ****p < 0.0001; ns, not

significant.
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hemolysis (ACH50) assays (Figures 3A and 3B). Both results showed
a decreasing trend in the percentage of the red blood cell hemolysis
caused by human serum complement with increasing CID concentra-
tions. Furthermore, we found that C5a receptor I, also called CD88,
was highly expressed in HUVECs (Figure 3C), which indicated that
C5a may be involved in the function of HUVECs. Therefore, we
tested the inhibition ability of CID on HUVEC migration and tube
formation induced by human serum complement. The results showed
that CID could inhibit HUVEC migration and tube formation
induced by complement sera (p < 0.001). Similar results were
observed in the combined group (p < 0.001) (Figures 3D–3G). The
addition of VID would not affect the inhibitory effect of CID on
complement in the combined group. These results proved that CID
had good biological activity in vitro.

Combination of CID and VID Could Effectively Inhibit the

Occurrence of CAC in Mice

We have demonstrated that CID and VID could exert good bioac-
tivity and strong binding affinities to their targeting proteins
in vitro. Next, we established a mouse CAC model by administra-
tion of azoxymethane (AOM) followed by a dextran sodium sulfate
22 Molecular Therapy: Oncolytics Vol. 16 March 2020
(DSS) feed to investigate the therapeutic effect of combining CID
and VID (Figure 4A). A histopathological review of the colon re-
vealed chronic inflammation and epithelial damage by the repeated
administration of DSS, resulting in epithelial hyperplasia and
adenoma formation (Figure S3A). Since both VID and CID are hu-
manized fusion proteins, we initially detected the affinity of VID to
mouse VEGF164 (mVEGF164) and the inhibiting hemolysis effect
of CID on mouse serum complement; the results demonstrated
that both VID and CID have affinities to mouse targets (Figures
S3B and S3C). In addition, the increasing expression of VEGF
was observed in colonic mucosa during the process of CAC (Fig-
ure 4B). According to the activation process of the complement
cascade, CID inhibits C5a in the tumor microenvironment by
binding to C3b and C4b. Intriguingly, C5a expression increased
from day 0 to day 45 and decreased at day 70 (Figure 4C).
Decreased C5a level might be due to the internalization of the
C5a/C5aR complex.

Next, we evaluated the effects of combining VID and CID on tumor
growth and angiogenesis in the CACmodel. Results revealed that there
was no difference in tumor number among the control groups (PBS
group or IgG group) or monotherapy ( VID group or CID group).
However, the average tumor number was significantly decreased in
the combined group compared to the control groups (PBS group or
IgG group) (Figure 4D). We classified the tumors into three levels
by volume size: small (%5 mm3), medium (5–20 mm3), and large
(20–50 mm3). Although there were no statistically significant differ-
ences in tumor number in each group with different sizes, the tumor
distribution in the combined group was smaller than that in other
groups (Figure S3D). In addition, there was no significant difference
in the body weight of each group (Figure S4). PBS- or IgG-treated
mice had obvious intestinal disorganization with swollen glands, and
some areas showed tumor-like proliferative lesions, while the colorectal
structure of the combined group remained normal and the colorectal
structure of the VID or CID group remained relatively intact (Fig-
ure 4E). These results have proved remarkable tumor-control abilities
of combining VID and CID in the CAC model.

To explore the mechanism of combination therapy of VID and
CID, we examined cell proliferation by detecting proliferating cell
nuclear antigen (PCNA), compared to the other four groups; results
showed that decreased PCNA-positive cells were observed in mice
receiving combination treatment (Figure 4E), and the result was
further confirmed by the detection of PCNA expression (Figures 4E
and 4F). Tumor angiogenesis is an important criterion for the devel-
opment of tumors.20 We analyzed vessel densities by CD31 immuo-
fluorescence staining. In comparison with PBS treatment, blood
vessel densities reduced in the combined group and in the VID group
within intratumoral regions. Although no statistical significance was
observed between the combined and VID groups, the latter showed
a more swollen phenotype than the former in colonic structures
(Figures 4E and 4G). These results demonstrated that combination
treatment of VID and CID could suppress angiogenesis and cell pro-
liferation, leading to a decreased tumor growth.



Figure 3. Bioactivity of CID In Vitro

(A) CID inhibits the activation of CH50. The average of

triplicates is indicated, with bars representing SD. (B) CID

inhibits the activation of ACH50. The average of triplicates is

indicated, with bars representing SD. (C) Positive rate of

C5aR in HUVECs by flow cytometry. (D) Endothelial tube

formation was estimated following the incubation of

HUVECs with conditionedmedia. 40�; scale bar = 200 mm.

(E) The number of branches was quantified, with error bars

representing SD. (F) HUVEC migration was estimated

following the incubation with conditionedmedia. 40�; scale

bar = 200 mm. (G) Cell migration rate was quantified, with

error bars representing SD. ***p < 0.001; ****p < 0.0001.
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Combination Treatment with VID and CID Suppressed MDSC

Recruitment in Tumor Microenvironment

To further analyze the antitumor mechanismmediated by the combi-
nation therapy, we detected tumor-associated immune cells in the
tumor microenvironment by flow cytometry. MDSCs that infiltrated
into the colorectum were significantly inhibited after combination
treatment, the percentage of infiltrated MDSCs in the combined
group was almost consistent with that in normal mice (Figures 5A
and 5B). This result was consistent with immunofluorescence staining
(Figures 5C and 5D). However, no significant difference was observed
in the percentage of T cells and macrophages (Figure S5). These re-
sults suggest that combination treatment can effectively inhibit tumor
formation, possibly by inhibiting the recruitment of MDSCs in the
microenvironment rather than other cells.

Combination Treatment with VID and CID Significantly Inhibited

Mouse Orthotopic 4T1 Breast Cancer

To expand indications of combination treatment, we tested whether
this treatment is effective in other models. First, we examined the
expression of C3 and C5aR in mouse tumor cell lines, including
4T1, LL2, and CT26, except the low expressions of C3 in CT26, C3,
and C5aR expression were detected in three tumor cell lines (Fig-
ure S6). We established an orthotopic 4T1 breast cancer model to
further investigate the antitumor efficacy of combination treatment
Molec
with VID and CID. Compared to the PBS group,
tumor volume and weight were decreased in all
treatment groups after treatment, especially in
the combined group after 21 days of treatment
(Figures 6A–6C). Mechanically, the combination
treatment remarkably suppressed cell prolifera-
tion, which was determined via PCNA expression
in tumor tissues; monotherapy with VID or CID
also had inhibitory effects on tumor cell prolifer-
ation (Figures 6D and 6G). Furthermore, TUNEL
assay results showed that, compared with the
control groups (IgG and PBS), the combined
group significantly promoted apoptosis of tumor
cells (Figures 6E and 6H). Both VEGF and com-
plement are related to angiogenesis, so we also
analyzed tumor angiogenesis after treatment, in
comparison with PBS treatment, and found that blood vessel densities
were reduced in the combined group (Figures 6F and 6I). As 4T1 is a
good tumor model for studying lung metastasis, we also determined
the lung metastasis after treatment. Our results demonstrated that no
apparent node metastasis was observed in the combination therapy
group (Figure 6J; Figure S7). In addition, CID or VID monotherapy
also restrained the number of node metastases (Figure 6J; Figure S7).

Our results suggested that combination treatment suppressed tumor
growth and lung metastasis by inhibiting tumor angiogenesis and
proliferation, increasing the apoptosis of tumor cells.

DISCUSSION
VEGF family members (mainly VEGF-A), as one of the most impor-
tant factors for angiogenesis, have been widely regarded as a hallmark
of cancer. Biological antitumor drugs targeting VEGF, such as beva-
cizumab, have achieved great success.21 However, further studies
remain to be explored in light of the fact that drug resistance has
emerged.22–25 Previous studies have found that VEGF Trap,
compared with VEGF monoclonal antibody, has higher affinity,
better pharmacokinetics, and a stronger inhibitory effect.26 VID, as
one type of the VEGF Trap, showed good biological activity in our
in vivo and in vitro experiments. However, from our point of view,
a single pathway is not enough to inhibit tumor angiogenesis.
ular Therapy: Oncolytics Vol. 16 March 2020 23
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Increasing evidence has shown that pro-angiogenic factors derived
from tumor cells or induced after therapy in the tumor microenviron-
ment could promote angiogenesis.27 C5a, as a pro-angiogenic factor,
promotes tube formation and cell migration of HUVECs in vitro,
thus contributing to tumor angiogenesis.28 In addition, C3a and
C5a stimulate the angiogenesis of choroid vessels, a serious complica-
tion of age-related macular degeneration (AMD).29 It has been
reported that a novel bispecific molecule targeting VEGF and
complement proteins delivered by recombinant adeno-associated vi-
rus 2 (AAV2) suppresses ocular inflammation and choroidal
neovascularization.30

In our study, different stimulation that induces HUVEC tube forma-
tion and cell migration could be inhibited by VID and CID, which
supports our hypothesis that angiogenesis could be regulated by
different pathways. Thus, our results indicate that an anti-comple-
ment pathway could be a potential strategy for anti-angiogenesis
treatment. In our study, the combination treatment with VID and
CID does not show superior effects in biologic function assay
in vitro (Figures 2A, 2C, 2E, 3D, and 3F). Inhibiting tumor angiogen-
esis may be attributed to different pathways on which VID and CID
depend, since VID inhibited VEGF-induced angiogenesis effectively
but not angiogenesis induced by complement. Similarly, CID in-
hibited the angiogenesis induced by complement but not angiogenesis
induced by VEGF. These results clearly elucidated the different func-
tions of VID and CID and also provided the evidence that tumor
angiogenesis depends on different pathways.

An increasing number of studies have shown that the complement
system also plays an important role in tumor progression.31 Comple-
ment cascade activation causes anaphylatoxin C3a and C5a release.
C3a and C5a are important inflammatory mediators and chemo-
kines,32 which are upregulated in patients with lung cancer, colorectal
cancer, ovarian carcinoma, and cutaneous squamous cell carci-
noma,33–37 providing the feasibility of treating tumors through inhib-
iting complement activation. In our study, complement receptor 1
was the functional domain of CID, which could bind naturally to
C3b and C4b, and it could effectively block complement cascade
activation and inhibit C5a completely and C3a partially.38

Differing from acute inflammation, chronic inflammation contrib-
utes to tumorigenesis.39,40 The AOM/DSS-induced CAC model has
sustained inflammation, which realistically mimics the process
of colorectal cancer in human.41 The activation of the complement
system may lead to chronic inflammation and boost the immuno-
suppressive tumor microenvironment by recruiting immune-sup-
pressive cells.42,43 Our results proved that C5a production was
decreased from day 45 (Figure 4C) and that MDSC infiltration was
significantly inhibited after combination therapy. This is consistent
with findings from previous studies that C5a could attract immune-
suppressive cells.17,43

It was reported that VEGF could promote immune escape through re-
cruiting MDSCs into ovarian cancer.44 In our study, however, VID
24 Molecular Therapy: Oncolytics Vol. 16 March 2020
alone did not show obvious anti-tumor effects or inhibit MDSC
infiltration. Preclinical studies raised the possibility that VEGF
inhibitors could suppress tumor growth but also promote tumor
escape.45 In addition, MDSCs promoted tumor formation in lung
cancer and colorectal cancer via a VEGF-independent pathway.11,46,47

Due to the dose of VID and CID being halved, the results of
vessel density (Figure 4G) and MDSC infiltration (Figure 5B) in the
combined group showed no particular superiority to individual
treatment. We speculated that a proper increase in dosage may lead
to better results.

Complement has been linked to metastasis in recent studies.48

Report showed that stimulation of C5aR1 via C5a could induce
an epithelial-to-mesenchymal transition (EMT), which was linked
to ERK1/2 signaling in hepatocellular carcinoma.49 C5a has been
reported to promote breast cancer lung metastasis by defining
the polarization of Th0 cells, recruiting MDSCs, and inducing
angiogenesis.19,50 We found that C5aR was highly expressed in
4T1 cells, and we established that a 4T1 orthotopic model, in
which breast tumors formed in situ and subsequently metastasized
to distant sites, was similar to human malignancy.51 In the results,
the combination therapy has valid antitumor effects compared to
VID or CID alone. Considering that breast cancer is a malignant
disease with a high recurrence or metastasis rate, our combination
treatment showed effective tumor control and inhibition of lung
metastasis, suggesting a potential strategy for breast cancer therapy
in clinic.

Overall, we generated humanized soluble VID targeting VEGFA/
PIGF and CID targeting C3b/C4b. These two fusion proteins have
good affinities and biological activities both in vitro and in vivo.
We established that the combination therapy with VID and CID
shows effective tumor inhibition in the mouse CACmodel and ortho-
topic 4T1 tumor. Our present results also show two independent
pathways to inhibit tumor angiogenesis by separately blocking
VEGF and complement. Moreover, CID could effectively block
complement cascade activation and inhibit C5a to reduce the infiltra-
tion of MDSCs in the tumor microenvironment. We hope that this
study will provide novel theoretical and experimental evidence for
multi-targeted treatment of tumors.

MATERIALS AND METHODS
Generation of VID and CID

To generate humanized soluble VID, we fused the second IgG-like
domain of VEGFR1, the third IgG-like domain of VEGFR2, and
humanized Fc antibody fragments and removed positive charges
associated with the extracellular matrix. Meanwhile, the first
three domains of soluble complement receptor 1(sCR1) were re-
placed using N29K, S37Y, G79D, and D109N amino-acid substitu-
tions to enhance its binding affinity to C3b and C4b and then were
fused with the Fc region of human immunoglobulin to generate
CID. The detailed information of VID and CID was described in
the PCT patent (patent no. WO2013082563 A1). Recombinant
proteins were expressed by a CHO-E system to obtain high



Figure 4. Combination of VID and CID Reduces CAC

Tumorigenesis

(A) Schematic overview of CAC regimen. (B and C) At the

indicated time points after initiation of CAC induction, co-

lons were homogenized, and supernatants were prepared

for the detection of VEGF (B) and C5a (C) protein levels.

Each group consisted of 3–4mice. The error bars represent

SD (***p < 0.001; ****p < 0.0001; *versus day 0, all groups

are compared to D0 ). (D) Number of tumors in colon and

rectum was counted, with bars representing SD. ns, not

significant. (E) H&E, PCNA, and CD31 staining of the colon

of mice. For H&E staining: original magnifications, 100�.

Scale bars, 100 mm. (F) Representative immunohisto-

chemistry images with antibody to PCNA in different

groups; original magnifications, 200�; and quantification

analyses of PCNA-positive cell number, with error bars

representing SD (*p < 0.01; **p < 0.005; ns, not significant).

(G) Immunofluorescence analysis using anti-CD31 (red)

antibody indicates the blood vessel outlines of different

groups. The error bars represent SD (*p < 0.01; **p < 0.005;

ns, not significant). 100�; scale bar, 100 mm.
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expression levels, and recombinant protein was purified by affinity
chromatography.

Binding Assay

The binding ability and affinity of VID, CID, or IgG to VEGF-A165,
VEGF-A121, PIGF, C3b, or C4b were measured by enzyme-linked
immunosorbent assay (ELISA). VEGF-A165, VEGF-A121, PIGF,
and IgG were purchased from PeproTech. C3b and C4b were pur-
chased from Millipore. Briefly, 50 ng VEGF-A165, VEGF-A121,
and PIGF and 250 ng C3b and C4b in 100 mL PBS were added into
96-well plates and incubated at 4�C overnight. After washing the plate
three times with 300 mL PBS, the plates were incubated with blocking
solution (1% BSA in 100 mL phosphate-buffered saline [PBS]) at 37�C
Molec
for 2 h. Serially increasing amounts (0.05–50 nM)
of VID or CID in 100 mL blocking solution were
added to the plate and incubated at 37�C for 2 h.
IgG served as the negative control. After a series
of reactions, the reactive colors were analyzed at
an optical density of 450 nm (OD450) using a mi-
croplate reader (MK3, Thermo Fisher Scientific,
Waltham, MA, USA)

Cell Culture

HUVECs were maintained in EndoGRO-VEGF
medium (Millipore, Burlington, MA, USA)
at 37�C, in a 5% CO2 humidified incubator.
Mouse 4T1 breast tumor cells were maintained
in RPMI 1640 (GIBCO, Waltham, MA, USA)
containing 10% fetal bovine serum (FBS;
GIBCO) and grown at 37�C in 5% CO2.
Both of the cell lines were obtained from the
American Type Culture Collection (ATCC,
Rockville, MD, USA). All culture media were
supplemented with 100 U/mL penicillin, 100 mg/mL streptomycin.
Cell line authentication was assessed using a short tandem
repeat DNA profiling method in our laboratory, and the latest
verification was done in July 2013. The mycoplasma detecting
kit (catalog no. MD001), purchased from Shanghai Yise Medical
Technology was performed to test whether there were mycoplasma
contamination.

Biological Activity of VID and CID In Vitro

HUVEC Migration Assay

8 � 104 cells were cultured in 24-well plates in EndoGRO-basic
medium on the upper chamber of Transwells with an 8-mm
pore size (Corning-Costar, Corning, NY, USA). 10 ng/mL VEGF
ular Therapy: Oncolytics Vol. 16 March 2020 25
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Figure 5. Infiltration of MDSCs in Colon

(A and B) Infiltration of MDSCs in colonwas analyzed by flow

cytometry (A) and quantification analyses of MDSC

(Gr-1+CD11b+-positive cell) numbers in colon (B). Each bar

represents the mean with SD (**p < 0.005; ***p < 0.001; ns,

not significant). (C) Immunofluorescence analysis using

anti-CD11b (red) antibody and anti-Gr-1 (green) antibody

co-located in MDSCs in colons of different groups. Original

magnification, 100�; scale bar = 100 mm. (D) Quantification

analyses of MDSCs (Gr-1+CD11b+-positive cell) numbers

in colon, with error bars representing SD (*p < 0.01;

***p < 0.005).
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or 20 mL Human Serum Complement (Sigma-Aldrich, St.
Louis, MO, USA) was added respectively. IgG, VID, CID, and
VID+CID at the concentration 35 nmol/L were added in different
wells. EndoGRO-basic and EndoGRO-VEGF media were used
as negative and positive controls. After a 24-h incubation, cells
from the upper chambers were removed, and cells adhered
to the lower side of Transwells were fixed with 4% formaldehyde
and stained with 0.5% crystal violet. Migrated cells on the
lower surface of the filter were photographed using an Olympus
BX600 microscope and SPOT Flex camera. At least three fields
at 100� magnification were taken and counted using ImageJ
software.

Tube Formation Assay

2 � 104 HUVECs were plated in 2 mL DMEM (GIBCO, Waltham,
MA, USA) containing 10% FBS. Conditioned medium was
26 Molecular Therapy: Oncolytics Vol. 16 March 2020
collected 48 h later. The wells of a 96-well plate
were coated with ice-chilled BD Matrigel ma-
trix gel solution (BD Biosciences, San Jose,
CA, USA). 2 � 104 HUVECs were plated in
100 mL conditioned medium with VEGF
(10 ng/mL) or human serum complement
(20 mL) and antibodies (IgG, VID, CID or
VID+CID) at a concentration of 35 nmol/L.
Cells were incubated for 4 h at 37�C and
were visualized by light microscopy. The degree
of angiogenesis was quantified by counting
the number of cells in branch point capillaries
(R3 cells per branch) in three random fields
per replicate.

HUVEC Proliferation Assay

2 � 103 HUVECs were seeded into 96-well
plates with EndoGRO-VEGF medium and re-
placed by DMEM containing 10 ng/mL VEGF
after 24 h. Then, 35 nM IgG, VID, or CID or
17.5 nM VID+CID was added respectively;
DMEM as negative control, a positive control
for DMEM with VEGF, a blank control with
only PBS were set. Each group was set up with
three repetitions. After 48 h, 10 mL Cell Count-
ing Kit-8 (CCK-8) solution was added into each hole and detected
them with a microplate reader at 450 nm.

CH50 Assay

50 mL human complement serum was added into a 96-well plate.
Different diluted antibodies (IgG, VID, CID or VID+CID)
were added. Then, samples were mixed with immunized 1 � 108

sheep red blood cells in conditional gelatin veronal buffer-EDTA
buffer (GVB-EDTA buffer; 0.1% gelatin, 5 mM barbitone,
145 mM NaCl, 10 mM EDTA). GVB-EDTA buffer and deionized
water were used as negative and blank controls, respectively.
Samples were placed in a shaker at 37�C at 130 rpm for 45 min,
followed by centrifugation at 1,000 � g, at 15�C for 3 min. Each
group was set up with three repetitions. 100 mL supernatant was
collected in 96-well plates and detected at OD405 with a microplate
reader.



Figure 6. Combination of VID and CID Suppresses

Tumor Growth in Breast-Tumor-Bearing Mice

(A) Comparison of tumor growth; arrow indicates the start of

injections. Error bars represent SD (*p < 0.01; ****p <

0.0001; ns, not significant). (B) Tumor weight of mice in

each group was measured on the days indicated, with error

bars representing SD. (C) Results of tumor inhibition rate in

each experimental group. (D–I) In (D) and (G), representative

immunohistochemistry images (D) are shown with antibody

to PCNA in different groups (original magnifications, 200�;

scale bar, 50 mm) and quantification analyses (G) of PCNA

positive-cell number are presented, with error bars repre-

senting SD (*p < 0.01; **p < 0.005; ns, not significant). (E

and H) Detection of apoptosis of tumor cells by TUNEL (E)

(200�; scale bar, 50 mm) and quantification analyses of

TUNEL-positive cell numbers (H), with error bars repre-

senting SD (**p < 0.005; ns, not significant). (F and I)

Immunofluorescence analysis (F) using anti-CD31 (red)

antibody shows blood vessel outlines of different groups; in

quantification analyses (I), error bars represent SD (*p <

0.01; **p < 0.005; ***p < 0.005; ns, not significant; 100�;

scale bar, 100 mm). (J) Quantification of lung metastasis

nodule of 4T1 cells in different groups, with error bars

representing SD (*p < 0.01; **p < 0.005; ns, not significant).
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ACH50 Assay

20 mL human complement serum was added into each 96-well plate.
Different diluted antibodies (IgG, VID, CID, or VID+CID) were
added. Then, 10 mL, 0.16 mM Mg2+ EDTA buffer was added into
each well. GVB-EDTA buffer and deionized water were used as
negative and blank controls. The conditional GVB-EDTA buffer
with 2.5 � 108 rabbit red blood cells was added and then placed in
a shaker at 37�C at 130 rpm for 45 min, followed by centrifugation
at 1,000� g at 15�C for 3 min. Each group was set up with three rep-
etitions. 100 mL supernatant was collected in 96-well plates and de-
tected at 405 nm with a microplate reader.

Hemolysis rate = ðexperimental group � blank control groupÞ=
�ðnegative� blank control groupÞ

Generation of Tumor Models and Treatment Regimes

6- to 7-week-old male C57BL/6J mice were used in the CAC model
for pharmacodynamic evaluation. Mice were randomly divided
into 5 groups, and each group included 5 mice. Mice were injected
intraperitoneally with AOM (10 mg/ kg) on day 1, were main-
Molecu
tained on a regular diet and water for 7 days,
and then received water with 2% DSS for
1 week. After this, mice were maintained on
regular water for 2 weeks and subjected to
two more DSS treatment cycles. According
to the expression of VEGF and C5a in the
development of CAC, mice were treated at
a dose of 15 mg/kg VID, CID, IgG, and a
combination of CID and VID (7.5 mg/kg
each) on days 1, 3, and 5 of every cycle of DSS consumption.
PBS gourp was used as negtive control.

In the 4T1 orthotopic breast cancer model, 6- to 7-week-old virgin
female BALB/c mice were inoculated with 6 � 104 4T1 cells in the
fourth right mammary fat pad. The mice were randomly divided
into five groups, and each group included 6 mice. The therapeutic
regime last 3 weeks, starting at the fourth day after 4T1 cells inocula-
tion; mice were treated at a dose of 15 mg/kg VID, CID, IgG, or a
combination of CID and VID (7.5 mg/kg each) three times a week.
PBS gourp was used as negtive control. Tumor size was measured
twice a week. The tumor volumes were calculated based on the modi-
fied ellipsoidal formula: tumor volume = (length � width2) � 0.5.
Animal studies were carried out in accordance with the West China
Hospital Sichuan University Division of Comparative Medicine
guidelines for the care and use of laboratory animals.

Immunofluorescence Staining

Frozen cryosections of colon tissue and tumors from mice were
fixed in chilled acetone for 15 min before staining. Antibodies target-
ing different cell markers were as follows: CD31 (Abcam, London,
lar Therapy: Oncolytics Vol. 16 March 2020 27
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England), CD11b (Abcam), Gr-1 (BioLegend, San Diego, CA, USA).
Secondary antibodies were labeled with FITC-Texas Red (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), while the nuclei were detected
by DAPI (Roche, Basel, Switzerland). All specimens were evaluated
using an Olympus BX600 microscope and a SPOT Flex camera.

DeadEnd TUNEL Assay

Tumor tissues were fixed by formalin and embedded in paraffin, and
the blocks were cut into slices, followed by steps according to the
instructions of The DeadEnd Fluorometric TUNEL System Kit
(Promega, Madison, WI, USA).

Immunohistochemistry

Paraffin sections were blocked with Dual Endogenous Blocking Re-
agent and 20% normal rabbit serum (ZSGB-Bio, Beijing, China)
and incubated with monoclonal rabbit anti-mouse PCNA antibodies
(Proteintech, Beijing, China) overnight at 4�C, followed by incubation
with a biotinylated goat anti-rabbit secondary antibody (ZSGB-Bio,
Beijing, China). Quantification of immunoreactive cells was per-
formed with NIS-Elements imaging software (Nikon, Tokyo, Japan).

Flow Cytometry

Fluorochrome-conjugated mouse FITC-CD45 (30-F11), PE-CD11b
(M1/70), and APC/Cy7-Gr-1 (RB6-8C5) were purchased from BD
Biosciences (Franklin Lakes, NJ, USA). For fluorescence-activated
cell sorting (FACS), single-cell suspensions were blocked with
CD16-CD32 antibodies (2.4G2; BD PharMingen). Surface staining
for T cells and MDSC populations were performed with respective
antibodies for 30 min at 4�C. MDSCs were identified as CD11b+

Gr-1+ cells.

Statistics

Statistical analyses were performed utilizing GraphPad software
Prism v.6.0. Values are presented as mean ± SD. The p values were
calculated using Student’s t test or one-way analysis of variance
(ANOVA). A p value of < 0.05 was considered as statistically
significant.
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