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Targeting CD47 Enhances the Efficacy of Anti-PD-1 and CTLA-4
in an Esophageal Squamous Cell Cancer Preclinical Model
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Nanjing Medical University Affiliated Cancer Hospital, Jiangsu, P.R. China

Esophageal squamous cell cancer is a highly aggressive cancer with a dismal 5-year survival rate. CD47 is a
cell transmembrane protein that is involved in cell apoptosis, proliferation, adhesion, migration, and antigen
presentation in the immune system. By interacting with signal regulatory protein-o. expressed in antigen-
presenting cells (APCs), CD47 acts as an antiphagocytic mechanism to inhibit APC-dependent antigen pre-
sentation. Overexpression of CD47 was found in various types of cancer. However, its role in esophageal
squamous cell cancer is not yet clear. Anti-CD47 is an antagonist of CD47 signaling pathways by compet-
ing with its ligand. In the current study, we investigated the effects of anti-CD47 treatment on the antitumor
immune response in an esophageal squamous cell cancer preclinical model. We found that anti-CD47 treat-
ment enhanced proinflammatory responses and increased CD8* T-cell infiltration in tumor tissue in the animal
model. T cells in anti-CD47-treated tumors showed higher PD-1 and CTLA-4 expression, indicating T-cell
activation and the rationale of combining anti-CD47 with anti-PD-1 and CLTA-4. The combinatory treatment
showed the best antitumor response, implying a novel treatment strategy. The effects of anti-CD47 depended
on dendritic cell function. In patient samples, expression of CD47 was negatively correlated with CD8" T-cell
infiltration in esophageal squamous cell cancer patients. Taken together, CD47 might be a novel target to

enhance anti-PD-1 and CLTA-4 efficacy in esophageal squamous cell cancer.
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INTRODUCTION

Cluster of differentiation 47 (CD47) is a ubiquitously
expressed membrane protein of the immunoglobulin
superfamily'. It is known that expression of CD47 is
upregulated in various types of tumors including blad-
der cancer, breast cancer, and acute myeloid leukemia®™.
CDA47 interacts with thrombospondin-1 and signal regu-
latory protein-o. (SIRPa), which is expressed in myeloid-
lineage hematopoietic cells such as dendritic cells (DCs)
and macrophages’. The ligation of SIRPo. on phagocytes
by CD47-expressed tumor cells results in phosphoryla-
tion of SIRPo cytoplasmic immunoreceptor tyrosine-
based inhibition (ITIM) motifs, leading to a negative
regulation of the phagocytosis of tumor cells and, conse-
quently, impairment of antigen presentation’. However,
the clinical potential of anti-CD47 in cancer treatment is
still under debate™.

Immunotherapy in cancer treatment has long been
proposed and showed promising effects in recent clinical

trials’. By blocking the inhibitory immune checkpoint
pathways such as programmed cell death protein (PD-1)/
programmed death-ligand 1 (PD-L1), and cytotoxic T-
lymphocyte-associated protein 4 (CTLA-4), obvious
improvement of clinical outcomes was observed in late
stage melanoma, lung cancer, and renal cancer patients®.
However, like all cancer treatments, resistance to immune
checkpoint blockades (ICBs) occurred in a large propor-
tion of treated patients’. Both innate and adaptive resis-
tance happened in clinical trials, leading to treatment
failure™'’. Thus, identifying novel targets to improve the
sensitivity of current ICB is highly meaningful.
Esophageal cancer is a highly malignant disease with
16,910 estimated new cases and 15,690 estimated deaths
in the US'. In PR. China, esophageal cancer is one of
the most common cancer types with more than 477,000
incidences each year'>. Among histological subtypes,
squamous cell cancer is the major one. However, the cur-
rent treatment for esophageal squamous cell cancer has
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remained unchanged for decades, and novel therapies are
urgently needed”. CD47 and immune checkpoint path-
ways have shown potential targeting values in esophageal
cancer'*". Based on these facts, we aimed to investigate
whether anti-CD47 could synergize with current ICBs,
therefore being a novel target for esophageal squamous cell
cancer treatment. The mechanisms by which anti-C47 syn-
ergizes in cancer immunotherapy were also investigated.

MATERIALS AND METHODS

Preclinical Models

The widely used 4-nitroquinoline 1-oxide (4-NQO;
4-NQO in drinking water for 16 weeks) induced the
esophageal squamous cell cancer model that was estab-
lished in C57BL/6 mice. Primary tumor cells were then
isolated from the chemically induced tumors by follow-
ing a previously reported procedure'® and cultured in
complete DMEM for three passages for cell expansion.
Mouse primary esophageal squamous cell cancer cells
(10°) were then used to establish a syngeneic subcuta-
neous tumor model in either wild-type C57BL/6 mice
(20-22 g; Shanghai SLAC Laboratory Animal Center of
Chinese Academy of Sciences, P.R. China) or CDI1l1c-
DTR C57BL/6 mice (The Jackson Laboratory, Bar
Harbor, ME, USA). Diphtheria toxin (DT; 150 ng) was
administrated via intraperitoneal injection 1 day before
subcutaneous tumor inoculation and repeated every 5
days to deplete DCs in CD11¢c-DTR mice. In wild-type
mice, the same amount of DT was injected to control the
baseline between groups. All mice were raised in a spe-
cific pathogen-free environment with free access to water
and standard food. Tumor growth was monitored every
7 days after inoculation and was calculated based on the
following formula: tumor volume =length x width>x 7t/6.
Then 20 pg/mouse anti-PD-1 antibody, 20 pg/mouse
anti-CTLA-4 antibody, and 400 pg/mouse anti-CD47
antibody (CD47 antagonist; clone: MIAP410; Cat. No.
BE0283; Bio X Cell, West Lebanon, NH, USA; antibody
was diluted by sterilized PBS buffer) were used in can-
cer treatment. The detailed treatment plans are included
in the corresponding figures. The animal experiment was
approved by the Jiangsu Cancer Hospital.

Patient Samples

In order to evaluate the expression of CD47 in eso-
phageal squamous cell cancer tissue, we collected 60
formalin-fixed, paraffin-embedded (FFPE) tumor tissues
from 60 esophageal squamous cell cancer patients. These
patients were diagnosed between 2007 and 2013 at
Jiangsu Cancer Hospital, Jiangsu Province, P.R. China.
The cohort contained 60% males and 40% females,
58.3% early stage (I-II) and 41.7% advanced stage
(ITI-IV). All tissues were collected before chemotherapy
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or radiotherapy. Written informed consent was signed
by each patient. This study was approved by the ethics
committee of Jiangsu Cancer Hospital.

Immunohistochemistry

Standard immunohistochemistry procedures were per-
formed to evaluate the CD47 expression and the tumor-
infiltrating CD8" cells in tumor tissues. The FFPE sections
were deparaffinized by heating in a dry oven and sub-
merging in xylene and were then rehydrated using etha-
nol. The slides were then steamed with Reveal Decloaker
(Biocare Medical, Pacheco, CA, USA) for 10 min for
antigen retrieval. Unspecific staining was blocked by
incubating the slides with 5% bovine serum albumin buf-
fer for 30 min at room temperature. Primary antibodies
(diluted by 1:100; Abcam, Cambridge, MA, USA) were
then applied to the slides and incubated for 6 h at 37°C.
After washing with PBS, the slides were incubated with
0.3% H,0, in TBS for 15 min. Horseradish peroxidase-
conjugated secondary antibodies were then applied to
incubate for 1 h at room temperature. The color was
developed using DAB. Hematoxylin was used for coun-
terstaining. In the negative control sections, the primary
antibodies were omitted. Finally, the slides were dehy-
drated and mounted for observation with light micros-
copy. High CD47 expression was defined as >60% dark
brown area in tumor cells per field (magnification: 400x).
The number of CD8" cells was counted in each field.

Flow Cytometry

Flow cytometry was conducted to measure the number
of multiple cells and protein expression in tumor tissues
from the mouse model. Single-cell suspensions were pre-
pared from fresh tumor tissues. Tumors were first digested
with collagenase I (10 mg/ml) for 60 min at 37°C. The cells
were then washed with cold PBS and cleaned by filter-
ing with cell strainers (40 um). Fluorescence-conjugated
primary antibodies (all 1:100 dilution; eBioscience, CA,
USA) were applied to the cell pallets for 15 min of incuba-
tion at room temperature, followed by washing with PBS.
Cells were then analyzed on the flow cytometry machine
(FACSCelest). Data were analyzed using FlowJo soft-
ware. Mean fluorescence intensity (MFI) was calculated
to show the protein expression level. Gating strategy for
each cell type is reported in figure legends.

Cytokine Measurement

TH1 and TH2 cytokines (IL-2, IL-4, IL-6, IL-10,
IL-12, TNF-B, and IFN-y) were measured in fresh tumor
tissues by the ELISA method. All ELISA kits were pur-
chased from eBioscience. The standard ELISA procedure
provided by the vendor was followed. The data (relative
high or low expression) were shown with a heat map.
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Clustering of tumor tissue groups (x-axis) and cytokine
expression was made based on the Euclidian distance
metric. Samples having similar features were grouped
together. The color of each cube represented the z-score
of the cytokine expression in a specific tumor tissue.
Details about z-score calculation are included in https://
en.wikipedia.org/wiki/Standard_score. White color indi-
cated high expression (high z-score), while black color
indicated low expression (low z-score).

Statistical Analysis

GraphPad Prism 6.0 software and R studio software
were used for statistical analysis and data visualization.
Differences in means were analyzed by #-test or one-way
ANOVA. Kaplan-Meier method was used to perform
survival analysis of animals; log-rank test was used to
compare the survival curves of different groups of esoph-
ageal cancer patients. A value of p<0.05 was considered
as the indication of significant difference.

RESULTS

Anti-CD47 Treatment Enhanced the Number of
Tumor-Infiltrating CD8" T Cells and THI Cells

We established a subcutaneous esophageal squamous
cell cancer mouse model to explore the role of CD47 in
the cancer immune response. The wild-type mice and
CD11c¢c-DTR mice (DC deficiency) were treated with anti-
CDA47 antibody. Tumors treated with anti-CD47 antibody
had an increased number of CD8* T and TH1 cells, but a
decreased number of TH2 cells when compared with the
control group (treated with IgG) (Fig. 1C). Interestingly,
no such phenomenon was observed in the tumors treated
with anti-CD47 antibody in the CD11c-DTR background
mice (Fig. 1C). There was no significant difference in
the number of MDSCs between these groups (Fig. 1D).
This evidence suggested that anti-CD47 treatment might
enhance the antitumor immunity in a DC-dependent way
in esophageal squamous cell cancer.

Anti-CD47 Treatment Enhanced Proinflammatory
Cytokine Expression

We next evaluated the expression of multiple impor-
tant inflammation regulatory cytokines expressed in the
tumor tissues of the mouse model. We found that the
tumors treated with anti-CD47 antibody had an increased
level of proinflammatory cytokines, including IL-2,
IFN-y, TNF-$, and IL-12 (Fig. 2), but had a decreased
level of some anti-inflammatory cytokines, such as IL-4,
IL-6, and IL-10. However, anti-CD47 did not change
the cytokine expression in the CD11c-DTR background
mice. Taken together with the data that anti-CD47
increased the number of TH1 cells, we believed that anti-
CDA47 could trigger a strong antitumor immune response
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by enhancing inflammation in cancer tissues and that this
effect depended on DCs.

Anti-CD47 Treatment Induced Expression of Immune
Checkpoint Proteins

Immune checkpoints regulate T-cell function and acti-
vation. We further measured the expression of the key
immune checkpoint proteins PD-1, CTLA-4, and CD28
in the mouse model. The MFIs of PD-1 and CTLA-4 on
CD8" T cells were significantly increased in the tumors
treated with anti-CD47 antibody (Fig. 3). Meanwhile, no
significant difference between CD28 and granzyme B
expression was observed among these treatment groups.
These data suggested that PD-1 and CTLA-4 are nega-
tive regulators of anti-CD47-induced antitumor immune
response.

Anti-CD47 Treatment Enhanced the Effects of Anti-PD-1
and CTLA-4 in the Esophageal Squamous Cell Cancer
Mouse Model

Considering that anti-CD47 treatment stimulated anti-
tumor immune response and promoted the expression
of immune checkpoint proteins, we hypothesized that
anti-CD47 treatment might synergize with the anti-PD-1
and anti-CTLA-4 therapy in esophageal squamous cell
cancer. Interestingly, the data from the mouse model did
confirm our hypothesis. The tumors accepting anti-CD47
antibody treatment plus ICB therapy (anti-CTLA-4 + anti-
PD-1 antibodies) had the slowest tumor growth when
compared with the tumors treated with either anti-CD47
antibody or ICB antibodies alone (Fig. 4A). Consistently,
the mice treated with anti-CD47 antibody plus ICB anti-
bodies had a better overall survival than the other groups
(Fig. 4B).

CDA47 Expression Was Negatively Associated With the
Number of CDS8* Cells in Esophageal Squamous Cell
Cancer Patients’ Tissues

Aiming to further confirm the effects of CD47 on
tumor immunity of esophageal squamous cell cancer, we
collected tumor tissues from 60 esophageal squamous
cell cancer patients and evaluated their CD47 expres-
sion and tumor-infiltrating CD8" cell density. We noticed
that CD47 was primarily expressed in tumor cells but
not stromal cells (Fig. 5A). Patients with a high CD47
expression had lower average CD8" cell density in tumor
tissues, validating that high expression of CD47 is a
negative immune regulator in esophageal squamous cell
cancer patients.

DISCUSSION

Esophageal cancer is one of the most common can-
cers in P.R. China, but it still lacks an effective treatment,
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Figure 1. Anti-cluster of differentiation 47 (CD47) treatment enhanced the number of THI and CD8" T cells in an esophageal
squamous cell cancer mouse model. (A) Treatment schedule of the in vivo experiment. (B) Gating strategies of the studied cell
populations. CD8" T cells were gated as CD19"CD3"CD4 CD8". TH1 cells were gated as CD19"CD3"CD4"CD8 IFN-y". TH2 cells
were gated as CD19°CD3"CD4"CDS8 IL-4". (C) CD8" T cell and TH1 cell were increased by the anti-CD47 treatment in the wild-type
mice, while the number of TH2 cells was decreased. However, in the DC-deficient mice, anti-CD47 did not show any obvious effect.

(D) The number of MDSCs (CD19°CD3°CD11b*Grl") was not changed by anti-CD47 treatment. Eight mice were included in each
group for this experiment. **p<0.01, ****p<0.0001.
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especially for late stage patients'”. ICBs as a novel cancer
treatment strategy have been widely studied in differ-
ent types of cancer. CD47, a membrane protein highly
expressed in cancer cells, has shown to have a critical
impact on regulating antigen presentation in cancer tis-
sues'’. CD47 can interact with SIRPot expression in antigen-
presenting cells (APCs), leading to phosphorylation of
the SIRPo cytoplasmic ITIMs and recruitment of Src
homology 2 domain-containing tyrosine phosphatases.
The ultimate consequence of the interaction between
the tumor cells” CD47 and APCs’ SIRPa. is delivering
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an antiphagocytic “don’t eat me” signal to the APCs,
thereby considerably impairing the antigen presentation
process and following immune response in tumor tis-
sues'’. The commercialized anti-CD47 antibody used in
previous studies™'® is a blockade of the CD47 signaling
pathway by competing with SIRPoas without stimulat-
ing the downstream pathways. In the present study, we
investigated the potential synergistic effects of anti-CD47
and the currently used ICBs, anti-PD-1, and CTLA-4 in
an esophageal squamous cell cancer preclinical model.
Mechanisms of the synergistic effects were also studied.
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Figure 2. Proinflammatory cytokines were increased by anti-CD47 treatment. Heatmap showing that the level of inflammatory cyto-
kines in each group. Samples with similar cytokine expression features were grouped together by the clustering line. White color
indicates high expression while black color indicates low expression. Based on the clustering, the cytokine phenotype in anti-CD47
treatment (wild-type mice) group was different from the other two groups, meaning that anti-CD47 treatment significantly enhanced
proinflammatory cytokines (IL-2, IFN-y, TNF-f3, and IL-12) while decreased the anti-inflammatory cytokines (IL-4, IL-6, and IL-10)
in the wild type tumor tissues. 4 mice were included in each group for this experiment.
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Figure 3. Expression of PD-1 and CTLA-4 was upregulated in CD8" T cells with anti-CD47 treatment. (A, C) Inhibitory immune
checkpoint proteins PD-L1 and CTLA-4 expressed by CD8" T cells were upregulated by anti-CD47 treatment. This phenomenon was
not observed in mice with DC deficiency. (B, D) No obvious change in CD28 and granzyme B expression was observed after anti-
CD47 treatment. Eight mice were included in each group for this experiment. ***p<0.001; NS, no significance.

We first evaluated the effects of anti-CD47 on immune
infiltration and antitumor inflammatory response in ani-
mal models. Anti-CD47 significantly increased the number
of CD8" T cells, a major indicator of antitumor immune
response, in tumor tissues in wild-type host mice. TH
cells have a critical role in determining the intensity of
cell-mediated immune response and interact with APCs".
High THI1 cell number and function were considered to
enhance antigen presentation and the killing of T cells®.
Here we found that anti-CD47 increased the number of
THI cells while decreasing the number of TH2 cells in
tumors in wild-type host mice. The expression of proin-
flammatory cytokines, such as IL-2, IL-12, TNF-B, and
IFN-y, was also stimulated by anti-CD47 treatment.
However, in the CD11¢c-DTR mouse model, which has

a small number of DCs, the anti-CD47 treatment could
only raise a weak response. These observations implied
that anti-CD47 could promote antitumor inflammation
and immune response by enhancing the function of DCs.

Appropriate antigen presentation is the initial step
of the antitumor immune response, while the number
and function of CD8" T cells determine the intensity of
immunity’**'. Thus, we measured the function of CD8"
T cells in tumors treated with anti-CD47. It is worth noting
that CD8" T cells in anti-CD47-treated tumors showed
a high expression of PD-1 and CTLA-4, two impor-
tant inhibitory immune checkpoint proteins. However,
CD28 and granzyme B expression remained unchanged.
These data indicate that CD8" T cells in anti-CD47-
treated tumors were well activated”>?, but because of
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Figure 4. Anti-CD47 treatment enhanced the effect of immune checkpoint blockade therapy in vivo. (A) The mice were given differ-
ent treatments at days 7, 14, 21, 28, and 35 after tumor inoculation. Anti-CD47 treatment in combination with anti-PD-1 and CTLA-4
treatment significantly suppressed tumor growth. (B) Survival analysis of the mice. The mice treated with anti-CD47, anti-PD-1, and
CTLA-4 antibodies had a longer overall survival time than other mice (p=0.003). Ten mice were included in each group for this

experiment. *¥p<0.01, ***p<0.001, ****p<0.0001.

upregulation of the inhibitory immune checkpoint, their
tumor killing effect was impaired, suggesting that com-
bining anti-CD47 with anti-PD-1 and CTLA-4 may induce
a strong tumor-eliminating response. In the subcutaneous
tumor model, anti-CD47 monotherapy did not increase
the survival time compared with the IgG control, while
ICB blockade (anti-PD-1 and CTLA-4) showed a slight
antitumor effect. However, when these two kinds of treat-
ments are combined, tumors are well controlled, and ani-
mal survival was prolonged.

After we clarified the effect of CD47 on antitumor
immune response in mouse models, we further validated
the conclusions via analyzing the relationship between
CD47 expression and immune response in esophageal
squamous cell cancer patients. CD47 belongs to the
immunoglobulin superfamily and is found in the tumor
cells of breast cancer, bladder cancer, and leukemia'™.

In esophageal squamous cell cancer patient samples,
we found that CD47 was mainly expressed in tumor
cells rather than in the surrounding tumor stromal cells.
Because CD47 was identified as a “don’t eat me” signal in
the antigen-presentation process, the initial step of antitu-
mor immunity""’, we tried to correlate CD47 expression
with CD8" T-cell infiltration, the best marker for antitu-
mor immune response'’, in cancer tissue. Interestingly,
the cases with high CD47 expression in tumor cells
tend to have low CD8" T-cell infiltration and vice versa.
This observation suggests that CD47 expression might
negatively influence the antitumor immune response in
esophageal squamous cell cancer patients and supports
the findings of the animal studies.

In conclusion, our study indicates that high expression
of CD47 is a protective factor for esophageal squamous
cell cancer to escape immune killing. Anti-CD47 could
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Figure 5. The relationship between CD47 expression and number of CD8" cells in the tumor tissue of esophageal squamous cell
cancer patients. (A) Representative images showing low/high CD8" cell density and high/low CD47 expression in human esopha-
geal squamous cell cancer tissues stained by IHC (magnification: 400x). CD47 was expressed on the membrane of tumor cells.
(B) Quantitative data showed that patients with low CD47 expression had a higher mean density of CD8" cells (***p<0.001).

enhance antitumor inflammation and T-cell recruitment
in a DC-dependent manner. However, the function of T cells
was impaired due to immune checkpoint expression. Based
on these facts, combinatory administration of anti-CD47,
anti-PD-1, and CTLA-4 achieves a better outcome in the
preclinical model.
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