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ABSTRACT

Myeloid-derived suppressor cells (MDSCs) have been demonstrated to suppress antitumor immunity and
induce resistance to PD-1/PD-L1 blockade immunotherapy in gastric and colon cancer patients. Herein,
we found that MDSCs accumulate in mice bearing syngeneic gastric cancer and colon cancer. Death
receptor 5 (DR5), a receptor of TNF-related apoptosis-inducing ligand (TRAIL), was highly expressed on
MDSCs and cancer cells; targeting DR5 using agonistic anti-DR5 antibody (MD5-1) specifically depleted
MDSCs and induced enrichment of CD8* T lymphocytes in tumors and exhibited stronger tumor
inhibition efficacy in immune-competent mice than in T-cell-deficient nude mice. Importantly, the
combination of MD5-1 and anti-PD-L1 antibody showed synergistic antitumor effects in gastric and
colon tumor-bearing mice, resulting in significantly suppressed tumor growth and extended mice
survival, whereas single-agent treatment had limited effect. Moreover, the combination therapy induced
sustained memory immunity in mice that exhibited complete tumor regression. The enhanced antitumor
effect was associated with increased intratumoral CD8" T-cell infiltration and activation, and a more
vigorous tumor-inhibiting microenvironment. In summary, our findings highlight the therapeutic poten-
tial of combining PD-L1 blockade therapy with agonistic anti-DR5 antibody that targets MDSCs in gastric
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and colon cancers.

Introduction

Cancer immunotherapy has made significant breakthroughs in
the field of cancer treatment and is becoming one of the main
therapeutic approaches for patients with various cancers."”
The PD-1/PD-L1 pathway plays a pivotal role in cancer
immune evasion by inhibiting the antitumor activity of
T cells. Therapeutic antibodies that block the interaction of
PD-1/PD-L1 can induce robust and durable antitumor
immune responses in patients with solid tumors, including
gastric cancer and colon cancer. However, the therapeutic
benefits are restricted to a subset of gastric and colon cancer
patients,> indicating the involvement of other immune sup-
pression mechanisms.

Myeloid-derived suppressor cells (MDSCs) are one of the
main immune suppressive populations in the tumor microen-
vironment (TME). These cells induce tumor immune escape by
suppressing the proliferation and activation of cytotoxic T cells
and are considered a major obstacle to effective cancer
immunotherapy.”® Targeting inhibition of MDSCs is now
emerging as a promising strategy to maximize and extend the
benefits of PD-1/PD-L1 blockade therapy for cancer
treatment.”> Many agents, such as all-trans retinoic acid,
CSE-1 receptor inhibitor, anti-Gr-1 antibody, etc., have
shown the capacities to alleviate the immune suppression
caused by MDSCs and enhance antitumor immunity,'*"?
however, most of these agents lack specificity for MDSCs.

Death receptor 5 (DR5) is one of the receptors of TNEF-
related apoptosis-inducing ligand (TRAIL) that can induce cell
death by transducing the pro-apoptotic signal.'” It is frequently
expressed on the surface of cancer cells, making DR5
a desirable target for antitumor therapy.'* Up to now, agonistic
antibodies that target DR5 have exhibited excellent antitumor
efficacy in various murine tumor models and are being tested
in clinical trials for cancer treatment.'>'® Despite its amplifica-
tion in cancer cells, DR5 was also shown to be highly expressed
on MDSCs in tumor-bearing mice, and agonistic anti-DR5
antibodies could specifically eliminate MDSCs in tumor-
bearing mice and cancer patients,'””'® providing a rationale to
combine these agents with PD-1/PD-L1 blockade therapies.
However, to the best of our knowledge, there has not been
any published literature demonstrating the combination effects
of these agents for gastric and colon cancer therapy in vivo.
Moreover, the associated toxicity of this form of combination
therapy is unknown.

In this study, we demonstrated that MDSCs accumulated in
the syngeneic murine gastric and colon cancer models and
expressed high levels of DR5. Targeting DR5 using MD5-1
(an agonistic antibody to mouse DR5) could selectively deplete
MDSCs and promote T-cell antitumor response. Importantly,
the combination of MD5-1 and anti-PD-L1 had superior ther-
apeutic efficacy against gastric and colon tumors and remark-
ably extended survival of mice. Meanwhile, anti-PD-L1 or
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MD5-1 monotherapy only had a little or moderate antitumor
effect. Notably, in mice bearing MFC gastric tumors, the com-
bination therapy resulted in 40% of tumor eradication and
induced durable tumor-specific immune memory in these
mice. The enhanced antitumor effect of combination therapy
was associated with increased intratumoral CD8" T-cell infil-
tration and activation, and a stronger tumor-inhibiting micro-
environment. Thus, the combination of agonistic anti-DR5
antibody and an anti-PD-L1 antibody may serve as
a promising strategy for gastric and colon cancer
immunotherapy.

Materials and methods
Mice and cell lines

The murine forestomach cancer cell line (MFC, derived from
615 mice) and murine colon cancer cell line (MC38, derived
from C57BL/6 mice) were purchased from the Chinese
Academy of Sciences (Shanghai, China). Cells were cultured
in custom RPMI 1640 (Gibco) supplemented with 10% fetal
bovine serum and 1% pen/strep (Gibco) in a 37°C and 5% CO,
incubator. 615 mice (5-7-week old, female) were purchased
from the animal facility of the State Key Laboratory of
Experimental Hematology (Tianjin, China). BALB/c nude
mice and C57BL/6 mice (5-7-week old, female) were obtained
from SLAC Laboratory Animal Co. Ltd (Shanghai, China).
Animals were kept in a specific pathogen free (SPF) room
with optimal light cycle, temperature, and humidity and free
access to food and water supply.

Tumor models and treatments

To establish tumor xenograft models, 1 x 10° MFC cells were
inoculated s.c. into the flank of syngeneic 615 mice or BALB/c
nude mice; 5 x 10° MC38 cells were inoculated s.c. into the
flank of C57BL/6 mice. Treatment commenced on d 7 after
tumor inoculation when the mean tumor volume reached
about 80 mm>-100 mm?. Tumor-bearing mice were injected
i.p. with MD5-1 (50 pug/mouse) or anti-PD-L1 mAb (200 pg/
mouse, clone 10 F.9G2) or their combination or control IgG
(Armenian hamster IgG, clone N/A and rat IgG2b, Clone LTF-
2) every 3 d for 3 times in total, respectively. All antibodies
were obtained from Bio X Cell. Tumors were measured every
3 d. Tumor volume was calculated as lengthxwidth2/2 (mm®).
TGI (tumor growth inhibition rate) was calculated by the
following formula: [(C, _ Cp) — (T _ To)1/(C; _ Cp) x 100, where
C; or T, = the mean tumor volume of control or treatment
group at time (), Cy or T, = the mean tumor volume of control
or treatment group at treatment initiation. Mice were huma-
nely euthanized when tumor size reached 20 mm in major
diameter. No visible and palpable tumors observed in mice
for 3 months after receiving the last injection of MD5-1 plus
anti-PD-L1 combination therapy were defined as complete
regression (CR). At the endpoint, peripheral blood serum
samples were collected for evaluation of the liver, renal, and
heart function.

For re-challenge study, mice with CR of MFC tumors were
inoculated s.c. with 2 x 10° MFC cells. As a control, age-

matched naive 615 mice were injected s.c. with the same
amount of MFC cells. All animal experiments were approved
by the Animal Care and Use Committee at the Renji Hospital
affiliate of Shanghai Jiao Tong University.

Tissue processing and flow cytometry

Spleens were processed by mechanical trituration following red
blood cell lysis. Tumors were minced with scissors and incu-
bated for 1 hour at 37°C for digestion in custom RPMI 1640
containing 1 mg/mL collagenase IV (Sigma) and 0.1 mg/mL
DNase I (Roche). Cell suspensions were filtered through a 70-
mm strainer, washed with PBS, and stained with Fixable
Viability Dye for 30 mins at 4°C (eBioscience). Cells were
then incubated with anti-CD16/32 mAb (clone 2.4G2) to
block Fc receptors at 4°C for 15 mins. Finally, cell suspensions
were stained with fluorescence-conjugated anti-mouse antibo-
dies for cell surface markers, including CD45 (clone 30-F11),
CD11b (clone M1/70), Gr-1 (clone RB6-8C5), DR5 (clone
MD5-1), PD-L1 (clone 10 F.9G2), CD4 (clone RM4-5), CD8a
(clone 53-6.7), PD-1 (clone 29 F.1A12), MHC Class II (I-A/
I-E) (clone M5/114), CD1lc (clone N418), and F4/80
(clone BMS8).

For nuclear protein FoxP3 staining, cells were then fixed in
fixation/permeabilization buffer (eBioscience) and stained with
antibody against mouse Foxp3 (clone R16-715). For intracel-
lular IFN-y and TNF-a staining, the isolated cells were stimu-
lated with leukocyte activation cocktail in the presence of
Golgistop (BD Biosciences) at 37°C for 4 hours. After being
stained with Fixable Viability Dye and surface markers, cells
were permeabilized using permeabilization  buffer
(eBioscience) and then stained with anti-mouse IFN-y (clone
XMG 1.2) and TNF-a (clone MP6-XT22) antibodies. All anti-
bodies were purchased from BD Biosciences or BioLegend.
Flow cytometry was performed on LSRFortessa (BD
Bioscience), and data were analyzed using FlowJo software.

MDSC and T cell isolation

Single-cell suspensions of the spleens from tumor-bearing 615
mice were sorted on Super MACS separator (MiltenyiBiotec)
using mouse Myeloid-Derived Suppressor Cell Isolation Kit
(MiltenyiBiotec) for gMDSCs and mMDSCs according to
manufacturer’s protocol or sorted by FACSAria Cell Sorter
(BD Biosciences) for CD3" T cells.

MDSC adoptive transfer

Single-cell suspensions were prepared from bone marrow of
tumor-bearing 615 mice, and total MDSCs (CD11b"Gr-1%)
were sorted via FACSAria Cell Sorter (BD Biosciences).
5 x 10° bone marrow-derived MDSCs were injected intrave-
nously into tumor-bearing 615 mice one hour after each MD5-
1 treatment (3 injections in total).

Apoptosis assays

To evaluate MD5-1-mediated killing, MFC and MC38 cells
(1 x 10°), isolated splenic MDSCs (2 x 10° supplemented



with 10 ng/ml GM-CSF), or CD3" T cells (2 x 10°) were
cultured in plates (24-well plate, Corning) pre-coated with
Protein A (10 pg/ml, Pierce) followed by coating with MD5-1
or control IgG for 24 hours. Cells were washed twice in PBS,
stained with FITC-Annexin V and propidium iodide (PI)
according to manufacturer’s protocol (BD PharMingen) and
analyzed by flow cytometry immediately.

Immunohistochemistry and TUNEL staining

At the time of sacrifice, tumors were harvested and fixed in 4%
paraformaldehyde for 24 hours. Fixed samples were embedded
in paraffin and cut into 4 pum sections. The sections were
deparaffinized in xylene and rehydrated with graded alcohol
and then placed in 3% H,0, to block endogenous peroxidase
activity. After being boiled in 1 mM EDTA (pH 9.0) for antigen
retrieval and blocked with 5% goat serum, sections were incu-
bated with antibodies against mouse CD3 (ab16669, 1:150,
Abcam) and Ki67 (ab15580, 1 ug/ml, Abcam) overnight at
4°C. After washing with PBS, sections were incubated in
EnVision secondary antibody (Dako) for 30 mins at room
temperature. Immunoreactivity was visualized with DAB
(Beyotime Biotechnology). The sections were counterstained
with hematoxylin. Tumor, lung, heart, liver, spleen, and kidney
were also collected for histological analysis using hematoxylin
and eosin (H&E) staining.

For TUNEL staining, the deparaffinized and rehydrated
tissue sections were incubated in 20 g/ml proteinase
K (Millipore) for 15 mins at room temperature. After being
washed in PBS, the sections were stained using the ApopTag
Fluorescein in situ Apoptosis Detection Kit (Millipore) accord-
ing to the manufacturer’s (Millipore) protocol. DAPI (1.0 g/
mL) was used for nuclear counterstain.

Statistical analysis

Statistical analysis was performed using Prism7 (GraphPad
Software). Data are presented as mean + SEM. Statistical ana-
lysis between two experimental groups was performed using
a two-tailed ¢ test. One-way ANOV A was used for the compar-
isons of three or four experimental groups. Tumor measure-
ments and TGI were analyzed using 2-way ANOVA. Survival
curves were plotted using Kaplan-Meier method. Differences
in survivals were determined using Log-Rank (Mantel-Cox)
analysis. p values less than 0.05 were considered statistically
significant.

Data availability

The data used and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Results

MDSCs accumulate in mice bearing gastric and colon
tumors and exhibit high DR5 expression

Many studies have demonstrated that MDSC level is elevated
in the peripheral blood and tumor tissues of patients with
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gastric or colon cancer.”” ' As expected, spleens and tumor
tissues in MFC gastric tumor and MC38 colon tumor-bearing
mice exhibited robust accumulation of total MDSCs (CD11b*
Gr-1%) compared to spleens in corresponding naive mice
(Figure la&b). MDSCs in mice bearing MC38 tumors have
been fully characterized in several studies.”*** In mice bearing
MFC tumors, increase of granulocytic (gMDSCs,
CD11b*Ly6G*Ly6C'®")  and  monocytic ~ (mMDSCs,
CD11b*Ly6G Ly6C"") MDSC subsets both contributed sub-
stantially to the accumulation of total MDSCs (Figure 1c). The
ratios of gMDSCs to mMDSCs in spleens and tumors were
approximately 3.6:1 and 2.3:1, respectively (Supplementary
Fig. 1). Notably, frequencies of gMDSCs and mMDSCs were
both markedly higher in tumor tissue than those in spleen of
the same mice (Figure 1c), indicating that MDSCs are prefer-
entially recruited to the tumor than to the spleen.

A previous study by Condamine et al. showed that DR5 is
expressed on MDSCs."” Accordingly, upregulation of surface
DR5 was detected in splenic and tumor-infiltrating MDSCs of
both murine tumor models (Figure 1d). In MFC tumor-
bearing mice, both gMDSCs and mMDSCs in spleens and
tumors exhibited markedly increased DR5 expression com-
pared with their respective counterparts in spleens of naive
mice (Figure le, Supplementary Fig. 2A). Notably, DR5 level
was significantly higher in both MDSC subsets from tumors
than those from spleens (Figure le). In tumor tissue, upregula-
tion of DR5 was more prominent in mMDSCs than in
gMDSCs. The percentages of DR5 positive gMDSCs and
mMDSCs were 53% + 3.4% and 77% + 6.1%, respectively
(Supplementary Fig. 2B&C). In addition, we observed
a substantially increased PD-L1 expression on tumor-
infiltrating gMDSCs and mMDSCs, which is an indicator of
their =~ immunosuppressive  activity  (Supplementary
Fig. 3A&B). Thus, MDSCs that express high levels of DR5
accumulate in the spleens and tumors of MFC and MC38
tumor-bearing mice. DR5 may serve as a target to deplete
MDSCs in the treatment of MFC and MC38 tumors.

Agonistic anti-DR5 antibody selectively depletes MDSCs

To evaluate whether targeting DR5 can effectively deplete
MDSCs, we first examined the capacity of MD5-1 to induce
MDSC apoptosis in vitro. The gMDSCs and mMDSCs were
isolated from the spleens of MFC tumor-bearing mice and
cultured in the presence of MD5-1 or control IgG. When
cultured in vitro, freshly sorted MDSCs usually undergo rapid
and spontaneous death; thus, we detected certain cell apoptosis
in both MDSC subsets cultured with control IgG. In contrast,
treatment with MD5-1 significantly increased the frequencies
of apoptotic cells (Annexin V") in both gMDSCs (10 pg/ml of
MD5-1) and mMDSCs (1 and 10 pg/ml of MD5-1) (Figure 2a).
Given that T cells are the main antitumor effector cells, the
direct effect of MD5-1 on CD3" T cells was determined. We
found no significant difference in the frequencies of apoptotic
cells between CD3" T cells that incubated with control IgG and
varying concentrations of MD5-1 (Figure 2b), indicating that
MD5-1 is not cytotoxic to T cells.

We then determined the MDSC-depleting effect of MD5-1
in vivo. Mice bearing MFC tumors were treated with one
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Figure 1. MDSCs accumulate in the spleens and tumors of MFC and MC38 tumor-bearing mice and exhibit high DR5 expression. 615 and C57BL/6 mice were
subcutaneously inoculated with MFC and MC38 cells, respectively. On d 7 after inoculation, spleens and tumors were harvested from tumor-bearing mice and subjected
to flow cytometry analysis for MDSCs. (a, b) Left, percentages of total MDSCs (CD11b*Gr-1%) in live, CD45™ cells from spleens (TB spleen) and tumors of MFC tumor-
bearing 615 mice (a) or MC38 tumor-bearing C57BL/6 mice (b) and spleens of their respective naive mice. Right, representative flow cytometry dot plots of total MDSCs
gated on live, CD45™ cells. (c) Left, percentages of gMDSCs (Ly6G+Ly6C'°‘”) and mMDSCs (Ly6G'Ly6Chi9h) in live, CD45™ cells. Right, representative dot plots of gMDSCs
and mMDSCs gated on total MDSCs. (d) Quantitative mean fluorescence intensity (MFI) of DR5 on total MDSCs in mice bearing MFC tumors (left) or MC38 tumors (right).
(e) Left, histograms of DR5 expression on gMDSCs and mMDSCs. Right, MFI of DR5 on gMDSCs and mMDSCs were quantified. n = 4 mice/group. Results are
representative of 3 independent experiments. Data are shown as mean + SEM. p values were obtained by one-way ANOVA, followed by Tukey’s multiple comparisons
test, *p < .05, ¥*p < .01, ***p < .001, ****p < .0001.
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Figure 2. MD5-1 specifically deletes MDSCs in tumors. (a, b) Freshly isolated MDSC subsets (a) and CD3* T cells (b) were cultured in plates coated with varying
concentrations of MD5-1 or control IgG (0, 0.1, 1 and 10 pg/ml) for 24 hours. Left, percentages of Annexin V* cells in gMDSCs, mMDSCs and T cells were determined.
Right, representative dot plots of cell apoptosis analysis. (c) 14 d after MFC tumor inoculation (tumor volume = 400 mm?®), tumor-bearing mice were treated with one
dosage of MD5-1 or control IgG (50 pg/mouse, n = 4 mice/group). Left, the absolute number of gMDSCs and mMDSCs (per 6 X 10* live cells) in tumors were determined
by flow cytometry analysis. Right, representative dot plots. (d-f) Absolute number of CD3* T cells (d), macrophages (e) and DCs (f) in tumors were determined (left) and
representative FACS plots (right) are shown. Results are representative of 3 independent experiments. Data are shown as mean + SEM. p values were obtained by

unpaired student’s t test, *p < .05, **p < .01, ***p < .001, ns, not significant.

dosage of MD5-1 or control IgG. Twenty-four hours after the
injection, MDSCs in tumor tissues and spleens of treated mice
were examined. As expected, MD5-1 treatment significantly
decreased the accumulation of gMDSCs and mMDSCs in both
tumors and spleens. In tumors, MD5-1 reduced the absolute
number of gMDSCs and mMDSCs by about 40.4% and 75.6%,
respectively, and in spleens, by about 25.7% and 33.6%, respec-
tively (Figure 2c, Supplementary Fig. 4). Additionally, we

observed a slight but significant increase in CD3" T cells in
MD5-1 treated tumors (Figure 2d), which was likely resulted
from reduced MDSC burden. Meanwhile, MD5-1 did not
affect the presence of other intratumoral myeloid cell popula-
tions (macrophages and dendritic cells) (Figure 2e&f).
Altogether, these data demonstrated that MD5-1 can selec-
tively deplete MDSCs in the tumor bed and spleen of tumor-
bearing mice.
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MD5-1-mediated MDSC depletion promotes T-cell
infiltration and contributes to tumor suppression

DRS5 is expressed in various types of cancer cells. We found that
both MFC and MC38 cells expressed high levels of DR5
(Supplementary Fig. 5A). A high dose of MD5-1 induced
apoptosis in around 60% of MFC cells and 27% of MC38
cells in vitro experiments (Supplementary Fig. 5B&C), sug-
gesting that MD5-1 may directly inhibit tumor growth in vivo,
independent of its MDSC depleting effect. Given that reduction
of MDSC burden can lead to reinvigoration of T-cell antitumor
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responses, we evaluated the contribution of T cells to the
antitumor efficacy of MD5-1. The tumor inhibition effect of
MD5-1 was compared in MFC tumors in T-cell-deficient nude
mice and immune-competent 615 mice. While MD5-1 treat-
ment effectively suppressed tumor growth and increased the
survival of tumor-bearing nude mice (Figure 3a&b), it exhib-
ited significantly stronger tumor-inhibiting efficacy and
resulted in better survival in tumor-bearing 615 mice
(Figure 3c-f). These results demonstrate that the T-cell-
mediated antitumor response contributed to the enhanced
tumor suppression effect of MD5-1.
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Figure 3. T cells contributes to MD5-1-mediated tumor inhibition. T-cell-deficient nude mice and 615 mice were s.c. inoculated with 1 x 10° MFC cells simultaneously
and treated with MD5-1 or control IgG (50 ug/mouse) on d 7, 10 and 13 after tumor implantation, tumor volume and mice survival were observed (n = 5 mice/group). (a,
b) Tumor growth curves (a) and survival curves (b) of T-cell-deficient nude mice. (c, d) Tumor growth curves (d) and survival curves (d) of 615 mice. (e) Median survival of
tumor-bearing nude mice and 615 mice treated with MD5-1 or control IgG. (f) Tumor growth inhibition rate (TGI) was compared between nude mice and 615 mice.
Results are representative of at least 2 independent experiments. Tumor volume and TGl were compared using 2-way ANOVA with Bonferroni multiple comparison test.
Survival curves were analyzed via Mantel-Cox log-rank test. *p < .05, **p < .01, ****p < .0001.



To further characterize alterations in the immune micro-
environment after MD5-1 treatment, T cells and MDSCs of
treated tumor-bearing 615 mice were analyzed. In line with the
conclusion in vivo, MD5-1 administration markedly enhanced
the infiltration of CD8" T cells in the tumor tissues and
increased the frequencies of both CD8" and CD4" T cells in
the spleens of tumor-bearing 615 mice (Figure 4a). Semi-
quantitative immunohistochemistry (IHC) also showed that
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MD5-1 treated tumors had a remarkably higher T-cell infiltra-
tion in both the tumor periphery and tumor center compared
to control IgG treated tumors (Figure 4b&c). Moreover, the
proportions of MDSCs in tumors and spleens were also sig-
nificantly decreased following MD5-1 treatment (Figure 4d).
The increased T-cell infiltration could also be a secondary
result of the direct tumor killing effect of MD5-1 since smaller
tumors usually have less immune suppressive MDSCs. Thus,
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Figure 4. T-cell enrichment and MDSC depletion contribute to the antitumor effect of MD5-1. (a) 7 d after 3 injections of MD5-1 or control IgG (50 pg/mouse), tumors
and spleens of treated 615 mice were collected for T cells and MDSCs examination (n = 4 mice/group). Left, proportion of CD8* and CD4* T cells (in CD45™cells) in
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we further evaluated the contribution of MDSC elimination to
the effect of MD5-1 on tumor growth. Isolated total MDSCs
were intravenously transferred into tumor-bearing 615 mice
after each MD5-1 injection. As expected, adoptive transfer of
MDSCs markedly compromised the antitumor activity of
MD5-1 (Figure 4e), indicating that reduction of MDSCs is
necessary for the antitumor efficacy of MD5-1. Overall, MD5-
1-mediated MDSC depletion induces T-cell infiltration and is
essential for its tumor suppression effect.

Combination of MD5-1 and anti-PD-L1 antibody
enhances antitumor effects and prolongs survival of
MFC and MC38 tumor-bearing mice

Given that MD5-1 treatment reduced MDSC burden and
enhanced T-cell infiltration, we hypothesized that MD5-1
could render the tumors more responsive to PD-L1 blockade
therapy. The combination regimen of MD5-1 and anti-PD-L1
antibody were then tested in MFC and MC38 tumor-bearing
mice. We found that around 19.5% of MFC cells and 12.2% of
MC38 cells express PD-L1 (Supplementary Fig. 6). Anti-PD-

L1 antibody alone had a moderate effect on the growth of
established MFC tumors. Consistent with the in vivo observa-
tion in Figure 3, MD5-1 considerably inhibited MFC tumor
growth. Remarkably, the combination of MD5-1 and anti-PD
-L1 antibody effectively reduced the tumor burden
(Figure 5a&b) and significantly prolonged the survival of
MEFC tumor-bearing mice (Figure 5c). Moreover, the combi-
nation treatment led to complete tumor regression in 2 out of
5 MFC tumors (complete response, CR = 40%) and effectively
retarded the growth of three other tumors. Meanwhile, no
complete tumor regression was observed in MD5-1 or anti-
PD-L1 monotherapy group (Figure 5d&e). In accordance
with the enhanced antitumor effect, the combination of
MD5-1 and anti-PD-L1 antibody significantly enhanced
necrosis in the tumor center, markedly increased apoptosis,
and reduced proliferation of the tumor cells in non-necrotic
tumor areas compared to either monotherapy, as confirmed
by H&E, TUNEL, and Ki67 staining, respectively
(Supplementary Fig. 6A-C). In MC38 tumor-bearing mice,
both MD5-1 and anti-PD-L1 monotherapies had limited
effects on the tumor growth. In contrast, MD5-1 combined

MFC MFC
a b 2500 c
- Control Il Control 100+ —— Control |g
B = Anti-PD-L1 < 1500 B Anti-PD-L1 3 — Anti-PDL1 [f
£ - MD5-1 = II II H I [ MD5-1 2 - MD5-1 |: :
g - Anti-PD-L1+ E s I i BN Anti-PD-L1+ £ 50 —— Anti-PD-L1+
3 MD5-1 5 300 i MDS-1 g MD5-1
3 g o &
£ 2 100
a 0 o T T T T T
5 10 15 20 25 30 35 40 40 0 15 30 45 60 75
Days post inoculation Days post inoculation
d Control Anti-PD-L1 e Control Anti-PD-L1
T ' s
- Sme; 4056
2
£ 1024 1024
E 512 512
o 256 256
E 128 128
2 64 64
2 % 32
T 16
N 8
S
£ 4 CRe0% 4 cR=0%

Days post inoculation Days post inoculation

MD5-1

Anti-PD-L1+MD5-1

5 10 15 20 25 30 35 40 45 50 55

Days post inoculation Days post inoculation

MC38 g MC38

- Control
-8 Anti-PD-L1
-+~ MD5-1

-e- Anti-PD-L1+
MD5-1

8000
6000

4000 |I I
p— L Inm ..

2000

Tumor growth (%)

1000

T T T T T 1 0
5 10 15 20 25 30

Days post inoculation -1000

Anti-PD-L1+MD5-1

T /)
7 8 9 g 2o w15

h Mc38
Il Control
Bl Anti-PD-L1 100 —— Control I3
[ MD5-1 5 —— Anti-PD-L1 [
B Anti-PD-L1+ g B - MDS5-1 |z '
MD5-1 £ 50l —— Anti-PD-L1+

g MD5-1

1

5

) 1]

) 10 20 30 20

Days post inoculation

Figure 5. Combination therapy using MD5-1 and anti-PD-L1 antibody is efficacious against MFC and MC38 tumors. 615 mice bearing MFC tumors and C57BL/6 mice
bearing MC38 tumors were treated with control IgG, anti-PD-L1 mAb (200 pg/mouse), MD5-1 (50 ug /mouse), or MD5-1 plus anti-PD-L1 mAb. Mice were monitored for
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with anti-PD-L1 antibody significantly delayed tumor growth
and markedly improved the survival of tumor-bearing mice
(Figure 5f-h).

In further experiments, we examined whether the combina-
tion therapy induced immune memory in CR 615 mice.
Three months after the combination therapy, the CR mice
were re-challenged with the same MFC cells. No tumor re-
growth was observed in any of the CR mice after MFC cell re-
injection. Meanwhile, the age-matched naive mice rapidly
developed  tumors after MFC cell inoculation
(Supplementary Fig. 8A&B), indicating that the combination
therapy can induce the generation of durable tumor-specific
immune memory. Taken together, our results demonstrate that
the combination of MD5-1 and anti-PD-L1 antibody is effica-
cious against gastric cancer and colon cancer.

Combination treatment enhances CD8* T-cell infiltration
and activation in the tumor tissues

In order to determine whether the enhanced antitumor effect
by combination of MD5-1 and anti-PD-L1 antibody was asso-
ciated with improved immune responses, tumor-infiltrating
lymphocytes, and myeloid cells of treated MFC tumor-
bearing mice were examined by flow cytometry. Compared to
MD5-1 or anti-PD-L1 antibody monotherapy, the combina-
tion of MD5-1 and anti-PD-L1 antibody significantly increased
the frequency of CD8" T cells in tumor tissues (Figure 6a). The
enhanced T-cell infiltration following combination therapy
was further confirmed by CD3 staining of the tumor sections
(Figure 6b). None of the treatments affected the presence of
CD4" T-regulatory cells (Treg) (Figure 6¢), and the combina-
tion therapy did not further reduce the tumor MDSC burden
compared to MD5-1 monotherapy (Figure 6d), suggesting that
MDSC reduction was mainly attributed to the effect of MD5-1.
However, with the highest CD8" T cells frequency, the combi-
nation therapy resulted in markedly increased CD8/Treg ratio
and CD8/MDSC ratio compared to either monotherapy
(Figure 6 e&f). The combination therapy also significantly
increased the proportions of IFN-y and TNF-a producing
CD8" T cells (Figure 6 g&h) and reduced the expression of
PD-1 on CD8" T cells (Figure 6i), suggesting that the tumor-
infiltrating CD8" T cells were more functionally activated and
less exhausted. Furthermore, compared to MD5-1 monother-
apy, IFN-y but not TNF-a producing CD4" T cells were also
significantly increased in tumors treated with combination
therapy (Supplementary Fig. 9A&B).

T lymphocytes were also evaluated in the spleens of treated
mice. Although the combination therapy did not significantly
increase the proportion of splenic CD8* T cells
(Supplementary Fig. 10A), it significantly augmented the per-
centages of IFN-y and TNF-a producing CD8" T cells relative
to MD5-1 monotherapy (Supplementary Fig. 10B&C).
Meanwhile, no significant differences in the frequencies of
IFN-y and TNF-a producing CD4" T cells were observed
between the combination therapy and MD5-1 monotherapy
(Supplementary Fig. 10D&E). Overall, the combination of
MD5-1 and anti-PD-L1 antibody could enhance antitumor
immunity by promoting the infiltration and activation of
CD8" T cells.
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Combination of MD5-1 and anti-PD-L1 antibody is well
tolerated by the mice

Throughout the course of therapy, although mice received the
combination treatment experienced certain weight loss, none
of the treated mice lost more than 10% of its initial body weight
(Figure 7a). Moreover, no obvious pathological alterations
were observed in the major organs of the treated mice, includ-
ing the heart, lung, liver, spleen, and kidney (Figure 7b). All the
serological indexes of liver, renal, and heart function were
within normal ranges (Figure 7c-e). These results indicate
that the combination therapy of MD5-1 and anti-PD-L1 anti-
body is well tolerated by the host without overt systemic
toxicity.

Discussion

MDSCs have been demonstrated to play important roles not
only in immune suppression but also in immunotherapy resis-
tance of cancer. The expansion and accumulation of immune
suppressive MDSCs have been observed in various murine
tumor models and cancer patients.***> However, until now,
little research has been done to characterize MDSCs in gastric
cancer and colon cancer. Our previous studies showed that
mobilization of MDSCs contributes to gastric cancer develop-
ment in IL-1P transgenic mice and inhibition of MDSCs pre-
vents gastric cancer growth.’®*” However, whether
therapeutically targeting MDSCs could enhance the efficacy
of PD-1/PD-L1 blockade immunotherapy in gastric cancer
and colon cancer remains to be investigated.

In mice bearing MFC gastric cancer and mice bearing MC38
colon cancer, we found that the MDSCs accumulated robustly
in the spleens and tumor tissues as early as 7 d after tumor
inoculation. Up to now, therapeutic methods that target
MDSCs in preclinical studies are often focused on
gMDSCs.*** However, in MFC gastric cancer-bearing mice,
while the frequencies of gMDSCs were higher than those of
mMDSCs in both spleens and tumors, the mMDSC population
cannot be overlooked, since it represents about 21% of splenic
MDSC population and 31% of tumoral MDSC population,
suggesting that targeting only gMDSCs may have limited ther-
apeutic effects in certain tumors.

Many agents have been found to have the capacity of block-
ing the immune suppression activity of MDSCs,*>*' among
which depletion of MDSCs by anti-Gr-1 antibodies or cyto-
toxic chemotherapy drugs (such as gemcitabine and 5-fluor-
ouracil) were proved effective to enhance T-cell antitumor
response and inhibit tumor growth in preclinical tumor
models.”> > However, anti-Gr-1 antibodies may also deplete
neutrophils since Gr-1 is a general marker for granulocyte.
More importantly, Gr-1 antigen is not expressed on human
MDSCs. Meanwhile, although some chemotherapy drugs can
selectively deplete MDSCs, the clinical benefits of conventional
cytotoxic agents are limited for gastric and colon cancer
patients. Thus, it is imperative to explore new MDSC-
targeting strategies for cancer treatment.

A previous report by Condamine et al. showed that due to
ER stress response, MDSCs in tumor-bearing mice express
high levels of DR5 and targeting DR5 can lead to selective
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Figure 6. MD5-1 and anti-PD-L1 antibody combination therapy enhances intratumoral CD8" T-cell infiltration and activation. On d 7 after treatment, MFC tumors of each
treated group were isolated and immune cells were analyzed by flow cytometry (n = 4 mice/group). (a) Frequencies of tumor-infiltrating CD8* T cells and CD4™ T cells
(left) and representative dot plots gated on live, CD45" cells (right). (b) Representative tumor-infiltrating CD3"* T cells staining (brown). Dashed line indicates tumor
boundary. Scale bar, 200 pm. (c) Frequencies of Treg (CD4*Foxp3*) in live, CD45" cells (left) and representative flow cytometry dot plots (right). (d) Frequencies of
MDSCs (CD11b*Gr-1%) in live, CD45™ cells (left) and representative flow cytometry dot plots (right). (e, ) The ratios of CD8™ T cells to Treg (e) and CD8" T cells to MDSCs
(f) in tumors were evaluated. (g, h) Percentages of IFN-y (g) and TNF-a (h) expressing CD8* T cells (left) and representative flow cytometry plots (right). (i) Representative
histogram plot of PD-1 expressed on CD8" T cells (left) and quantified surface PD-1 expression of CD8" T cells (right) in tumors. Data represent at least 2 independent
experiments. Data are shown as represent mean + SEM. *p < .05, ** p < .01, *** p < .001, **** p <.0001, ns, not significant by one-way ANOVA with Turkey’s multiple
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MDSC elimination.'” Similarly, we found that MDSCs accu-
mulated in the tumors and spleens of both MFC and MC38
tumor-bearing mice expressed high levels of surface DR5. In
MEFC tumor-bearing mice, the treatment of agonistic anti-DR5
antibody MD5-1 effectively reduced the MDSC burden with-
out notable cytotoxicity on T cells nor affecting the presence of
macrophages and DCs in the tumor microenvironment.
Importantly, MD5-1 showed stronger MDSC depletion effect
in the tumor tissue than that in the spleen, given that both
MDSC subsets in the tumor tissue had higher DR5 expression
than their respective counterparts in the spleen. Moreover, in
tumor tissue, the depleting effect by MD5-1 was more promi-
nent on mMDSCs than on gMDSCs, mostly because the DR5
expression on mMDSCs was 2.9 times higher than that on
gMDSCs. This is an essential observation of our study since
the study by Condamine et al. mainly emphasized this MDSC-
targeting strategy for the depletion of gMDSCs. Thus, deter-
mining the ratio between gMDSCs and mMDSCs in patients
with gastric or colon cancer could be important for DR5-
targeting treatment.

One major characteristic of MDSCs is their ability to inhibit
T-cell antitumor activity. Here, we showed that MD5-
1-mediated antitumor effect was stronger in immune-
competent 615 mice than in T-cell-deficient nude mice. The
enhanced tumor-inhibiting effect in 615 mice by MD5-1 treat-
ment was associated with an increased intratumoral and sple-
nic CD8" T-cell infiltration. Furthermore, the antitumor effect
of MD5-1 was markedly blunted by MDSC adoptive transfer.
Altogether, these results indicate that MDSC elimination is
essential for the antitumor efficacy of MD5-1. However, given
that MD5-1 also recognizes DR5 expressing tumor cells, it is
possible that the enhanced antitumor immunity is
a combinatorial result of MD5-1 targeting MFC tumor and
MDSCs. Because MD5-1-mediated tumor killing can also pro-
mote tumor-specific effector T cells through the help of antigen
presenting cells.’*>® Thus, characterizing DR5 expression on
both tumor cells and MDSCs could better predicate the activa-
tion of antitumor immunity after DR5-targeting therapy.

Considering the pivotal role of MDSCs in T-cell suppres-
sion, targeting MDSCs represents a promising strategy to
improve the efficacy of PD-1/PD-L1 blockade therapy.””*’ In
this study, we demonstrated that targeting DR5 using MD5-1
effectively reduced the MDSC burden in the tumor and
remarkably increased the intratumoral CD8" T-cell infiltra-
tion, turning the relative “cold” MFC tumors into “hot.”
Although MD5-1 therapy alone induced immune activation
was insufficient to cause complete tumor regression, it signifi-
cantly sensitized MFC tumors to anti-PD-L1 therapy. The
combination of MD5-1 and anti-PD-L1 antibody was thera-
peutically superior to either single-agent treatment, led to 40%
of complete tumor regression and a markedly prolonged sur-
vival of MFC tumor-bearing mice. Moreover, all mice experi-
enced complete tumor regression rejected the re-injection of
the same MFC cells, indicating that the combination therapy
elicited tumor-specific immune memory. The enhanced anti-
tumor efficacy of the combination therapy was also observed in
mice bearing MC38 tumors, suggesting the general applicabil-
ity of the combination regimen in gastrointestinal cancer. In
addition, a recent study by Mondal et al. also showed that DR5

antibodies lead to PD-LI stabilization on tumor cells and
demonstrated the synergistic antitumor effect of co-targeting
DR5 and PD-L1 in a murine model of ovarian cancer.*’
However, although MD5-1 effectively enhanced the antitumor
effect of anti-PD-L1 therapy in MC38 tumors, no complete
tumor regression was observed after the combination therapy.
The impaired synergistic efficacy of the combination therapy in
MC38 tumors may be attributed to the insensitivity of MC38
cells to MD5-1 induced apoptosis, since a lower tumor burden
has a positive effect on anticancer immunity and indicates
a better response to immunotherapy.*>*> Given that many
tumor cells develop a certain inherent resistance to TRAIL or
anti-DR5 antibody-induced apoptosis irrespective of DR5
expression level such as MC38 cells in our study,** evaluation
of the sensitivity of tumor cells to agonistic anti-DR5 antibody-
induced apoptosis may also better stratify patients that will
respond to this form of combination therapy. Moreover, the
reason that the agonistic effect of anti-DR5 antibodies requires
Fc receptors that are expressed on tumor cells and innate
immune cells may also explain why the antitumor effect of
these antibodies varies in different tumor-bearing
individuals.">?*

The enhanced antitumor effect following the combination
therapy was concomitant with not only stronger CD8" T-cell
infiltration but also augmented CD8" T-cell activities as
assessed by flow cytometry analysis. We also detected
a significantly increased CD8/Treg ratio and decreased PD-1
expression on CD8" T cells which had been shown to indicate
a better response to anti-PD-L1 immunotherapy.*>*® These
results suggested that the combination of DR5-targeting and
PD-L1 blockade therapy has remarkable immunomodulatory
activity and antitumor efficacy for the treatment of gastric and
colon cancers.

The toxicity and safety of agonistic anti-DR5 antibody or
anti-PD-L1 antibody single-agent therapy have been properly
assessed in many studies.”'>*’ Here, by using syngeneic mouse
models, we assessed the potential toxicities associated with
combinatorial treatment with the two agents, which to our
knowledge, has not been reported in any published data. We
observed no significant pathological and serological changes in
major organs of mice that received either single-agent treat-
ment or combination treatment. Notably, the liver function
was not affected by MD5-1 used alone or in combination with
anti-PD-L1 antibody, as stimulation of DR5 is potentially
cytotoxic to hepatocytes.**** Nevertheless, we did observe
a certain weight loss in mice treated with MD5-1 single-agent
and combinational treatment, however, no mice lost more than
10% of its initial body weight, indicating that MD5-1 mono-
therapy and combination therapy are well tolerated by the host.
Overall, these results provided promising preclinical evidence
that a therapeutic strategy that combines agonistic anti-DR5
antibody and anti-PD-L1 antibody may be safe in humans for
gastric and colon cancer treatment.

Ultimately, this study for the first time demonstrated that
depleting MDSCs through targeting DR5 can effectively over-
come MDSC-mediated T-cell suppression and potentiate PD-L1
blockade therapy in gastric and colon tumor-bearing mice,
thereby offering a viable approach for the treatment of human
gastric and colon cancers. To enhance the translational value of



this study, the antitumor efficacy of this form of combination
therapy may need further evaluation in humanized mice models.
Furthermore, while anti-PD-L1 antibodies are available clinically
and humanized anti-DR5 antibodies have been tested in many
clinical trials for the treatment of cancer, it is feasible to translate
these preclinical results into early-phase human clinical trials.
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