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Abstract: Recently, the combination of platinum chemotherapy with PD-1/PD-L1 pathway blockades has shown 
synergistic efficacy in a few clinical trials. However, the exact mechanisms and the optimized sequence of such com-
binations are not fully clear. In this study, we combined different doses of platinum agents (cisplatin or oxaliplatin) 
with sequential therapy of PD-1 blockade therapy (anti-PD-1 antibody or anti-PD-L1 antibody) to treat established 
MC38 murine colon tumors. Although 10 mg/kg platinum (cisplatin or oxaliplatin) showed no significant effect on 
tumor growth, its combination with sequential anti-PD-1 antibody administration caused complete tumor remission 
in 80-100% mice. The synergic therapeutic efficacy was found to be associated with more effector and less ex-
hausted CD8 T cell infiltration in the tumor sites. Platinum chemotherapy is generally considered immunosuppres-
sive, with lymphopenia and neutropenia being common side effects. However, our data showed that high-dose (20 
mg/kg) platinum treatment induced lymphopenia in MC38 tumor-bearing mice, and low-dose (10 mg/kg) treatment 
augmented the T cell response with an increased number of peripheral T cells. Notably, increased numbers of PD-1 
positive CD8 T cells were found in draining lymph nodes, peripheral blood and tumor tissues three days after 10 
mg/kg oxaliplatin treatment, and increased numbers of CD8 T cells and apoptotic tumor cells were detected at the 
edge of tumor tissues. Further investigation showed that the death of tumor cells induced by platinum compounds 
promoted T cell activation. Moreover, increased expression of T cell-attracting chemokines (CXCL9, CXCL10 and 
CCL5) was detected in MC38 cells after platinum treatment. These data indicated that the optimal dose of plati-
num chemotherapy could trigger T cell activation and recruitment into tumors, and sequential PD-1 blockade could 
prevent newly arriving T cell from becoming exhausted in tumor sites. These findings highlight the importance of 
optimizing the dose and timing of platinum chemotherapy combined with PD-1 blockade and provide an indication 
for the improvement of combined therapies in clinical trials. 
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Introduction

“Checkpoint-blocking” antibodies against pro-
grammed cell death protein 1 (PD-1) and its 
ligands have emerged as an increasingly effec-
tive treatment modality for many cancers, re- 
sulting in remarkable responses [1-3]. Never- 
theless, anti-PD-1/PD-L1 antibodies as a single 
immune therapy are not sufficient to improve 
clinical outcome in most patients, emphasizing 
the need to develop combination strategies [2, 
4, 5]. The platinum-based drugs cisplatin (Cis), 
carboplatin, and oxaliplatin (Oxa) are widely 

used anticancer drugs that are thought to be 
immunosuppressive by interfering cell division 
[6, 7]. Recently, the combination of platinum 
compounds with PD-1/PD-L1 pathway block-
ade showed synergistic efficacy in some murine 
tumor models and a few clinical trials [8-13]. 
However, their exact synergistic mechanism 
has not yet been elucidated.

In this study, we tested the effect of different 
doses of Cis and Oxa on peripheral immune cell 
profiles in mice implanted with murine MC38 
colon tumor cells. We found that 10 mg/kg 
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platinum compounds (Cis or Oxa) increased the 
number of peripheral blood T lymphocytes, 
whereas high-dose chemotherapy showed con-
ventional lymphopenia. Further investigation 
showed that a sequential treatment schedule 
of anti-PD-1 antibody dramatically improved 
the inhibitory effects of low-dose (10 mg/kg) 
platinum compounds on tumor growth. Intri- 
guingly, despite the lack of effect of 10 mg/kg 
platinum compounds alone on tumor eradica-
tion, tumor cell death induced by Cis or Oxa 
could initiate T cell activation and migration to 
the tumor site, resulting in synergistic antitu-
mor effect with PD-1 monoclonal antibodies.

Materials and methods

Mice 

C57BL/6 mice and mice with transgenic T cell 
receptors specific for H-2Kb OVA257-264 (OT-I) 
were purchased from the Model Animal Re- 
search Center of Nanjing University. All female 
mice were 6 to 8 weeks old at the beginning of 
each experiment. All procedures performed in 
studies involving animals were approved by the 
Fujian Medical University Institutional Animal 
Care and Use Committee (IACUC, NO. 2017-
033) in accordance with the ethical standards. 
All applicable international, national, and/or 
institutional guidelines for the care and use of 
animals were followed.

Cell lines and antibodies

The murine colorectal cancer cell line MC38 
was purchased from the authenticated NIH 
repository. MC38-OVA cells were generated by 
stable transfection with chicken egg ovalbumin 
(OVA). Tumor cells were cultured in DMEM sup-
plemented with 10% fetal calf serum, L-gluta- 
mine, nonessential amino acids, sodium pyru-
vate, and antibiotics (Thermo Fisher Scientific, 
USA). All tumor cell lines were tested before 
used and found to be free of Mycoplasma. 
Antibodies against PD-L1 (10F.9G2), PD-1 
(RMP1-30), CD3 (17A2), CD8 (53-6.7), IFN-γ 
(XMG1.2), CD4 (GK1.5), Foxp3 (FJK-16s) and 
CD45 (HI30) were obtained from BioLegend, 
BD Biosciences or Thermo Fisher Scientific. 
Blocking antibodies against mouse PD-1 (clone 
G4) and PD-L1 (clone 10B4) were produced in 
our lab.

Tumor models and treatment

Mice were subcutaneously injected in the right 
flank with 5×105 MC38 tumor cells. Tumor sizes 
were measured with digital calipers every 3 
days and calculated using the equation (l+w)/2, 
where l and w refer to the larger and smaller 
dimensions, respectively, collected at each me- 
asurement. When the tumor diameter reached 
4-8 mm (at 6-7 days), mice were assigned to 
homogenous groups of 4-6 mice and intraperi-
toneally injected with a single dose of Cis or 
Oxa (Sigma-Aldrich, USA) at different concen-
trations (0, 10, 20, 40 or 80 mg/kg body 
weight). For combination treatment, mice were 
sequentially administered with 250 µg anti-
mouse PD-1 or anti-mouse PD-L1 every 4 days 
for a total of three times, and hamster IgG was 
used as a control antibody. All the mice that 
developed tumors reaching a size of 2.0 cm in 
each dimension were sacrificed in accordance 
with standards for humane treatment.

Flow cytometry (FCM) 

Single-cell suspensions of tumor tissues, sp- 
leen and lymph node tissues and blood were 
prepared on the scheduled days after treat-
ment. Tumor infiltrating lymphocytes (TILs) 
were isolated from freshly resected tumor tis-
sues using a Gentle MACS mechanical dissoci-
ator containing lysis buffer (Miltenyi Biotec, 
Germany) and enriched in the mouse lympho-
cyte separation buffer LymphoLyte-M (Ceda- 
rlane Laboratories Ltd, Canada) according to 
the manufacturer’s recommendations. Cells 
from tissues were blocked with anti-mouse 
CD16/32 (TruStain fcX™, BioLegend, USA). 
Single-cell suspensions were stained with anti-
bodies, and then run on a BD FACSVerse™ flow 
cytometry (BD Biosciences, USA) and analyzed 
using FlowJo software. 

Histology and immunohistochemistry

MC38 tumor tissues were fixed and paraffin-
embedded following standard procedures. The 
sections were stained with H&E (Thermo Fisher 
Scientific, USA) for histologic analysis. For im- 
munohistochemical staining, the sections were 
immunolabeled with rabbit anti-mouse CD8 an- 
tibodies (SP16, 1:100, Thermo Fisher Scientific, 
USA), followed by the use of the ImmPRESS 
anti-rabbit Ig Kit (Vector Laboratories, USA), 
according to the manufacturer’s instructions.
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TUNEL staining

TUNEL (terminal deoxynucleotidyl transferase 
(TdT)-mediated dUTP nick end labeling) stain-
ing for tumor tissue was based on the protocol 
of the TdT-Fragel DNA Fragmentation detection 
kit (Roche, USA). The tissue sections were 
imaged with an EVOS FL Auto Cell Imaging 
System inverted microscope (Thermo Fisher 
Scientific, USA).

ELISA

MC38-OVA cells were cultivated in phenol red-
free medium and then treated with different 
doses of Cis or Oxa (0, 100, 200 or 400 μM) for 
24 hours. The supernatants were collected for 
HMGB1 detection. HMGB1 levels in culture 
medium were quantified using an ELISA kit 
(Chemicon, USA) according to the manufactur-
er’s instructions. 

Immunofluorescent staining

MC38-OVA cells were treated with the indicat-
ed concentrations of Cis or Oxa for 4 hours, and 
then fixed in 4% paraformaldehyde for 20 min-
utes. Immunofluorescent staining was per-
formed with a primary rabbit anti-calreticulin 
(CRT) antibody (1:300, Ab2907, Abcam, USA), 
and followed by staining with an Alexa Fluor 
488® goat anti-rabbit IgG antibody (1:500, 
A-11034, Thermo Fisher Scientific, USA) and 
DAPI (1:500, Sigma-Aldrich, USA) for 20 sec-
onds. Cells were observed under an inverted 
microscope using 405 and 488 nm lasers to 
visualize nuclei and CRT expression on the cell 
membrane, respectively. 

Apoptosis assay

MC38-OVA cells were treated with the indicat-
ed concentrations of Cis or Oxa for 24 hours, 
and then stained with PE-Annexin V and 7-AAD 
(BD Biosciences, USA) according to the manu-
facturer’s instructions. The percentages of cell 
apoptosis were analyzed by FCM. Late apopto-
sis was defined as Annexin V and 7-AAD double-
positivity; early apoptosis was defined as 
Annexin V positivity with 7-AAD negativity.

T cell proliferation assay

Dendritic cells (DCs) were magnetically isolated 
from splenocytes using the EasySep™ Mouse 
Pan-DC Enrichment Kit (StemCell Technologies, 

Canada). MC38-OVA cells were pretreated with 
different doses of Cis or Oxa (0, 100, 200 or 
400 μM) for 24 hours. OT-I T cells were isolated 
from the lymph nodes of female OT-I transgenic 
mice by a negative CD8 T cell isolation kit 
(Miltenyi Biotec, Germany), and labeled with 3 
μM 5,6-carboxyfluorescein diacetate succinimi-
dyl ester (CFSE) (Sigma-Aldrich, USA). Drug-
treated and control MC38-OVA cells were har-
vested and incubated with DCs for 4 hours, and 
then DCs were coincubated with CFSE-labeled 
naïve OT-I T cells for 72 hours. Cell proliferation 
was analyzed by FCM. 

Expression of chemokine genes

MC38-OVA cells were seeded into 12-well 
plates for 16 hours, and then drugs were added 
at indicated concentrations. The expression of 
chemokine genes relative to that of GAPDH was 
measured by quantitative real-time PCR (qRT-
PCR) as previously described [14]. In brief, total 
RNA was extracted from analyzed specimens 
and converted to cDNAs using RNeasy Mini Kit 
and Sensiscript RT Kit (Qiagen, Germany), re- 
spectively. qRT-PCR was performed with SYBR 
Green Master Mix (Applied Biosystems, USA), 
according to the manufacturer’s instructions. 
All primers listed in Table S1 were validated 
according to the protocol. The relative expres-
sion of target genes was calculated as using 
the formula 2-∆∆CT. 

Transwell migration assay

OT-I T cells were isolated from the spleen and 
lymph nodes of OT-I transgenic mice by a nega-
tive isolation kit. Non-T cells were irradiated 
with 40 Gy, and then were pulsed with 3 ng/ml 
OVA-peptide 257-264 (SIINFEKL) for 1 hour. 
OT-I CD8 T cells were cocultured with SIINFEKL-
pulsed cells in 10% FBS-supplemented medi-
um containing 20 IU/ml IL-2 for 24 hours. The 
FBS concentrations of media for activated CD8 
cells were gradually changed to 5%, 2.5% and 
1.25% every 4 hours for serum-starvation treat-
ment. A total of 5×105 activated CD8 cells were 
added to the upper chamber in 100 μl of 1.25% 
FBS-supplemented media. The lower chamber 
contained 600 μl of culture supernatant from 
MC38-OVA cells after they had been pretreated 
with Oxa or Cis for 48 hours, which was changed 
to 5% FBS-supplemented media for another 24 
hours. After incubation for 4 hours at 37°C, 
cells that migrated into the lower chamber were 
observed under a microscope.
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Statistical analysis 

Statistical analysis was conducted using Prism 
8 (GraphPad, Canada). Numerical data are 
expressed as the mean ± SEM unless other-
wise stated. Statistical differences between 
groups were compared using Student’s t test or 
one-way ANOVA with Tukey or Dunnett multiple 
comparison tests (tumor growth and pheno-
type comparisons), and individual group com-
parisons were evaluated by Bonferroni′s multi-
ple comparison test. The log-Rank and Wilcoxon 
tests were used to analyze the differences in 
survival time. *P < 0.05; **P < 0.01; ***P < 
0.001. The results represent at least three 
experiments unless otherwise stated. 

Results

Optimal dose of platinum chemotherapy in 
combination with anti-PD-1 antibodies was 
defined in the treatment of MC38 tumor model

To determine the median lethal doses (LD50) of 
Cis and Oxa, MC38 tumor-bearing mice were 
intraperitoneally injected with different doses 
of Cis or Oxa (0, 10, 20, 40 or 80 mg/kg) on day 
6 after tumor implantation. The data showed 
that high-dose platinum compounds (> 40 mg/
kg) caused rapid weight loss (data not shown) 
and mouse death, and the LD50 values of Cis 
and Oxa were 17.62 and 28.28 mg/kg, respec-
tively. No therapeutic outcome was found in 
MC38 tumor-bearing mice treated with differ-
ent doses of Cis or Oxa (Figure 1A). Never- 
theless, the increasing numbers of lympho-
cytes and the percentages of CD4 and CD8 T 
cells were observed in the blood 2 days after 
10 mg/kg Oxa or Cis administration (Figure 
1B), indicating that the low-dose (10 mg/kg) 
platinum chemotherapy exerted an immune 
priming effect. Thus, we treated established 
MC38 tumors with a single dose of platinum 
compounds on day 6 and three sequential 
doses of a blocking antibody targeting PD-1 on 
days 9, 13 and 17 (Figure 1C). The sequential 
combination of 10 mg/kg Cis (or Oxa) and anti-
PD-1 caused almost complete remission of the 
established MC38 tumor model, with Oxa yield-
ing a more pronounced therapeutic response 
than Cis. However, there was no synergistic 
effect on tumor growth in surviving mice that 
treated with the combination of 5 or 20 mg/kg 
Cis (or Oxa) and anti-PD-1 antibodies. Anti-PD-1 
antibody or Cis (or Oxa) monotherapy showed 

no significant effect on tumor remission (Figure 
1D, 1E).

Platinum chemotherapy in combination with 
3-day-delayed sequential PD-L1/PD-1 block-
ade augmented tumor remission

Correspondingly, low-dose Oxa (10 mg/kg) plus 
delayed anti-PD-1 antibody administration re- 
sulted in a significant increase in survival, with 
approximately 80% or 100% of the animals 
experiencing complete tumor remission (Figure 
2A). The tumor-free mice from the combination 
group were observed for 120 days and rechal-
lenged with MC38 tumors, and no tumors 
developed in these mice (data not shown), sug-
gesting that long-lasting antitumor effects are 
induced by combined low-dose Oxa and anti-
PD-1 antibodies. Similar to the results from the 
anti-PD-1 antibody, the combination of low-
dose Oxa and delayed anti-PD-L1 antibody 
administration also promoted tumor remission 
and prolonged mouse survival compared with 
Oxa or anti-PD-L1 antibody administration al- 
one (Figure 2B). Considering that sequence 
and timing are important aspects for the opti-
mized therapeutic effect of PD-1 blockade com-
bined with platinum compounds, we compared 
three treatment strategies, including various 
combinations of concurrent or sequential treat-
ment with anti-PD-1 antibody and Oxa. The con-
current (d6) and 6-day-delayed anti-PD-1 anti-
body (d12) combinations slight inhibited tumor 
progression. However, analysis of tumor growth, 
tumor-free mice and survival with these combi-
nations showed that they were not significantly 
different from the respective results with anti-
PD-1 treatment. Importantly, the sequential 
combination of 3-day-delayed anti-PD-1 anti-
body (d9) and Oxa demonstrated significant 
inhibition of tumor growth for a longer period of 
time than the other combinations (Figure 2C). 
These data demonstrated that 3-day-delayed 
sequential combination therapy with platinum 
chemotherapy and anti-PD-1 pathway blockade 
was superior therapy to concurrent or 6-day-
delayed combination therapy in preclinical 
colon cancer models.

Effective CD8 T cells were essential for the ef-
ficacy of the combination therapy

Given the therapeutic efficacy of sequential 
combinations, we sought to explore the possi-
ble synergistic mechanism. Tumor infiltrating 
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Figure 1. The synergistic effect of different doses of platinum compounds combined with anti-PD-1 antibodies in the established MC38 model. (A) The effect and 
toxicity of different doses of Cis or Oxa in MC38 tumor-bearing mice. C57BL/6 mice were subcutaneously inoculated on day 0 with 5×105 viable MC38 cells. When 
the mean tumor length reached approximately 4-8 mm (day 6), the mice were randomized by tumor size and intraperitoneally injected with single dose (0, 10, 20, 
40 or 80 mg/kg) of platinum compounds (Cis, left panel; Oxa, right panel). The mean tumor lengths and survival rates of mice in each group (n = 5) are shown. Each 
symbol represents the mean ± SD of 5 mice. (B) Lymphocyte numbers and the frequency of CD4 or CD8 T cells within the lymphocyte population in the peripheral 
blood was detected by cell number quantification and flow cytometry on day 3 after platinum chemotherapy (n = 5). (C) Treatment schedule of MC38 tumor-bearing 
mice comparing platinum chemotherapy alone and sequential combination therapy with anti-PD-1 antibodies. MC38 tumor-bearing mice were intraperitoneally 
administered with Cis or Oxa (0, 5, 10 or 20 mg/kg) on day 6, and then 250 μg of anti-PD-1 (clone G4) or irrelevant hamster IgGs was sequentially injected every 
four days for a total of three times (days 9, 13 and 17). (D, E). The time-course of tumor growth in different groups. MC38 tumors on the right flank were treated 
with different doses of Cis (D) or Oxa (E) alone, or drugs combined with anti-PD1 antibodies, as described in (C). Tumors on the right flank were monitored (n = 4-5), 
and each line represents an individual mouse. Con: isotype antibody control; Cis: cisplatin; Oxa: oxaliplatin; anti-PD-1: anti-PD-1 antibodies. All results shown are 
representative of at least two independent experiments. Ns, no significant difference; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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lymphocytes (TILs) were isolated from mice 
treated with different strategies on day 20 (3 
days after the last sequential anti-PD-1 dose) 
and analyzed by flow cytometry. Figure 3A 
shows that the frequency of CD8 T cells in the 
combination group (Oxa+anti-PD-1) was signifi-
cantly increased as compared with that in the 
untreated group, while there was no difference 
in intratumoral CD4 T cells between the groups. 
In addition, the treatment with Oxa or anti-PD-1 
alone treatment exerted no effect on the fre-
quency of intratumoral CD8 and CD4 T cells. To 
evaluate whether combination treatment in- 
creased the tumor-reactive CD8 T cell popula-

tions, TILs derived from different groups were 
cocultured with MC38 cell lysate pulsed ma- 
tured dendritic cells (DCs) followed by intracel-
lular staining of IFN-γ. As expected, combina-
tion treatment significantly increased the per-
centage of CD8+IFN-γ+ cell in response to 
lysate-pulsed DCs, as compared with no treat-
ment. This increasing response was also ob- 
served for mice treated with Oxa monotherapy 
(Figure 3B). Given the suggestion that combi-
nation treatment decreased T cell exhaustion 
in TILs, we next investigated the PD-1 and 
TIM-3 expression on the surface of intratumor-
al T cells. Figure 3C shows that the frequency of 

Figure 2. The combination of platinum chemotherapy and sequential PD-L1/PD-1 blockade significantly promoted 
MC38 tumor remission. MC38 tumor-bearing mice were established by subcutaneous injection of 5×105 MC38 
cells into the right flask of C57BL/6 mice, followed by treatment with platinum compounds alone (Cis or Oxa, 10 
mg/kg) on day 6, or with platinum compounds plus antibodies against PD-L1 or PD-1 at different time points (on 
days 9, 13, and 17). Tumor growth over time (left panel), survival curves for mice (middle panel), and the percentage 
of tumor-free mice (right panel) were monitored and determined. A. MC38 tumor-bearing mice were treated with 
Oxa (10 mg/kg) alone, or with a combination of chemotherapy and sequential anti-PD-1 antibodies (clone G4). B. 
MC38 tumor-bearing mice were treated with Oxa alone or Oxa followed by anti-PD-L1 antibodies (clone 10B4). C. 
The day of MC38 tumor injection was referred to as day 0. The administration of anti-PD-1 antibodies started on the 
same day as Oxa treatment (day 6), or 3 days (day 9), or 6 days (day 12) after Oxa treatment. The antibodies were 
administered every four days for a total of three times. Con: isotype antibody control; Cis: cisplatin; Oxa: oxaliplatin; 
anti-PD-1: anti-PD-1 antibodies; anti-PD-L1: anti-PD-L1 antibodies. Each symbol represents the mean ± SD of 5-6 
mice, and one representative of two independent experiments is shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001; 
****, P < 0.0001.
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both CD4+PD-1+ and CD8+PD-1+ T cells was sig-
nificantly decreased in combination treatment, 
as compared with Oxa monotherapy or untreat-
ed groups. The frequency of intratumoral CD8 T 
cells or CD4 T cells expressing TIM-3 was also 
decreased in the combinational groups (Figure 
3D). Unexpectedly, high levels of PD-1 and 
TIM-3 expression on CD8 T cells were also 
found in tumor tissues after Oxa monotherapy, 
indicating that more exhausted CD8 T cells infil-
trated the tumor after Oxa treatment than no 
treatment.

Platinum chemotherapy upregulated the ex-
pression of PD-1 on CD8 T cells in tumor-drain-
ing lymph nodes, blood and the tumor tissues

Next, we investigated whether Oxa treatment 
(10 mg/kg) was associated with an increase in 
PD-1 positive T cells in the tumor sites. TILs 

were analyzed on days 0, 3 and 7 after Oxa 
treatment, according to the schedule of Oxa 
treatment and tissue harvest (Figure 4A). The 
frequency of intratumoral CD8 T cells in the 
Oxa-treated group was dramatically increased 
on day 3 and subsequently decreased on day 7; 
however, no change was found in the untreated 
group. The frequency of CD4 T cells in the Oxa-
treated group remained as similar to that seen 
in pre-treatment group (Oxa-d0). Curiously, the 
frequency of PD-1+CD8+ T cells was continu-
ously increased after Oxa treatment (the fourth 
graph in Figure 4B). Thus, the expression of 
PD-1 on T cells was examined in the peripheral 
blood, spleen, draining lymph nodes and TILs 
on day 3 after Oxa treatment. The data showed 
that Oxa treatment resulted in a significant 
upregulation of the frequency of CD8 and CD3 
T cells in the peripheral blood, draining lymph 

Figure 3. A high frequency of effector CD8 T cells was detected in the tumor site after combination therapy. The 
MC38 tumor model was established and then treated with different agents as described in Figure 1C. On day 17, 
mice were treated with the last dose of anti-PD-1 antibody. Three days later (day 20), tumors were removed and 
digested into single cell suspensions, which were blocked with antibodies against IgG Fc receptor and then sub-
jected to surface and intracellular staining. Summary data pooled from four mice in different treatment groups 
are shown. A. The frequency of CD4 and CD8 T cells among the lymphocyte population. C, D. The frequency of PD-
1- or TIM-3-positive T cells among CD4 and CD8 T cells (gated on the lymphocyte population). B. Tumor-infiltrating 
lymphocytes were analyzed for cytokine production after stimulation with MC38-lysate-pulsed dendritic cells. The 
percentages of IFN-γ positive cells in CD4 and CD8 T cells (gated on the lymphocyte population) were analyzed by 
intracellular staining. TIL: Tumor-infiltrating lymphocytes. Representative data are shown from two independent ex-
periments. Error bars, SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 the combination group compared with the un-
treated group (Con); #, P < 0.05; ##, P < 0.01; the mice treated with Oxa alone compared with the untreated mice.
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Figure 4. Pretreatment with platinum compounds increased both peripheral blood, draining lymph node and intratu-
moral PD-1-positive CD8 T cells. A. The MC38 tumor model was established and treated with 10 mg/kg Oxa on day 
6. Then, the tissues were harvested, and blood was drawn on the indicated day. B. Tumor-infiltrating lymphocytes 
(TILs) were isolated on days 6 (d0), 9 (d3), and 13 (d7). The frequencies of CD4 T cells, CD8 T cells and PD-1-positive 
T cells in tumor sites were analyzed by flow cytometry (n = 4). C. The frequencies of CD4 and CD8 T cells (gated on 
lymphocytes) in the draining lymph node (DLN), spleen (SP), and peripheral blood (PB) and within the TIL population 
were analyzed in MC38 tumor-bearing mice on day 3 after Oxa treatment (n = 4). D. The frequencies of CD4+PD-1+ 
and CD8+PD-1+ T cells (gated on lymphocytes) in TILs, DLN, SP and PB of Oxa-treated and untreated mice. E. The 
frequencies of CD45-PD-L1+ and CD45+PD-L1+ cells (gated on living cells) in Oxa-treated and untreated tumors. F. 
Oxa-treated and untreated tumor tissues were harvested for TUNEL staining (left graph) and immunohistochemical 
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nodes and tumor tissues (Figure 4C). The fre-
quency of PD-1+CD8+ T cells from Oxa-treated 
mice was also increased in the peripheral blood 
and draining lymph nodes, although at a lower 
frequency than that in tumor tissues (Figure 
4D). In the spleen, however, there were no sig-
nificant increases in the frequency of CD3, CD8 
T and CD8+PD-1+ T cells in Oxa-treated mice 
compared with untreated mice (Figure 4C and 
4D, SP). Additionally, a higher level of PD-L1 
(PD-1 ligand) expression was detected on 
tumor cells (CD45-negative cells) in tumor tis-
sues. There was no difference between Oxa-
treated tumors and the untreated tumors (Fi- 
gure 4E). Consistent with the results from flow 
cytometry, more tumor-infiltrating CD8 T cells 
were detected by immunohistological staining 
in whole tumor sections on day 3 after Oxa 
treatment than before treatment. Interestingly, 
the major site of CD8 T cell distribution was the 
edge of tumor tissues (Figure 4F right panel). 
To determine the association of tumor-infiltrat-
ing CD8 T cells and tumor cell death, TUNEL 
staining was also performed in whole tumor 
sections, and the results demonstrated more 
apoptotic tumor cells were detected in Oxa-
treated tumors than the untreated tumor 
(Figure 4F left panel). Similarly, TUNEL-positive 
cells were dominantly located at the edge of 
the tumor in all samples. These data indicated 
that the tumor cell apoptosis induced by Oxa 
chemotherapy might promote CD8 T cell infil-
tration into the tumor site.

Tumor cell apoptosis induced by platinum com-
pounds facilitated cross-priming of antigen-
specific T cells in vitro

To further examine the impact of platinum-
treated tumor cells on the T cell response, OVA-
expressing MC38-OVA cells were prepared. 
MC38-OVA cells were treated with different 
concentrations of platinum compounds for 24, 
48 and 72 hours to evaluate the cytotoxicity of 
Cis and Oxa. The half-maximal inhibitory con-
centrations (IC50) values at 24, 48 and 72 
hours for Cis were 357, 162.3 and 125.7 μM, 
respectively. The IC50 values at 24, 48 and 72 
hours for Oxa were 306.3, 123.6 and 94.1 μM 
respectively. Annexin V and 7-AAD staining 

showed that Cis (or Oxa) mainly induced late 
apoptosis 24 hours after treatment with plati-
num compounds (Figure 5A). To investigate 
whether cell apoptosis was correlated with the 
immunogenic cell death, we analyzed the hall-
marks of immunogenic cell death in drug-treat-
ed MC38-OVA cells. As expected, in response 
to Cis or Oxa (100, 200 or 400 μM), higher lev-
els of HMGB1 proteins were dose-dependently 
released into the suspension than those seen 
in untreated cells (Figure 5B). Calreticulin (CRT) 
was also transported to the plasma membrane 
after platinum treatment (Figure 5C). To explore 
whether immunogenic cell death could facili-
tate cross-presentation and subsequent prim-
ing of antigen-specific T lymphocytes, DCs were 
incubated with platinum-treated tumor cells 
before their coculture with naïve OVA-peptide 
specific T cells (OT-I). The results showed that 
DCs pulsed with platinum-treated MC38-OVA 
cells significantly promoted OT-I T cell prolifera-
tion. However, OT-I T cells had no proliferative 
response after coculture with DCs pulsed with 
nontreated MC38-OVA cells (Figure 5D). Coll- 
ectively, these findings suggested that Cis and 
Oxa augmented the cross-presentation and 
proliferation of antigen-specific T-lymphocytes 
in vitro. 

Optimal dose platinum chemotherapy promot-
ed the recruitment of effective CD8 T cells into 
the tumor microenvironment

To gain further insight into the possible role of 
tumor cell apoptosis in T cell recruitment, the 
ability of OT-I cell migration was assessed after 
administration of different MC38-OVA cell cul-
ture media. More OT-I cells were attracted to 
the Cis/Oxa-treated cell culture medium, in 
which MC38 cells were pretreated with Cis or 
Oxa for 24 hours, than to control medium 
(Figure 6A). To characterize chemokines in- 
volved in T cell recruitment, we analyzed the 
expression of several chemokine genes by qRT-
PCR in MC38-OVA cells after platinum com-
pound treatment. The expression of CXCL9, 
CXCL10 and CCL5 was enhanced in Cis- or Oxa-
treated tumor cells (50 or 100 μM) compared 
with control cells (Figure 6B). To evaluate the 
role of T cell recruitment on the synergistic 

staining with an anti-CD8 antibody (right graph) (n = 3). Scale bar, 200, 50 μm. Con: untreated mice; Oxa: Oxa-
treated mice; Nor: normal mice. Representative data are shown from at least two experiments conducted using 4 
mice per group. Error bars, SEM. *, P < 0.05; **, P < 0.01; ****, P < 0.0001 compared with untreated mice.
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Figure 5. Immunogenic tumor cell apoptosis was induced by platinum chemotherapy in vitro. A. MC38-OVA cells were treated with Cis or Oxa (0, 100 or 200 μM) for 
24 hours, followed by staining with annexin V-PE and 7-AAD. The percentages of early and late apoptotic cells were determined and the summarized data are pooled 
in the right panel. B. The level of HMGB1 in the cell medium of platinum-treated and untreated MC38-OVA cells was determined by ELISA. C. MC38-OVA cells were 
treated with Cis or Oxa for 4 hours, and calreticulin (CRT) exposure on the cell surface was assessed by immunofluorescence staining and imaging under a micro-
scope at a magnification of 200×. D. Platinum-treated and untreated MC38-OVA cells were incubated with DCs. After 4 hours of incubation, DCs were harvested 
and cocultured with CFSE-labeled naïve OT-I T cells for 72 hours. Proliferation of OT-I T cells was measured by the CFSE spread on flow cytometry and quantified via 
calculation of the percent of CFSE+ OT-I cells. Error bars, SEM. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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effect of platinum chemotherapy and subse-
quent anti-PD-1 antibody, we treated MC38 
tumor-bearing mice with a combination therapy 
of 10 mg/kg Oxa and PD-1 antibody adminis-
tration in the presence of the S1P receptor 
inhibitor FTY720, which locks T cells in lym-
phoid organs (Figure 6C). Importantly, FTY720 
mitigated the therapeutic efficacy of the combi-
nation therapy (Figure 6D), suggesting that T 

cell recruitment from lymph nodes dominantly 
contributed to the synergistic efficacy of Oxa 
pretreatment and PD-1 antibody administra-
tion. Collectively, these observations indicated 
that optimal doses platinum compounds pro-
moted the release of T cell chemokines from 
the tumor cells, which could attract more effec-
tor T cells to the tumor sites and facilitate sub-
sequent PD-1 blockage.

Figure 6. CD8 T cell recruitment into the tumor site contributed to the synergistic efficacy. A. MC38-OVA cells were 
pretreated with Cis or Oxa for 24 hours, and the medium was changed to 5% FBS for incubation for another 24 hours. 
Migration assays were performed with culture supernatant, and the cell number of activated OT-I cells migrating to 
the lower chamber was determined with imaging under a microscope at a magnification of 100×. B. MC38-OVA cells 
were treated with increasing doses of Cis or Oxa for 24 hours, and chemokine mRNA expression was determined 
by qRT-PCR and calculated as using the formula 2-∆∆CT, with the GAPDH gene used as an endogenous control. Error 
bars, SEM. C. Treatment schedule of MC38 tumor-bearing mice comparing FTY720 blockade and vehicle control. 
MC38 cells were inoculated into C57BL/6 mice (n = 5) on day 0, and then intraperitoneally treated with Oxa (day 6) 
and/or anti-PD-1 (days 9, 13 and 17). FTY720 (20 μg/mouse) or vehicle control was intraperitoneally administered 
from day 6 to day 15. D. Tumor growth curve (left panel), survival curve (middle panel) and the percentage of tumor-
free mice (right panel) were monitored and analyzed. *, P < 0.05; **, P < 0.01; ****, P < 0.0001 the combination 
group (Oxa plus anti-PD-1 antibodies) compared with the untreated group (Con); #, P < 0.05; ####, P < 0.0001; the 
combination group (Oxa plus anti-PD-1 antibodies) compared with the group treated with the combination of drugs 
(Oxa plus anti-PD-1 antibodies) and FTY720.
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Discussion

The programmed death 1 (PD-1) pathway is a 
negative feedback system that inhibits antitu-
mor T cell responses and drives tumor immune 
escape in cancer. Blockade of this pathway 
with antibodies against PD-1 or its ligands has 
elicited durable antitumor responses and long-
term remissions in patients with many different 
types of solid tumors [15]. Nevertheless, clini-
cal trials have demonstrated that PD-L1 or 
PD-1 antagonistic antibodies only elicited re- 
sponses in a subset of cancer patients (15%-
25%), speficically in tumors with favorable 
mutational landscapes, PD-1 ligand (PD-L1) 
expression and pre-existing tumor-infiltrating 
CD8 T cells [2, 16, 17]. Recent clinical trials 
have focused on the combination of immuno-
therapy and chemotherapy, offering a promis-
ing approach to augment the effect of current 
immunotherapies targeting the PD-L1/PD-1 
pathway [10-13]. Nonetheless, how to optimally 
combine chemotherapy with antibodies target-
ing PD-L1/PD-1 currently being developed 
remains a major problem in cancer research.

Conventional and new platinum-based com-
pounds (cisplatin, carboplatin, oxaliplatin, satr- 
aplatin and picoplatin) have become the back-
bone of combination chemotherapy for a wide 
range of solid tumors [18]. Increasing evidence 
demonstrates that chemotherapeutic com-
pounds are less effective in immunodeficient 
hosts than in immunocompetent hosts [19], 
indicating that the antitumor effects of plati-
num drugs occur partially through modulation 
of the immune system. However, lymphopenia 
is frequent in advanced cancer progression on 
or after platinum-based chemotherapy, predict-
ing the toxicity of chemotherapy [20]. Our re- 
sults raise the question of what optimal biolog-
ic dose of chemotherapy regimens is associat-
ed with maximum antitumor activity and mini-
mum immunosuppression. To address this qu- 
estion, we tested the effect of different doses 
of Cis and Oxa on established murine colon 
tumor model. The LD50 of Cis and Oxa was 
17.62 mg/kg and 28.28 mg/kg respectively. 
There was no difference in therapeutic out-
comes for different doses of Cis or Oxa in 
established MC38 colon cancers. However, 
low-dose Cis or Oxa (10 mg/kg) increased 
peripheral CD4 and CD8 T cell numbers after 2 
days of treatment, while high-dose drugs (> 20 
mg/kg) dramatically decreased lymphocyte 

numbers. Overall, our findings demonstrated 
that low-dose Cis and Oxa could trigger an 
immune response despite the lack of an identi-
fied role for them in tumor growth control.

The immunotherapeutic efficacy of PD-1 path-
way blockade depends on ongoing immune 
responses, especially those in the tumor micro-
environment [21, 22]. Our findings suggested 
that optimal dose platinum chemotherapy (10 
mg/kg Cis or Oxa) could trigger an immune 
response. Thus, we tested the synergetic effect 
of anti-PD-1 antibody combined with platinum 
chemotherapy in the immunogenic MC38 tu- 
mor model. Notably, complete tumor remission 
was observed in almost all mice when low-dose 
platinum compounds (10 mg/kg Cis or Oxa) 
were combinated with 3 days-delayed anti-
PD-1 antibodies, and the injection of Oxa plus 
subsequent anti-PD-L1 antibodies showed the 
similar results. However, the anti-PD-1 or anti-
PD-L1 antibody monotherapy showed no signifi-
cant effect on tumor remission. Combination 
therapy has been reported to only enhance the 
survival rate but not induce tumor eradication 
in CT26 mouse tumor models, in which anti-
PD-1 antibodies were concomitantly injected 
with Oxa [8]. In MCA205 tumor-bearing mice, 
Oxa injection was initiated early (on day 0, the 
day of tumor inoculation), followed by anti-PD-1 
antibodies (on day 8), and then complete tumor 
remission was observed in 9 out of 10 tumor-
bearing mice [23]. These findings indicated that 
different therapeutic efficacies might be due to 
the timing and sequence of chemotherapy-
immunotherapy combinations. To address this 
question, a treatment schedule of concurrent 
(on day 6) and 6-day-delayed anti-PD-1 anti-
body (on day 12) combination with Oxa was 
tested in MC38 tumor-bearing mice, and then 
complete tumor remission was only observed 
in half of mice. Our findings demonstrated that 
the sequential treatment has the combined 
benefit of both optimizing the timing of PD-1/
PD-L1 inhibitors and potentially minimizing the 
possible toxicity of platinum compounds. 
Considering the fact that the majority of 
patients enrolled in clinical trials of anti-PD-1 
therapy are heavily pretreated with chemother-
apy, our findings suggested that low-dose che-
motherapy might be beneficial for the patients 
who sequentially received PD-1/PD-L1 pathway 
blocking antibodies during the optimal treat-
ment regimens.
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Further investigation showed that the combina-
tion treatment (Oxa+anti-PD-1) significantly 
increased the frequency of CD8 T cells in the 
tumor site and the ability of IFN-γ production 
compared with other treatments (Oxa or anti-
PD-1 monotherapy mice or no treatment). 
Additionally, our data showed that PD-1 expres-
sion on intratumoral CD8 T cells was sustain-
ably increased following Oxa treatment, and an 
increase in the PD-1 positive CD8 T cell popula-
tion was also detected in draining lymph nodes 
and peripheral blood. These results implied 
that low-dose platinum compounds, compared 
with high-dose platinum compounds, could 
induce more activated CD8 T cells to expand in 
the lymph nodes and then migrate into tumor 
sites. 

Increasing evidence from several studies 
emphasized the importance of immunogenic 
cell death contributing to the effects of cancer 
treatment in different tumor models [24-29]. In 

in MC38-OVA tumor cells, including CXCL9, 
CXCL10 and CCL5. The migration assay further 
confirmed that the media from 100 μM plati-
num-treated tumor cells promoted T cell migra-
tion. The in vivo data showed that FTY720, 
which locks lymphocytes in the lymph node, 
impaired the therapeutic efficacy of Oxa com-
bined with PD-1 antibody administration. 
Together, our findings suggested that the immu-
nogenic cell death induced by platinum com-
pounds initiated T cell proliferation in the lymph 
node and T cell infiltration into the tumor site.

In summary, our work describes a previously 
uncharacterized mechanism by which the PD-1 
blockade enhances platinum-based chemoth- 
erapy: Stressed and dying cancer cells induced 
by optimal dose of platinum compounds could 
release immunogenic signals. These signals 
are perceived by dendritic cells and trigger T 
cell activation in the lymph node. Stressed can-
cer cells also released chemokines that attract-

Figure 7. The potential synergistic mechanism of optimal dose platinum 
chemotherapy and PD-1 antibodies in cancer prevention. Platinum chemo-
therapeutic agents induced tumor cell apoptosis, and the stressed tumor 
cells released immunogenic signals (such as CRT and HMGB1). These sig-
nals allowed dendritic cells, the essential antigen presenting cells of the 
innate immune system, to take up portions of the stressed tumor cells and 
then presented tumor antigen to cognate T cells. Tumor antigen specific T 
cells with PD-1 expression are activated in lymph nodes and recruited to the 
tumor site. Unfortunately, in the tumor microenvironment, the PD-L1 mol-
ecule, which is expressed on the surface of tumor cells, engages with PD-1 
on recruited T lymphocytes and blocks T cell function. Effective blockade of 
the PD-1/PD-L1 pathway interferes with the immune evasion of tumor cells 
and allows the immune system to control residual tumor cells.

our study, when the tumor cells 
were induced to undergo apop-
tosis by Cis or Oxa, we also 
noted a significant increase in 
HMGB1 levels in the superna-
tant and CRT expression on 
the surface of tumor cells. In 
many cases, cell apoptosis is a 
physiological process that is 
frequently viewed as immuno-
logically silent (no immune 
response) [30, 31]. Here, we 
showed that tumor cell apopto-
sis induced by platinum-based 
compounds was capable of ini-
tiating an immune response in 
vivo. More infiltrating CD8 T 
cells were detected at the edge 
of the tumor tissue 3 days after 
Oxa or Cis treatment than on 
day 0. This response correlat-
ed with the increased numbers 
of apoptotic tumor cells seen 
in the tumor site of platinum-
treated mice compared with 
untreated mice. The in vitro 
results re-vealed that optimal 
dose platinum compounds 
(100 μM Cis or Oxa) induced 
cell apoptosis and simultane-
ously upregulated T cell-attr- 
acting chemokine expression 
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ed activated T cell to the edge of the tumor site. 
PD-L1 expression on the tumor cells impairs 
newly arrived T cell function by engaging with it 
receptors (PD-1) on the surface of effector T 
cells. PD-L1/PD-1 pathway blockade reversed 
the impairment and boosted the T cell activa-
tion initiated by platinum chemotherapy (Figure 
7). These findings could provide insight into 
clinical study design for chemotherapy in com-
bination with PD-L1/PD-1 pathway blockade. 
Chemotherapeutic modalities, including com-
pounds, doses, and timing, are important 
aspects of study design.
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Table S1. Sequences of primers for real-time PCR with SYBRgreen
Gene Forward Reverse
CCL5 (RANTES) GCCCACGTCAAGGAGTATTTCT TCTCTGGGTTGGCACACACTT
CXCL9 (MIG) GTCCGCTGTTCTTTTCCTCTTG GGTGCTGATGCAGGAGCAT
CXCL10 (IP-10) CCAAGTGCTGCCGTCATTTTC GGCTCGCAGGGATGATTTCAA
CXCL11 (I-TAC) GGCTTCCTTATGTTCAAACAGGG GCCGTTACTCGGG TAAATTACA
CX3CL1 ACGAAATGCGAAATCATGTGC CTGTGTCGTCTCCAGGACAA
GAPDH CAACTACATGGTCTACATGTTC CTCGCTCCTGGAAGATG


