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Monocyticmyeloid-derived suppressor cells (M-MDSCs), granulocyticMDSC (G-MDSCs) and regulatory T cells (Tregs)
inhibit adaptive anti-tumor immunity and undermine the efficacy of anti-PD-1 therapy. However, the impact of anti-
PD-1 treatment on these immunosuppressive cells has not been clearly defined in non-small cell lung cancer (NSCLC).
In this retrospective study, 27 advanced NSCLC patients were divided into partial response (PR), stable disease (SD),
and progressive disease (PD) groups. The impact of anti-PD-1 therapy on circulating Tregs, G-MDSCs, and M-MDSCs
was assessed by flow cytometer. Here, we found that anti-PD-1 treatment boosted circulating Tregs levels, which pre-
sented the most remarkable augment during the first two therapeutic cycles, in NSCLC patients. In contrast, anti-PD-1
therapy did not overall changeG-MDSCs andM-MDSCs levels. However, the PR group had a higher baseline level ofM-
MDSCs, which exhibited a significant decrease after the first cycle of anti-PD-1 treatment. Besides, M-MDSCs levels in
the PR group were maintained at a low level in the following therapeutic cycles. Consistently, Tregs levels robustly in-
creased in the syngeneic tumor model after anti-mouse PD-1 Ab treatment. Accordingly, M-MDSCs neutralization by
anti-mouse ly6c Ab enhanced the anti-tumor efficacy of anti-PD-1 therapy in mice. Finally, the decreased M-MDSCs
levels were associated with the enhanced effector CD8+ T cells expansion in the PR group and mice. In conclusion,
anti-PD-1 therapy upregulates Tregs levels in NSCLC patients, and the M-MDSC levels are associated with the anti-
tumor efficacy of anti-PD-1 treatment. Neutralization of M-MDSCs may be a promising option to augment anti-PD-1
therapy efficacy in NSCLC.
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Introduction

The standard first-line therapy for advanced NSCLC patients consisted
of platinum compounds combinedwith taxanes pemetrexed or gemcitabine
[1]. However, these strategies only achieved approximately 26% objective
response rate and the median 10 months survival [2,3]. Clinical trials have
verified the effect of PD-1/L1 checkpoint inhibitors in refractory and ad-
vanced NSCLC [4–8]. In NSCLC patients, nivolumab (anti-PD-1 antibody)
treatment increased the median overall survival, progression-free survival
and overall survival rate compared with docetaxel chemotherapy [8].
Pembrolizumab (anti-PD-1 antibody) also have been used in advanced
NSCLC patients meeting the PD-L1 cutoff point and successfully improved
the overall survival up to 22.1 months [5]. However, only less than 25%
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of NSCLC patients met the criterion of PD-L1 expression level [9]. Unfortu-
nately, even patientswith high PD-L1 expressionmight be not responsive to
anti-PD-L1 therapy [10]. Therefore, it's urgent to explore the pathway to re-
sist the low efficacy and unresponsiveness to anti-PD-1 therapy in NSCLC
patients.

Regulatory T cells (Tregs), defined as CD4+CD25+CD127− and CD4+-

CD25+FOXP3+, act as an essential factor of various immune responses, in-
cluding allergy, autoimmunity and immune tolerance [11,12]. Anti-PD-
1immunotherapy was designed to break the immune tolerance caused by
PD-1/L1 signaling pathway in CD8+ T cells. However, the influence of
anti-PD-1 on Tregs level has not been clearly defined. Wong et al. and
Kamada et al. reported that anti-PD-1 therapy enhanced the immunosup-
pressive activity and survival of Tregs in F1 lupus mice and
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hyperprogressive disease (HPD) gastric patients [13,14]. In contrast, the
other group reported that anti-PD-1 inhibited Foxp3+ Tregs conversion in
CT26 tumor-bearing mice [15]. Therefore, the impact of anti-PD-1 therapy
on Tregs is remained to be studied, especially in NSCLC patients.

MDSCs, including granulocytic MDSCs (G-MDSCs, defined as CD33+-

CD11B+CD14−CD15+ in human and Gr-1+CD11b+ly6C−ly6G+ in
mouse) and monocytic MDSCs (M-MDSCs, defined as CD33+CD11B+-

HLA-DR−CD15−CD14+ in human and Gr-1+CD11b+ly6G−ly6Chi in
mouse), exerted immunosuppressive function on T cells in cancer, auto-
immune disease and viral infection [16–18]. MDSCs suppressed T cell func-
tion with multiple mechanisms, including the production of nitric oxide
(NO), peroxynitrite, reactive oxygen species (ROS), and the expression of
inducible nitric oxide synthase (iNOS) and arginase-1 [19,20]. G-MDSCs
expressed a high level of ROS and very little NO, whereas M-MDSCs had
very little ROS but a high NO level. Either increase level of ROS in G-
MDSCs or NO inM-MDSCswould lead to increased peroxynitrite, which ac-
tivated suppression pathways on T cells [21]. A few studies reported the as-
sociation between checkpoint blockade unresponsiveness and the severe
immunosuppression. For example, the myeloid cell receptor tyrosine ki-
nases inhibitor, entinostat and SX-682, could reverse MDSCs induced im-
munosuppression and augment anti-PD-1 therapy in mouse models
[22–24]. However, these studies did not perform further discrimination be-
tween G-MDSCs and M-MDSCs. Although G-MDSCs accounted for 80%
MDSCs, another study suggested thatM-MDSCs exhibited even stronger im-
munosuppressive function than G-MDSCs [25]. In human, studies also
showed a preferential accumulation of M-MDSCs in melanoma, prostate
cancer patients [26]. Also, a recent study reported the increasing CD38+

M-MDSCs, rather than G-MDSCs, in metastatic colorectal cancer patients,
which was targetable with an anti-CD38 monoclonal antibody [27]. Al-
though it has been known that G-MDSCs and M-MDSCs undermined the ef-
ficacy of anti-PD-1 therapy, few associated studies investigated the impact
of consecutive anti-PD-1 treatment on G-MDSCs and M-MDSCs in NSCLC
patients.

Here, we demonstrated that anti-PD-1 upregulated Tregs levels, and a
low M-MDSCs levels was associated with the better anti-tumor efficacy of
anti-PD-1 therapy in NSCLC patients. The neutralization of M-MDSCs by
ly6c mAb was associated with the expansion of effector CD8+ T cells and
the better anti-tumor efficacy of anti-PD-1 therapy in the mouse model.

Material and methods

Patients

Twenty-seven advanced NSCLC patients were collected from
Zhongshan Hospital of Fudan University, Shanghai, China, by inclusive cri-
terion: 1) ≥18 years old; 2) advanced NSCLC; 3) without other cancers.
The peripheral blood was consecutively collected before every dosage of
anti-PD-1 injection. Patients were divided into PR, PD and SD groups ac-
cording to RECIST v1.1. Written informed consent forms were obtained
from the patients and the study was conducted in accordance with the rec-
ognized ethical guideline andwas approved by the Ethics Committee of the
Institute of the ZhongshanHospital of FudanUniversity. The approval num-
ber was B2019-204R.

Mice and cell line

Seven weeks old female C57BL/6 mice were purchased from
LINGCHANG BIOTECH. All mice were maintained in the specific
pathogen-free animal facility at Fudan University. Lewis lung carcinoma
cell line was purchased from the cell bank of ATCC. All procedures about
mice were approved by the Animal Ethics Committee of Fudan University.

Antibodies and reagents

All antibodies were listed below. Anti-human CD16/32 (BD cata-
log#564219); mouse anti-human CD3-FITC MAB HIT3A (BD
2

catalog#555339); mouse anti-human CD11B-BB515 (BD cata-
log#564517); mouse anti-human CD15-APC (BD catalog#551376);
mouse anti-human CD33-PE (BD catalog#555450); mouse anti-human
CD14-BV605 (BD catalog#564054)；mouse anti-human HLA-DR-Percep-
cy5.5 (BD catalog#552764); mouse anti-human CD45RA-PE (BD cata-
log#555489); mouse anti-human CD62L-BV605 (BD catalog#562719);
anti-human CD25-BV421(BD catalog#564033); anti-human CD127-PE
(BD catalog#557938); anti-human CCR7-Percep-cy5.5 (BD, cata-
log#561144); anti-human ki67-Percep-cy5.5 (BD, catalog#561284); puri-
fied rat anti-mouse CD16/32 (BD catalog#563142); rat anti-mouse
CD62L-FITC (BD catalog#553150); anti-mouse CD11b-APC (Invitrogen
catalog#4339583); mouse anti mouse CD45-FITC (BD catalog#553772);
rat anti-mouse Gr-1 percp-cy5.5 (BD catalog#552093); rat anti-mouse
Ly6c-BV421 (BD catalog#562727); rat anti-mouse CD8a-percp-cy5.5 (BD
catalog#551162). rat anti-mouse CD44-PE (BD catalog#553134); hamster
anti-mouse CD3e-Pacific blue (BD catalog#553066); anti-mouse CD3-
BV605 (Biolegend, clone 17A2); rat anti-mouse CD4 APC-Cy7 (BD cata-
log#552051); anti-mouse CD25-APC (BD catalog#557192); anti-mouse
CD127-BV421 (BD catalog#562959); anti-mouse iNOS-PE (Novus, Clone
4E5), anti-mouse Ki67-PE (eBioscience, Clone: SoIA15); In vivo anti-
mouse ly6c (Bio X Cell, IgG 2a, clone MONTS-1); In vivo anti-mouse PD-1
(Bio X Cell, IgG 2a, clone RMP1-14); Lysing buffer 1× concentrate (BD
pharmingen, catalog#555899).
Tissue processing in mouse

The peripheral blood samples of mice were collected by tail vein inci-
sion. The mice were sacrificed and the spleens, tumors and draining
lymph nodes (DLN) were exteriorized. The spleens and DLNwere softly ho-
mogenized by using a syringe plunger and cell strainer in cold PBS contain-
ing 2% FBS. The tumor tissue was cut into small pieces with sterile scissors
and digested in PBS containing 1.5 mg/ml collagenase A and collagenase H
for 3.5 h at room temperature. The tissue suspension was filtered with 70
μm cell strainer on ice to obtain single-cell suspension.
Flow cytometry

The samples were blocked with Fc block for 10 min on ice before stain-
ing procedure. For the surface staining, the cell suspension was mixed suf-
ficiently with antibodies diluted in staining buffer and was maintained on
ice in darkness for 30 min. For blood samples, we conducted staining for
the whole blood. Then, 400 μl lysing buffer 1× concentrate (BD
pharmingen, catalog#555899) buffer was added into 80 μl blood samples
for 5min at room temperature to remove red blood cells. The cells were col-
lected by centrifuging at 350g for 5 min and were washed for two times by
cold PBS. Then, we detected the percentage of targeted cells by LSR II
Fortessa cytometer (BD Bioscience) after all staining procedures. Flow Jo
V10 software was used to analyze the data. All procedures were performed
according to the manufacturer's instructions.
Antibody therapy in human and the mouse model

In patients, the anti-PD-1 antibody was intravenously administered at
2 mg/kg for every 3 weeks (pembrolizumab, Keytruda) or 3 mg/kg for
every 2 weeks (nivolumab, Opdivo) according to their therapeutic sched-
ule. The tumor size was recorded by CT reports. The peripheral blood was
collected before every dosage of anti-PD-1 injection. Inmice, 1.2×106 log-
arithmic growth phage Lewis cells were subcutaneously injected on the
flank of 7-weeks C57BL/6 female mice. Anti-PD-1 (200 μg/mouse/time)
or anti-Ly6c (100 μg/mouse/time) were intraperitoneally injected into
mice every two days post tumor injection for one week. The tumor volume
was measured with a caliper and calculated with the formula: (1/2 length
× width × width).
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MDSCs isolation from the spleens of mice

The mice were sacrificed and the spleens were exteriorized. The spleen
was softly homogenized by using a syringe plunger and cell strainer in cold
PBS containing 2% FBS. The cell pellet was washed by cold PBS for two
times. The cells were diluted into 1× 108 cells/ml by suspension buffer.
MDSCs were isolated according to the isolation kit protocol (stem cell,
catalog#19867).

RNA extraction and RT-PCR

Total RNA was extracted from isolated MDSCs using TRIzol
(Invitrogen). RNA concentrations were measured using a NANODROP
2000 (Thermo). cDNA synthesis was performed using the Prime Script RT
reagent Kit with gDNA Eraser (Takara, RR047Q). Gene expression level
was detected using the SYBR Premix EX Taq (Takara, RR420A) on ABI
PRISM 7500 (Applied Biosystems). Gene expression level was normalized
to GAPDH using the ΔC(t) method, and the results are presented as an ab-
solute value. Gene expression level was quantified using the following
primer pairs: GAPDH forward: 5′- CTAGACACCATGTGCGACGA-3′;
GAPDH reverse: 5′-ATAGATGGGCACGTTGTGGG-3′; iNOS-primer 1 for-
ward: 5′- GTTCTCAGCCCAACAATACAAGA-3′; iNOS -primer 1 reverse:
5′- GTGGACGGGTCGATGTCAC-3′; iNOS -primer 2 forward: 5′-ACATCG
ACCCGTCCACAGTAT′; iNOS -primer 2 reverse: 5′- CAGAGGGGTAGGCT
TGTCTC-3′. Arginase1-primer 1 forward: 5′- CTCCAAGCCAAAGTCCTTA
GAG -3′; Arginase1-primer 1 reverse: 5′- GGAGCTGTCATTAGGGACATCA
-3′; Arginase1-primer 2 forward: 5′- CTCCAAGCCAAAGTCCTTAGAG-3′;
Arginase1-primer 2 reverse: 5′- AGGAGCTGTCATTAGGGACATC-3′.

Statistical analysis

Tests of significance between data were analyzed by using a paired
(paired samples) or unpaired two-tailed (unpaired samples) student's t-
test for single comparisons. *P < 0.05; **P < 0.01; ***P < 0.001. A P
value less than 0.05 was considered to be statistically significant. The spe-
cific statistical method was listed in the corresponding figure legend. All
analysis was performed by using GraphPad Prism V7.

Results

The baseline characteristics and clinical outcomes after anti-PD-1 therapy of
NSCLC patients

All patients suffered advanced NSCLC, including 21 (77.8%) IV stage, 3
(11.1%) IIB stage and 3 (11.1%) IIIB stage. The subjects consisted of 18
(66.7%) patients with adenocarcinoma and 9 (33.3%) patients with squa-
mous carcinoma. Three (11.1%) patients had EGFR (with TKI therapy his-
tory) mutation and one (3.7%) patient had KRAS mutations. Fourteen
(51.8%) patients had a history of tobacco use. Nineteen (70.4%) patients
presented different extents tumor cell metastasis. The average follow-up
duration was 16.9 weeks, ranging from 3.6 weeks to 38.9 weeks. Four
(14.8%) patients suffered immune-related adverse events (irAEs) after
anti-PD-1 therapy. Seven (25.9%) patients achieved PR and anther seven
(25.9%) patients suffered PD after several cycles of anti-PD-1 therapy. Thir-
teen patients (48.2%)weremaintained at SD status. Seven patients (25.9%)
discontinued the use of anti-PD-1 therapy because of the progressive dis-
ease. Three patients (11.1%) in the PD group died after three cycles of
anti-PD-1 therapy.

Anti-PD-1 therapy overall boosted the Tregs levels while showed no obvious im-
pact on G-MDSCs and M-MDSCs levels in NSCLC patients

We analyzed the change of Tregs, G-MDSCs, andM-MDSCs before every
dosage of anti-PD-1 treatment by flow cytometer (Fig. S1A–B). Compared
with the baseline, anti-PD-1 therapy overall increased Treg levels after
the first anti-PD-1 treatment in peripheral blood (Fig. 1A). A previous
3

study showed that anti-PD-1 therapy decreased the frequency of M-
MDSCs in NSCLC patients [28]. However, we did not observe the influence
of anti-PD-1 therapy on the levels of G-MDSCs (Fig. 1B) and M-MDSCs
(Fig. 1C).

Then, we wondered whether the influence of anti-PD-1 therapy on
Tregs, G-MDSCs and M-MDSCs was therapeutic-cycle dependent. We
found that Tregs exhibited the most remarkable increase after the first
two cycles of anti-PD-1 treatment and were maintained at a high level in
the following cycles (Fig. 1D). In contrast, we did not observe the signifi-
cant change between the baseline levels and any post-therapy cycle in G-
MDSCs (Fig. 1E) and M-MDSCs (Fig. 1F) after anti-PD-1 treatment. Collec-
tively, anti-PD-1 therapy boosts Tregs levels in a therapeutic-cycle indepen-
dentwaywhile showsno obvious impact onG-MDSCs andM-MDSCs levels.

To exclude the influence of different anti-PD-1 antibodies, we divided
patients into pembrolizumab and nivolumab groups (Table S1). Consis-
tently, both pembrolizumab and nivolumab group obviously upregulated
Tregs levels (Fig. S2A) while M-MDSCs were not changed as a whole
(Fig. S2C). Noteworthily, G-MDSCs increased in nivolumab treated group
but not in the pembrolizumab treated group (Fig. S2B), indicating the dis-
tinct effect of nivolumab and pembrolizumab on G-MDSCs.
Anti-PD-1 therapy upregulated Tregs in all groups of NSCLC patients while de-
creased M-MDSCs levels only in the PR group

To analyze the correlation between the features of the three subsets and
the anti-tumor efficacy of anti-PD-1 therapy, patients were divided into PR,
SD, and PD groups.We found that PR, SD and PD groups all presented a sig-
nificant increase of Tregs (Fig. 2A–C). Noteworthily, Tregs in the PD group
had the greatest average after thefirst cycle of anti-PD-1 therapy, indicating
that the excessive Tregs accumulationmight undermine the efficacy of anti-
PD-1 therapy (Fig. S3A). Moreover, the upregulated Tregs levels are corre-
lated with increasing Treg proliferation (Figs. 2D and S3B). In addition, we
constructed the lung adenocarcinoma mouse model by subcutaneously
injecting Lewis cells on the flank of seven-weeks female C57/B6 mice. To
exclude the effect of tumor size, Tregs was detected two days post first
time of anti-PD-1 treatment when the tumor weight is comparable between
PBS and anti-PD-1 treated group (Figs. S3C and 3D). Consistently, Treg
showed a significant increase in peripheral blood, DLN, spleens, and tumors
after the first dosage of anti-mouse PD-1 treatment (Fig. 2E–I). The Ki67+

Tregs also increased in peripheral blood and spleens after anti-PD-1 treat-
ment in themousemodel (Fig. 2J and K). Collectively, anti-PD-1 therapy ro-
bustly promotes Tregs proliferation in NSCLC patients and the syngeneic
tumor model.

Although we did not see the overall effect of anti-PD-1 therapy on G-
MDSCs and M-MDSCs levels (Fig. 1B and C), we indeed observed a slight
low (but failed to reach statistical significance) baseline levels of G-
MDSCs in the PR group (Fig. S4A). In contrast, PR group showed a higher
baselineM-MDSCs than SD and PD groups (Fig. 3A). Comparedwith the in-
creased Tregs and stable G-MDSCs levels, anti-PD-1 therapy decreased the
percentage of M-MDSCs specifically in the PR group (Fig. 3B) but not in
SD and PD groups after the first anti-PD-1 treatment (Fig. S4B and C). Fur-
thermore, M-MDSCs exhibited the most remarkable decrease during the
first two cycles of anti-PD-1 treatment, and were maintained at a lower av-
erage level for the following therapeutic cycles compared to the baseline
levels (Fig. 3C). Additionally, we also analyzed the effect of anti-PD-1 ther-
apy on the G-MDSCs levels. However, anti-PD-1 therapy showed no signif-
icant effect on G-MDSCs in all PR, SD, and PD groups (Fig. S4D). Then, we
also analyzed the distinct effect of pembrolizumab and nivolumab on the
three cell populations in PR, SD and PD groups. The results showed that
Tregs were obviously upregulated, especially in pembrolizumab treated
PD group, and M-MDSCs still showed a significant decrease after
pembrolizumab treatment in the PR group (Figs. S2D and 2F). Besides,
the G-MDSCs levels were not changed (Fig. S2E). In conclusion, PR group
has the specific feature of decreased M-MDSCs levels after anti-PD-1
therapy.



Fig. 1.Anti-PD-1 therapy overall boosted the frequency of Tregs but showed no obvious impact onM-MDSCs and G-MDSCs levels in NSCLC patients. (A–C) The overall effect
of anti-PD-1 therapy on the levels of (A) Tregs, (B) G-MDSCs, and (C) M-MDSCs. “baseline” represents before PD-1 therapy; “after anti-PD-1” represents the levels after the
first anti-PD-1 therapy, N= 27. Two-tailed paired t-test was performed. (D–F): The change of (D) Tregs, (E) G-MDSCs, and (F) M-MDSCs levels with consecutive dosage of
anti-PD-1 therapy. X-axis: the times of anti-PD-1 treatment; Y-axis: the levels of Treg or G-MDSCs orM-MDSCs. The number of data of every cycle may be different because of
the different follow-up duration of different patients.N=27. Two-tailed paired t-test was performed between the baseline levels and any cycle of anti-PD-1 treatment. ns: no
significant difference, *p < 0.05, **p < 0.01, ***p < 0.001 compared with the control groups. A P value less than 0.05 was considered to be statistically significant.
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To figure out whether the anti-PD-1 therapy affected the suppressive ca-
pability of MDSCs, we detected the expression of iNOS on MDSCs. The re-
sults showed that anti-PD-1 treatment did not change the levels iNOS+ G-
MDSCs and iNOS+ M-MDSCs in peripheral blood of NSCLC patients
(Figs. S4E and 4F). In the syngeneic mouse model, we also observed an ob-
vious decrease of M-MDSCs after anti-PD-1 despite no statistical signifi-
cance (Figs. S4G and 4H). Additionally, anti-PD-1 treatment did not
change iNOS+ G-MDSCs and iNOS+ M-MDSCs in peripheral blood
(Fig. S4I and J) and spleens (Fig. S4K and L) in mice. We also performed
the detection of mRNA level of two immunosuppression markers, iNOS
and Arginase-1, of MDSCs isolated from the spleens of PBS or anti-PD-1
treatedmice. The results showed that anti-PD-1 did not significantly change
iNOS and Arginase-1 mRNA levels in MDSCs (Fig. S4M). Taken together,
anti-PD-1 treatment does not significantly change the suppressive capabil-
ity of MDSCs.

Ly6c mAbs mediated M-MDSCs neutralization strengthened anti-tumor efficacy
of anti-PD-1 therapy in mice

Considering the specific decrease of M-MDSCs in the PR group, we tes-
tified the necessity of M-MDSCs on the efficacy of anti-PD-1 therapy in
inhibiting tumor growth in vivo. We constructed a syngeneic lung adenocar-
cinoma mouse model by subcutaneously injecting Lewis cells on the flank
of seven-weeks female C57/B6 mice. Then, we treated the mice with PBS
or anti-PD-1 or anti-ly6c or both according to the schema (Fig. 4A). Our re-
sults showed that the anti-ly6c antibody effectively neutralized almost all
the M-MDSCs population in peripheral blood and spleens (Fig. 4B). We
also confirmed the comparable tumor volumes among the four groups be-
fore antibody therapy (Fig. S5). Compared with the control group, anti-
PD-1 and anti-ly6c only showed a very weak anti-tumor effect (Fig. 4C).
4

In contrast, the combination of anti-PD-1 and anti-ly6c more effectively
inhibited the tumor growth than either anti-PD-1 or anti-ly6c alone
(Fig. 4C). The mice were sacrificed after five times of antibodies injection,
and the tumor volume and weight were significantly smaller in the anti-
PD-1 plus anti-ly6c group than the other three groups (Fig. 4D–F). The
above results demonstrated that the neutralization of M-MDSCs enhances
the response of lung adenocarcinoma mouse model to anti-PD-1 therapy.

The expansion of effector CD8+ T cells are associated with the better anti-tumor
efficacy in the PR group and mouse model

To further investigate the downstream executive cells for better anti-
tumor effect, we performed flow cytometer analysis for the samples from
multiple peripheral immune organs and tumors in mice. In mice, effector
T cells were defined by CD44+CD62L− (Fig. S6A). In DLN, CD8+CD62L−-

CD44+ effector T cells strongly increased after anti-PD-1 plus ly6c mAbs
treatment (Fig. 5A&B). In peripheral blood and spleens, we similarly ob-
served the higher percentage of effector CD8+ T cells in the anti-PD-1
plus anti-ly6c group than the control group (Fig. 5C and D). Then, we ana-
lyzed the intratumoral immune status. CD8+ T cells gradually increased ac-
cording to the order of PBS, anti-Ly6c, anti-PD-1 and PD-1 plus anti-ly6c
groups, indicating the strongest anti-tumor effect in the anti-PD-1 plus
anti-ly6c group (Fig. 5E). Importantly, the tumor-infiltrating CD8+-

CD62L−CD44+ effector T cells in the anti-PD-1 plus ly6c Abs group signif-
icantly increased compared with the PBS group (Fig. 5F). Collectively, ly6c
AbsmediatedM-MDSCs neutralization, at least partially, enhances the anti-
tumor effect of anti-PD-1 therapy by upregulating effector CD8+ T cells in
multiple immune organs in mice.

Next, we investigated whether the expansion of CD8+ effector T cells
after anti-PD-1 therapy was conserved in NSCLC patients. In human



Fig. 2.Anti-PD-1 robustly upregulated Tregs levels in NSCLC patients and the syngeneic tumormousemodel. (A–C) The effect of anti-PD-1 therapy on the levels of Tregs in (A) PR, (B) SD, and (C) PD groups. PR,N=7; SD,N=13;
PD, N= 7. Two-tailed paired t-test was performed. (D) The effect of anti-PD-1 therapy on the percentage of Ki67+ Tregs in human peripheral blood. N = 7. Two- tailed paired t-test was performed. (E) The representative plot of
Tregs of baseline and after PD-1 therapy in peripheral blood of syngeneic tumormodel. (F) The effect of anti-PD-1 on the Tregs in peripheral blood ofmice. Before anti-PD-1,N=9; after anti-PD-1,N=9. Two-tailed paired t-test was
performed. (G–I) The effect of anti-PD-1 on the Tregs in (G) DLN, (H) spleens, and (I) tumors in mice. PBS, N = 5; Anti-PD-1, N = 9–10. Two tailed unpaired t-test was performed. (J–K) The effect of anti-PD-1 therapy on the
percentage of Ki67+ Tregs in (J) peripheral blood and (K) spleen of mice. N = 6. Two-tailed unpaired t-test was performed. ns: no significant difference, *p < 0.05, **p < 0.01 compared with the control group. A P value less
than 0.05 was considered to be statistically significant.
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Fig. 3.M-MDSCs significantly decreased after anti-PD-1 therapy in PR group but not in SD and PDgroups. (A) The baseline levels ofM-MDSCs in PR, SD, and PD groups. PR,N
=7; SD,N=13; PD,N=7. Two-tailed unpaired t-test was performed. (B) The change of M-MDSCs levels in PR group after the first anti-PD-1 treatment, N= 7. Two-tailed
paired t-test was performed. (C) The change M-MDSCs levels with a consecutive dosage of anti-PD-1 therapy. X-axis: the cycles of anti-PD-1 treatment; Y-axis: M-MDSCs fre-
quency. The number of dots of every cycle may be different because of the different follow-up duration of different patients. N = 7. Two-tailed paired t-test was performed
between the baseline levels and any cycles of anti-PD-1 treatment. ns: no significant difference, *p<0.05, **p<0.01 compared with the control group. A P value less than
0.05 was considered to be statistically significant.
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samples, effector CD8+ T cells were defined by CD8+CD45RA+CD62L−

CCR7− (Fig. S6B). Expectedly, we observed a significant increase of effec-
tor CD8+ T cells in peripheral blood of PR (Fig. 5G–H) and SD (Fig. 5I)
groups but not in the PD group (Fig. S6C). Additionally, the frequency of ef-
fector CD8+ T cells was significantly higher in PR group compared to SD
group after anti-PD-1 treatment, indicating the stronger anti-tumor re-
sponse in PR group (Fig. 5J). Taken together, decreased M-MDSCs in the
PR group and syngeneic mouse model may enhance anti-tumor efficacy
by the expansion of effector CD8+ T cells.
Fig. 4.Anti-mouse ly6c AbsmediatedM-MDSCs neutralization promoted anti-PD-1 thera
1.2 × 106 Lewis lung cancer cells were subcutaneously injected into the flank of 7-week
ly6c/time or both were intraperitoneally injected mice. The mice were sacrificed afte
treatment in peripheral blood and spleens. The homogenized spleen single-cell suspen
days post ly6c treatment. The gate of M-MDSCs was Ly6Chi cells gated from CD11B+ G
tailed unpaired t-test was performed. (D) The statistics of tumor volume at the endpoin
PBS: N = 5; anti-PD-1: N = 6; Anti-ly6C:N = 5; Anti-PD-1 + Anti-ly6C: N = 6. Two
(F) The statistic of tumor weights at the endpoint. The tumor weights were measured by
difference, *p < 0.05, **p < 0.01 compared with the control group. A P value less than
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Discussion

It is true that the immune cell features in tumors could locally evaluate
the immune status [29,30]. However, the most recent evidence convinc-
ingly demonstrated that T cells response to anti-PD-1 derived from a dis-
tinct repertoire of T cell clones that just migrated from peripheral blood
[31], implying that the immune cells in peripheral blood might reflect the
response of the immune system to anti-PD-1 therapy earlier. Here, we lon-
gitudinally analyzed the impact of anti-PD-1 therapy on Tregs, G-MDSCs
py efficacy inmice. (A) The schema to treat micewith antibodies in different groups.
s age C57BL/6 female mice. One week later, 200 μg anti-PD-1/time or 100 μg anti-
r five times' treatment. (B) The frequency of M-MDSCs after anti-mouse ly6c Ab
sion of the spleens and peripheral blood were analyzed by C-flow cytometry two
r-1+ ly6G−cells. (C) The tumor growth curve of different treatment groups. Two-
t. The tumor volumes were measure by a caliper seventh days post tumor injection.
tailed unpaired t-test was performed. (E) The picture of tumors at the endpoint.
an analytical balance. Two-tailed unpaired t-test was performed. ns: no significant
0.05 was considered to be statistically significant.



Fig. 5. The increased effector CD8+T cells are associatedwith the better anti-tumor efficacy in the PR group andmousemodel. (A) The representative plots of CD8+CD62L−CD44+ effector T cells in PBS (n=4), ly6c (n=5), PD-1
(n= 5), and ly6c+PD-1 (n=5) groups inmice. PBS represents blank control; ly6C represents anti-ly6c therapy; PD-1 represents anti-PD-1 therapy. (B–D) The frequency of CD8+CD62L−CD44+ effector T cells in the (B) draining
lymph node (DLN), (C) peripheral blood, and (D) the spleens. PBS, n= 4; ly6C, n = 5; PD-1, n = 5; ly6C+ PD-1, n=5. Two-tailed unpaired t-test was performed. (E–F) The frequency of (E) CD8+ T cells and (F) CD8+CD62L−-

CD44+ T cells in tumors. PBS:N=4; anti-PD-1:N=5; Anti-ly6c:N= 5; Anti-PD-1+Anti- ly6c:N=5. Two-tailed unpaired t-test was performed. (G) The representative plots of CD8+CD45RA+CD62L−CCR7− effector T cells in
peripheral blood of the PR group. (H) The change of effector CD8+ T cells in human samples after anti-PD-1 treatment in the PR group. The effector cell was defined with the panel of CD8+CD62L−CD45RA+CCR7−.N=7. Two-
tailed paired t-test was performed. (I) The effect of anti-PD-1 treatment on the level of effector CD8+ T cells in the SD group.N=13. Two-tailed paired t-test was performed. (J) The difference of effector CD8+ T cells in PR and SD
groups after anti-PD-1 treatment. Two-tailed unpaired t-test was performed. ns: no significant difference, *p<0.05, **p<0.01 comparedwith the control group. A P value less than 0.05was considered to be statistically significant.
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and M-MDSCs levels in peripheral blood and primarily investigated the as-
sociation of M-MDSCs with the anti-tumor efficacy of anti-PD-1 therapy in
NSCLC patients and the syngeneic tumor model.

Tregs are produced in the thymus as a functionally mature subpopula-
tion of T cells and can also be induced from naive T cells in the periphery.
Tregs-mediated suppression serves as a vital mechanism of negative regula-
tion of immune-mediated inflammation and tumor inhibition [32]. How-
ever, the regulation of anti-PD-1 therapy on the Tregs is not very clear in
NSCLC patients. Lydia Dyck et al. reported that anti-PD-1 inhibited
Foxp3+ Tregs conversion and reduced tumor-infiltrating Tregs in CT26
tumor-bearing mice [15]. On the other hand, PD-1 signaling could induce
resistance to apoptosis and prolonged survival of CD4+ Tregs in the F1
lupus mouse model. The blockade of PD-1 signaling by neutralizing anti-
body converted PD-1hiCD4+Treg into PD-1lowCD4+Treg, which had an in-
creased capability to promote B cell apoptosis and to suppress CD4+ helper
T cells [13]. In hyperprogressive disease patients of gastric cancer, the
tumor-infiltrating proliferative (ki67+) Tregs significantly increased after
anti-PD-1 therapy. Genetic ablation or neutralizing antibody mediated
blockade of PD-1 in Tregs effectively increased their proliferation and im-
munosuppression function [14]. The combination of Ipilimumab and anti-
PD-1 also significantly elevated Tregs frequency in the spleen of CTLA4 hu-
manized mice [33]. Consistent with the later opinion, we also detected the
increased ki67+ Tregs in tumor mouse model and NSCLC patients after
anti-PD-1 therapy. As for the biological significance, we supposed that the
upregulated Tregs on one handmight just constructively balance the exces-
sive immune hyperfunction after anti-PD-1 therapy in NSCLC patients,
which perhaps also explained the upregulating Tregs even in the PR
group. On the other hand, the excessive increase of Tregs under anti-PD-1
could in turn inhibit the anti-tumor effect of anti-PD-1 therapy as shown
in the PD group. Therefore, the balanced Tregs, neither too much or too
less, may be crucial for the efficacy of anti-PD-1 therapy.

The distinct response of M-MDSCs to anti-PD-1 therapymay predict dif-
ferent anti-tumor efficacy in NSCLC patients. Recently, Laura Strauss et al.
reported that PD-1 was expressed on CD11b+Ly6C+ (M-MDSCs) myeloid
cells. In tumor bearing PD-1f/fLysMcre mice, the genetic ablation of PD-1 in-
duced an increase of T effector memory cells with elevated antitumor func-
tion despite preserved PD-1 expression in T cells [34]. In our study, we
found that the PR group had a higher level of baseline M-MDSCs than the
other two groups. Therefore, we supposed that therewas relatively stronger
immunosuppression, at least resulting from M-MDSC, in PR group com-
pared to SD or PD groups. Additionally, anti-PD-1 treatment could specifi-
cally decrease M-MDSCs levels in the PR group, implying that the
enhanced anti-tumor efficacy in the PR group probably partially resulted
from the removal of the strong immunosuppression caused by high baseline
M-MDSCs. At the same time, we also observed the significant increase of ef-
fector CD8+ T cells and Ki67+ effector CD8+ T cells (Fig. S6D) after anti-
PD-1 in human and in mouse model. Taken together, the effective removal
of immunosuppression and increasing proliferation of effector CD8+ T cells
might explain the better response to anti-PD-1 therapy in the PR group.
However, the mechanism for the decreased M-MDSCs after anti-PD-1 treat-
ment in PR group was unknown. In contrast, the SD and PD groups had rel-
atively lower baseline levels of M-MDSCs, which might limit their response
to anti-PD-1 therapy due to the less potential to release immunosuppression
activity. Compared to M-MDSCs, we did not observe an obvious effect of
anti-PD-1 on circulating G-MDSCs in NSCLC patients. Contrary to the
high baseline M-MDSCs, we observed a slight lower baseline level of G-
MDSCs in the PR group, which was not changes after anti-PD-1 treatment.
Besides, G-MDSCs levels showed no change in the SD and PD groups after
anti-PD-1 treatment. Therefore, the distinct response of M-MDSCs, not G-
MDSCs, to anti-PD-1 therapy is associated with the anti-tumor efficacy in
NSCLC patients.

Our research also has several limitations (1) the patient population is
not very large (2) the patient therapy history is not exactly same (3) The
lack of three cell populations features in the tumor of NSCLC patients
(4) The exact mechanism for the decreased M-MDSCs after anti-PD-1 treat-
ment was unknown in the PR group.
8

Conclusions

Anti-PD-1 therapy overall upregulates Tregs proliferation levels. The de-
creasing M-MDSCs levels are associated with the better anti-tumor efficacy
of anti-PD-1 therapy in NSCLC patients. Neutralization ofM-MDSCsmay be
a promising option to augment anti-PD-1 efficacy in NSCLC.
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