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Abstract
Background: Second-generation programmed cell death-protein 1/pro-
grammed death-ligand 1 (PD-1/PD-L1) inhibitors, such as bintrafusp alfa
(M7824), SHR-1701, and YM101, have been developed to simultaneously
block PD-1/PD-L1 and transforming growth factor-beta/transforming growth
factor-beta receptor (TGF-β/TGF-βR). Consequently, it is necessary to identify
predictive factors of lung cancer patients who are not only resistant to PD-1/PD-
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L1 inhibitors but also sensitive to bifunctional drugs. The purpose of this study
was to search for such predictors.
Methods: Multivariable Cox regression was used to study the association
between the clinical outcome of treatment with PD-1/PD-L1 inhibitors and lym-
phocyte recovery after lymphopenia in lung cancer patients. Murine CMT167
lung cancer cells were engineered to express the firefly luciferase gene and
implanted orthotopically in the lung of syngeneic mice. Bioluminescence imag-
ing, flow cytometry, and immunohistochemistry were employed to determine
response to immunotherapy and function of tumor-infiltrating immune cells.
Results: For lung cancer patients treated with anti-PD-1/PD-L1 antibodies, poor
lymphocyte recovery was associated with a shorter progression-free survival
(PFS; P < 0.001), an accumulation of regulatory T cells (Tregs), and an elimi-
nation of CD8+ T cells in the peripheral blood. Levels of CD8+ T cells and Treg
cells were also imbalanced in the tumors and peripheral immune organs of mice
with poor lymphocyte recovery after chemotherapy. Moreover, these mice failed
to respond to anti-PD-1 antibodies but remained sensitive to the anti-PD-L1/TGF-
βR fusion protein (SHR-1701). Consistently, SHR-1701 but not anti-PD-1 antibod-
ies, markedly enhanced IFN-γ production and Ki-67 expression in peripheral
CD8+ T cells from patients with impaired lymphocyte recovery.
Conclusions: Lung cancer patients with poor lymphocyte recovery and suffer-
ing from persistent lymphopenia after previous chemotherapy are resistant to
anti-PD-1/PD-L1 antibodies but might be sensitive to second-generation agents
such as SHR-1701.

KEYWORDS
anti-PD-L1/TGF-βR fusion protein, chemotherapy-induced lymphopenia, lung cancer, lym-
phocyte recovery, PD-1/PD-L1 inhibitor, SHR-1701

1 INTRODUCTION

Lung cancer affects more than 1.8 million people annu-
ally and continues to be the most frequent cause of
cancer-related death worldwide [1]. The development of
programmed cell death protein 1 (PD-1) or its ligand
programmed death-ligand 1 (PD-L1) inhibitors consti-
tuted a critical breakthrough for lung cancer treatment
[2]. Unfortunately, most patients do not have any active
response to anti-PD-1/PD-L1 antibodies due to the exis-
tence of numerous other immunosuppressive entities in
the tumor microenvironment (TME), such as the sup-
pressive cytokine transforming growth factor-beta (TGF-
β), as well as regulatory T cells (Tregs) [2]. Hence, second-
generation bifunctional agents such as bintrafusp alfa
(M7824), SHR-1701 and YM101 are designed to address this
issue, as they can simultaneously block both the PD-1/PD-
L1 and TGF-β/TGF-βR signaling within the TME. Thus,
predictive factors are necessary for the identification of

patients who might be resistant to PD-1/PD-L1 inhibitors
but remain sensitive to the bifunctional drugs.
M7824 achieved encouraging efficacy and manageable

tolerability among non-small cell lung cancer (NSCLC)
patients who had previously received platinum treatment
in a Phase I clinical trial (NCT02517398). Among the
patients with a high PD-L1 expression level, the response
to M7824 was as high as 85.7%, significantly higher than
that of pembrolizumab [3]. However, a Phase III trial
(NCT03631706) for NSCLC using M7824 as first-line treat-
ment was terminated prematurely because M7824 was
not superior to pembrolizumab [4] The difference in the
results of these two clinical trials suggests that M7824
might be more effective than pembrolizumab in heavily
pre-treated patients, but no better than pembrolizumab
when used as first-line therapy.
Platinum-based chemotherapy is often accompanied by

neutropenia, thrombocytopenia, and lymphopenia. The
rapid repopulation of neutrophils and platelets can be
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easily achieved by the administration of granulocyte-
colony stimulating factor (G-CSF) and thrombopoietin
(TPO). However, there is no specific drug for lymphope-
nia. Patients with lymphopenia after chemotherapy are
further classified as “rapid recovery” or “poor recovery”.
Rapid lymphocyte recovery has been regarded as a poten-
tialmarker of prolonged survival in patientswith advanced
thoracic cancers and locally advanced pancreatic cancer
[5, 6]. It has been reported that 57% of cancer patients
with lymphopenia achieved rapid recovery, even leading to
the extensive proliferation of effector T (Teff) cells. How-
ever, among the other 43% of patients, the lymphopenia
was severe and unexpectedly long-lasting [7, 8], resulting
in an elevated neutrophil-to-lymphocyte ratio (NLR) and
platelet-to-lymphocyte ratio (PLR). Since high NLR and
PLR are prognostic markers strongly correlated with the
poor response of patients receiving PD-1/PD-L1 inhibitors
[9, 10], then poor lymphocyte recovery after first-line
chemotherapymight cause the resistance to anti-PD-1/PD-
L1 antibodies.
Lymphopenia can be quickly resolved by active T cell

proliferation in tumor bearers with rapid lymphocyte
recovery [11, 12]. Nevertheless, homeostatic proliferation
is disrupted by chemotherapy in nearly half of cancer
patients and the mechanism for this remains unclear.
TGF-β plays an important role in many immune cell lin-
eages. TGF-β absence leads to a significant proliferation of
Teff cells after transient lymphopenia in non-tumor bear-
ers. [13]. However, its role in regulating chemotherapy-
related lymphopenia in patients with tumors has not been
described.
To our knowledge, no prior study has examined the asso-

ciation between lymphocyte recovery and the clinical out-
come of cancer patients who received PD-1/PD-L1 block-
ade therapy. Moreover, no predictive factors have been
reported to help in the identification of patients specifically
sensitive to second-generation bifunctional drugs. There-
fore, this study aimed to investigate the clinical role of lym-
phocyte recovery in predicting the responses to the second
generation of PD-1/PD-L1 inhibitors in lung cancer.

2 MATERIALS ANDMETHODS

2.1 Patients

Based on published literature [14], satisfied/rapid lympho-
cyte recovery was defined as 3 consecutive days in which
absolute lymphocyte count (ALC) was ≥ 1000/μL within
3 weeks following previous anti-tumor treatments. In con-
trast, the definition of poor/impaired/destroyed lympho-
cyte recovery was that the ALC could not reach 1000/μL
even beyond 3 weeks after previous anti-tumor treatments

and remained to be < 1000/μL when the immunotherapy
started.
A retrospective analysis of 205 lung cancer patients

who received PD-1/PD-L1 blockade immunotherapy at
Qilu Hospital of Shandong University (Jinan, Shandong,
China) from June 2017 to June 2021 was performed. Clini-
cal data was collected from medical records. Inclusion cri-
teria were: histologically or cytologically confirmed lung
cancer (stage II/III/IV, including local, regional and dis-
tant recurrence), had not been operated on before, received
immunotherapy in the first or later lines, and with follow-
ups every 3 months after immunotherapy, including imag-
ing examination and hematological tests. Patients had no
previous history of pulmonary or systematic diseases. Pre-
vious or concurrent treatment (cytotoxic chemotherapy,
biological therapy, and/or radiation) was allowed. Patients
with poor performance status (Karnofsky score< 60) were
excluded.
Peripheral blood samples were obtained for in vitro

studies from 34 patients with lung cancer with satisfied
or poor lymphocyte recovery. Patients’ inclusion criteria
were: age≥ 18 years old, pathologically diagnosed with
lung cancer, adequate hematological function and avail-
ability of peripheral blood samples. Patients with severe
co-morbidities or autoimmune diseases were excluded.
The study protocol was approved by theMedical Ethical

Committee of Qilu Hospital affiliated to ShandongUniver-
sity (permit number: KYLL-2019-2-004). The blood sam-
ples were obtained with written informed consent from
each patient.

2.2 Cell culture

The mouse lung cancer cell line CMT167 was obtained
from the European Collection of Authenticated Cell Cul-
tures (ECACC) and cultured in Dulbecco’s modified
Eagle’smedium (DMEM;Life Technologies, Carlsbad, Cal-
ifornia, USA), containing 10% (v/v) fetal bovine serum
(FBS; Life Technologies) at 37◦C in a humidified atmo-
sphere with 20% O2 and 5% CO2.

2.3 Lentiviral transfection

CMT167 cells were transfected with firefly luciferase
lentivirus (GeneChem, Shanghai, China) following the
manufacturer’s protocol. Briefly, CMT167 cells were incu-
bated with viral stocks supplemented with 4 μg/mL Poly-
brene (#107689, Sigma-Aldrich, St Louis, MO, USA) for 6
h and then supplied with fresh medium. The transduced
cells were then supplied with 2 μg/mL puromycin (#P8833,
Sigma-Aldrich) 2 days after transduction to clear the
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non-transduced cells. Ten days after transduction, isola-
tion of cell clones was performed.

2.4 Animal study

Animal studies were approved by Institutional Animal
Care and Use Committee of Qilu Hospital affiliated to
Shandong University (permit number: DWLL-2020-045).
The mice were bred in our air-conditioned animal facility
and housed with a 12/12 hr light/dark cycle and with ad
libitum access to food and water. The housing, breeding,
and animal experiments were in accordance with the rec-
ommendations in the Guide for the Care and Use of Labo-
ratory Animals of the National Institutes of Health. In the
survival study, the animals were observed daily. Humane
endpoints were used during this study: moribund were
humanely euthanized. We used two criteria to identify the
moribund animals based on our animal use protocol: 1)
mouse has difficulty breathing, eating, or drinking; 2) a
mouse loses ≥ 15% body weight in 4 days. Euthanasia is
performed after deep anesthesia in order to alleviate suf-
fering.
Sample sizes of animal studies were determined using

a power analysis. Luciferase-expressing CMT167 cell lines
(5 * 105 cells in 40 μL PBS) were injected through the chest
wall into the lung of C57BL/6 (5-week-old; SPF Biotechnol-
ogy Co., Ltd, Beijing, China) female mice on day 0. Tumor
growth was examined at 5, 10, and 15 days after inoc-
ulation via bioluminescence imaging (IVIS spectrum in
vivo imaging system, PerkinElmer, Hopkinton, MA, USA).
On day 5, mice were randomly assigned to each treat-
ment group. For cisplatin (DDP, #H20023460, Qilu Phar-
maceutical, Jinan, Shandong, China) groups, DDP was
intraperitoneally (i.p.) administered for four days (from
day 5 to day 8) at a dose of 4 mg/kg daily. For the anti-PD-
1 group, an anti-mouse PD-1 monoclonal antibody (mAb,
200μg/mouse/day; #BE0146, BioXcell,West Lebanon,NH,
USA) was administered i.p. on days 5, 8, 11 and 14 (every
3 days). For the concomitant therapy group, an anti-PD-
1 mAb was administered i.p. every third day, starting at
day 5 with DDP together. For the sequential chemoim-
munotherapy group, DDP was given on days 5-8, followed
by anti-PD-1 mAb administered starting on day 8. For
the dual immunotherapy and SHR-1701 groups, anti-TGF-
β (300 μg/mouse/day; #BE0057, BioXcell), anti-PD-1 (200
μg/mouse/day), as well as SHR-1701 (200 μg/mouse/day)
mAbs were administered i.p. every third day from day 8
to day 14. The control group was injected with an equal
volume of PBS or isotype on each injection day. SHR-1701
is not currently commercially available and was a kind
gift from Jiangsu Hengrui Medicine Co., Ltd (Shanghai,
China).

2.5 Flow cytometry

A total of 5 mL peripheral blood was collected from lung
cancer patients≥ 3 weeks after the last cycle of chemother-
apy. The flow cytometry analysis of peripheral lympho-
cytes was conducted in all fresh heparinized peripheral
blood extracted from lung cancer patients (n = 34), with
matching clinical data obtained from the Department of
Radiation Oncology at Qilu Hospital of Shandong Uni-
versity. Informed written consent was obtained from all
patients.
Blood samples were processed within 6 h. Peripheral

blood mononuclear cells were prepared by centrifugation
with Ficoll-Paque Plus (Amersham Biosciences, Piscat-
away, NJ, USA). Fresh PBMCs were isolated and stained
with a master mix of Abs at 4◦C for 30 min. The markers
CD3 (1:20; #300326, Biolegend, San Diego, CA, USA) and
CD8 (1:20; #344704, Biolegend) were used to discern CD8+
T cells. Treg cells were retrieved by gating for the high
expression of CD4 (1:20; #357404, Biolegend) and CD25
(1:20; #302610, Biolegend).
Single-cell suspensions of the harvested mouse spleens

and tumors were prepared and stained with a cock-
tail of Abs against the following surface markers: CD3
(1:20; #100205, #100218, Biolegend), CD8 (1:20; #237367,
#ab237368, Abcam, Cambridge, MA, USA), CD4 (1:20;
#100406, Biolegend), PD-1 (1:20; #135210, Biolegend),
GITR (1:20; #126312, Biolegend), and CD69 (1:20; #104508,
Biolegend). Permeabilization was performed using the
Fixation/Permeabilization Concentrate and Diluent (1:25;
#562574, BD, Franklin Lakes, NJ, USA), and cells were
subsequently stained intracellularly with Foxp3 (1:20;
#563902, BD), Ki-67 (1:20; #561283, BD), and IFN-γ (1:20;
#505808, Biolegend).
Flow analysis were performed on a BD FACS Aria III

cytometer equipped with a 405 nm laser, a 488 nm laser,
and a 635 nm laser. Cells should be filtered through nylon
mesh. FlowJo software (version 8.7, TreeStar, Ashland,
OR) for analysis of acquired raw data.

2.6 In vitro cell stimulation

After 24 h of incubation in lymphocyte medium KBM
551 (#88-551-CM, Corning, New York, USA) supplemented
with 10% FBS and 300 IU/mL murine IL-2 (#212-12-100,
PeproTech, Rocky Hill, NJ, USA), the single-cell suspen-
sions (PBMCs, splenic cells or tumor infiltrating lym-
phocytes) were transferred to 96-well plates coated with
5 μg/mL CD3 (#100360, Biolegend) and 2 μg/mL CD28
(#102131, Biolegend) for 48 h. The cells were treated for
4∼6 hwith 5 μg/mL brefeldin A (BFA, #420601, Biolegend)
before lymphocytes were harvested for flow cytometry.
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2.7 In vitro drug effectiveness assay

To verify that SHR-1701 blocked the TGF-βR in mouse
tumor cells, CMT167 cells were treated with SHR-1701 (10
μg/mL) or control IgG at 37◦C for 40 min. In order to
ensure that TGF-βR was indeed blocked by SHR-1701 in
an original activated state, the cells were incubated with
recombinant mouse TGF-β1 (8 ng/mL; #763104, Biole-
gend) for 40 min with or without SHR-1701. Similarly,
for the sake of determinizing the activation status of the
Akt signaling pathway in tumor cells, CMT167 cells incu-
bated with SHR-1701 or control IgG for 40 min were trans-
ferred to a plate coated with recombinant mouse PD-
L1-Fc chimera (5 μg/mL; #758206, Biolegend). The pro-
teins were purified after 24 h followed by western blotting
analysis.
To verify that SHR-1701 rescued the anti-tumor function

of CD8+ T cells in lung cancer patients, PBMCs extracted
from patients were pretreated with 10 μg/mL SHR-1701,
10 μg/mL anti-PD-1 Abs (#AF1086, R&D systems, Min-
neapolis, Minnesota, USA) or 1 μmol/L TGF-βR inhibitors
(#S1476, Selleck, Houston, Texas, USA) for 3h at 37°C.Then
PBMCs were treated with Phorbol-12-myristate-13-acetate
(PMA, 10 ng/mL; #P1585, Sigma-Aldrich) and ionomycin
(1 μg/mL; #HY-13434, MedChemExpress, Princeton, NJ,
USA) for 4 h before the CD8+ and CD4+ T cell were iso-
lated and collected for further examinations.

2.8 Western blotting

For western blotting, the primary antibodies against the
following proteins were used: pSmad2 (1:1000; #18338,
Cell Signaling Technology, Beverly, MA, USA), Smad2
(1:1000; #5339, Cell Signaling Technology), pAkt (1:1000;
#4060, Cell Signaling Technology), Akt (1:1000; #4691, Cell
Signaling Technology), pErk (1:1000; #9101, Cell Signal-
ing Technology), Erk (1:1000; #4695, Cell Signaling Tech-
nology), TGF-βR (1:1000; #ab184948, Abcam), Vinculin
(1:1000; #ab129002, Abcam), GAPDH (1:1000; #ab9485,
Abcam), Foxp3 (1:1000; #320202, Biolegend).Western blot-
ting was performed as previous reported [15]. Briefly, cells
were lysed in RIPA lysis buffer (#89901, Thermo Fisher
Scientific, Waltham, MA, USA). Up to 50ng/ml proteins
were resolved by SDS-polyacrylamide gels (#NP0323BOX,
Thermo Fisher Scientific) and transferred to polyvinyli-
dene fluoride membranes (#3010040001, Solarbio, Beijing,
China). Primary antibodies and secondary horseradish
peroxidase-conjugated antibodies (#ZB-2301, #ZB-2305,
ZSGB-BIO, Beijing, China) were used for the assay. The
proteins were detected using an enhanced chemilumines-
cence (ECL, #34096, Thermo Fisher Scientific) detection
system.

2.9 Flow sorting and RNA sequencing
(RNA-seq)

Tumor-infiltrating mononuclear cells were stained with
appropriate dilutions of anti-CD3 (1:20; #100218, Biole-
gend) + anti-CD8 (1:20; #155005, Biolegend)/anti-CD4
(1:20; #100406, Biolegend) + anti-CD25 (1:20; #162103,
Biolegend) Abs at room temperature. The stained cells
were resuspended in a final volume of 500 μL in saline
solution and subsequently filtered into polypropylene flu-
orescence activating cell sorting (FACS) tubes. 1* 106
cells were sorted using a BD FACS Aria III into 1.5 mL
tubes prefilled with 1mL saline solution. After sorting the
CD3+CD8+ T cells and CD4+CD25+ Treg cells, the total
RNA was isolated for RNA-seq analysis. Based on the
BGISEQ-2000 platform (Beijing Genomics Institute, Bei-
jing, China), construction and sequencing of the cDNA
library were conducted at the Beijing Genomics Institute
(BGI; Beijing, China). The expression of these clean reads
was summarized using software developed by BGI, and
Immunesigdb from MSigDB was used to annotate, ana-
lyze, and enrich the gene set.
Gene set enrichment analysis (GSEA) was performed

using pre-ranked gene lists. GSEAPreranked version 6.0.12
was used with default parameters and data were exported
and graphed in GraphPad Prism version 8 (La Jolla, CA,
USA).

2.10 Immunohistochemistry (IHC)

Briefly, 4-μm formalin-fixed paraffin-embedded (FFPE)
sections were deparaffinized, rehydrated and incubated in
Ethylene Diamine Tetraacetic Acid (EDTA, #C1034, Solar-
bio) at 95◦C for 20 min to retrieve the antigen. IHC assays
were performed using the SPlink Detection Kit (#SP-9000,
ZSJQ-Bio, Beijing, China) according to the manufacturer’s
instructions. Briefly, after treatment with endogenous per-
oxidase blocking solution at 37◦C for 30 minutes, tissues
were blocked with goat serum for 30 minutes and incu-
bated with primary antibodies overnight. Primary anti-
bodies were diluted according to the instructions. Sec-
tions were then incubated with goat anti-mouse/rabbit
IgG and horseradish peroxidase enzyme-labeled strepto-
mycin in order. Finally, sections were developed with 3,3’-
diaminobenzidine tetrahydrochloride (DAB, #ZLI-9017,
ZSJQ-Bio). Hematoxylin (#ZLI-9610, ZSJQ-Bio) was used
for counterstaining. The following primary Abs were
used: CD8 (1:2000; #ab209775, Abcam), Foxp3 (1:1000;
#ab215206, Abcam), IL-2 (1:500; #ab227834, Abcam), TGF-
β (1:1000; #ab229856, Abcam). IHC images were eval-
uated by two blinded pathologists, with the intensity
of staining scored from 0 to 3, with 0 (no staining),
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1 (light yellow, weakly positive), 2 (yellowish-brown, mod-
erately positive), and 3 (brown, strongly positive). The per-
centage of positive cells was also scored using a scale of
0-3: 0 (0%), 1 (1%-33%), 2 (34%-66%), and 3 (67%-100%).
The intensity and percentage scores were added to obtain
a final total score, with low expression defined as a total
score of 0-3, and high expression defined as 4-6.

2.11 Enzyme-linked immunosorbent
assay (ELISA)

Serum levels of IL-2 and TGF-β were measured by com-
mercial ELISA kits (#SEA073Hu for IL-2, #SEA124Hu for
TGF-β, Cloud-Clone, Wuhan, Hubei, China). A total of
100 μL serum was placed into a 96-well plate coated with
an Ab specific to the marker and incubated at 37◦C for
60 min. Then, the diluted biotin-conjugated Ab (100 μL)
was added to the wells and incubated at 37◦C for 60 min.
Subsequently, Avidin-HRP conjugate (100 μL) was supple-
mented into the wells at 37◦C for 30 min, then washed
before reaction with 3,3’,5,5’-tetramethylbenzidine (90 μL)
as the chromogenic reagent occurred in the dark for 10-
20 min. The reaction was terminated with a sulfuric acid
solution (60 μL) and the absorbance was measured using
EnSight Multimode Plate Reader (Perkin Elmer, Boston,
MA, USA) at 450 nm.

2.12 Statistical analysis

The therapeutic response to anti-PD-1/PD-L1 antibodies
and the progression-free survival (PFS) values of 205
patients were retrospectively collected. The primary end-
point was PFS, which was defined as the time from the
start of immunotherapy to the first disease progression.
The secondary endpoint was overall survival (OS), which
was defined as the time from the start of immunotherapy
to death as a result of any cause. Besides, multiple factors,
including age, sex, TNM stage, histological subtype, the
number of prior treatment lines, radiotherapy, chemother-
apy, antiangiogenetic therapy, toxicities and lymphocyte
recovery were statistically analyzed. The variable of lym-
phocyte recovery (0 for poor lymphocyte recovery; 1 for
satisfied lymphocyte recovery) was dichotomous. Multi-
variable Cox regression analysis was used to study the
relationship between lymphocyte recovery and PFS. Base-
line variables that were considered clinically relevant were
entered into multivariate Cox regression model. Variables
for inclusion were carefully chosen, given the number of
events available, to ensure parsimony of the final model.
Hazard ratio (HR) and 95% confidence interval (CI) were
used to draw forest map. Kaplan-Meier survival curve

was drawn directly using the SPSS software (Version 23;
Chicago, IL, USA). The median follow-up, median sur-
vival and P-values of the survival curve were also calcu-
lated using the Kaplan-Meier analysis. All statistical tests
were two-sided, and P < 0.050 was termed as significant.
For basic experiments, the data were expressed as mean

± standard error of the mean (SEM). The unpaired two-
tailed Student’s t-test was used to compare differences
between two groups. Multiple comparisons were per-
formed with one-way ANOVA using Dunnett’s multiple
comparisons test. Statistical analysis was conducted using
GraphPad Prism (Version 8.0). P < 0.050 was considered
statistically significant for all the two-sided tests.

3 RESULTS

3.1 Lymphocyte recovery is associated
with immunotherapy response in lung
cancer

The use of peripheral NLR and PLR as prognostic predic-
tors of immunotherapy outcomes in lung cancer patients
has been previously reported [9, 10]. In this study, NLRs
and PLRs were dynamically monitored during chemother-
apy in locally advanced or advanced lung cancer patients
who would receive the subsequent immunotherapy. In
patients with poor lymphocyte recovery, their ALC
dropped sharply and did not recover for at least 3 weeks,
even after the patient had begun immunotherapy (Fig-
ures 1A and 1B). However, neutrophils and platelets were
maintained at normal levels due to conventional medica-
tions, such as G-CSF and TPO (Figures 1A and 1B). Thus,
chemotherapy caused a dramatic and lasting increase in
both peripheral NLR and PLR in these patients, indicating
a poor response to subsequent immunotherapy (Figures 1C
and 1D).
Therefore, we investigated whether lymphocyte recov-

ery could independently predict the response to PD-1/PD-
L1 inhibitors.
A total of 205 lung cancer patients who received

immunotherapy in Qilu Hospital were included in the ret-
rospective study. The detailed inclusion criteria are shown
in “Materials and Methods” section. As shown in Table 1,
each baseline characteristic was equally distributed among
the enrolled 205 patients. Then, we analyzed the PFS
of patients with or without satisfied lymphocyte recov-
ery using Kaplan-Meier survival analysis and multivari-
able Cox regression analysis. The results showed that the
median follow-up was 180 days (95%CI = 147-213). The
median PFS was 17 days for patients with poor lympho-
cyte recovery and was significantly shorter than that for
patients with satisfied lymphocyte recovery [17.000 days
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F IGURE 1 Subgroup analysis of the relationship between lymphocyte recovery and progression-free survival (PFS) in patients with lung
cancer receiving immunotherapy. (A-D) The number of lymphocytes (A and B), neutrophils (A), platelets (B), NLR (C), and PLR (D) from
eight patients over time before receiving immunotherapy. (E) PFS curve of patients with low or satisfied lymphocyte recovery. (F) Forest plots
of PFS by patient subgroups: poor lymphocyte recovery versus satisfied lymphocyte recovery. A-D: n = 8; E-F: n = 205. One-way ANOVA
analysis was used in A-D. Cox regression analysis, Kaplan-Meier survival estimate, and log-rank tests were used in E and F.
Abbreviations: NLR, neutrophil-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio; PFS, progression-free survival; HR, hazard ratio; CI,
confidence interval; n.s., not significant
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TABLE 1 Clinical characteristics of 205 patients with lung cancer

Satisfied lymphocyte
recovery

Clinical characteristics Total (%) With Without P-value
Age category

< 65 96 (46.8) 69 27 0.825
≥ 65 109 (53.2) 86 23

Gender (cases [%])
Female 164 (80.0) 28 13 0.851
Male 41 (20.0) 127 37

Histology (cases [%])
Squamous cell carcinoma 73 (35.6) 58 15 0.468
Adenocarcinoma 84 (41.0) 68 16 0.239
Small cell carcinoma 48 (23.4) 29 19 0.874

Number of prior therapy lines (cases [%])
1 85 (41.5) 78 7 0.990

> 1 120 (58.5) 77 43
T stage (cases [%])

T1 38 (18.5) 33 5 0.542
T2 66 (32.2) 45 21 0.403
T3 38 (18.5) 30 8 0.149
T4 63 (30.7) 47 16 0.346

N stage (cases [%])
N0 31 (15.1) 26 5 0.364
N1 19 (9.3) 13 6 0.141
N2 77 (37.6) 65 12 0.683
N3 78 (38.0) 51 27 0.695

M stage (cases [%])
M0 78 (38.0) 67 11 0.461
M1 127 (62.0) 88 39

Radiotherapy (cases [%])
No 122 (59.5) 99 23 0.252
Yes 83 (40.5) 56 27

Chemotherapy (cases [%])
No 13 (6.3) 13 0 0.914
Yes 192 (93.7) 142 50

Concurrent chemotherapy (cases [%])
No 57 (27.8) 43 14 0.377
Yes 148 (72.2) 112 36

Previous/Concurrent antiangiogenetic
therapy (cases [%])

No 126 (61.5) 102 24 0.916
Yes 79 (38.5) 53 26

Toxicities (cases [%])
No 185 (90.2) 139 46 0.151
Yes 20 (9.8) 16 4

Lymphocyte recovery (cases [%])
With 50 (24.4) <0.001
Without 155 (75.6)
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(95%CI = 13.943-20.057) versus median PFS not reached,
respectively, P < 0.001, Figure 1E]. However, the median
overall survival in both groups was not reached. Sub-
sequently, clinically relevant factors, including age, sex,
TNM stage, histological subtype, the number of prior treat-
ment lines, radiotherapy, chemotherapy, antiangiogenetic
therapy, toxicities and lymphocyte recovery were entered
into the multivariate Cox regression analysis. The results
showed that PFS was not related to age, sex, histology,
clinical-stage, chemotherapy, radiotherapy or antiangio-
genic therapy, but to lymphocyte recovery (HR = 20.024,
95%CI = 10.141-39.539, P < 0.001, Figure 1F).

3.2 Changes of circulating T cell subsets
in lung cancer patients with poor
lymphocyte recovery

PBMCs were isolated and the circulating T cell subsets
were analyzed. Blood samples were collected from 34 lung
cancer patients and the phenotypic expression of PBMCs
was evaluated by flow cytometry. Of the 34 patients, 16
(47%) suffered from persistent lymphopenia for more than
3weeks andwere regarded as having impaired lymphocyte
recovery, while the other 18 (53%) rapidly recovered in less
than 3 weeks. Compared to patients with rapid recovery,
patients with persistent lymphopenia exhibited a signifi-
cantly higher proportion of CD3+CD4+CD25+ Tregs (P <
0.001, Figure 2A), with no difference in the proportion of
CD3+CD8+ T cells (Figure 2B). Thus, the CD8+ T cell/Treg
ratio was significantly decreased in patients with poor lym-
phocyte recovery (P < 0.010, Figure 2C).

3.3 The CD8+ T to Treg cell ratios in the
thymus, spleen and TME are reduced in
orthotopic lung cancer mouse model with
impaired lymphocyte recovery

We then set out to extend these clinical observations of
peripheral CD8+ T cell/Treg down-regulation usingmouse
models to further explore lymphopenia-related changes in
TME. An orthotopic model was utilized, in which CMT167
murine lung cancer cells were transplanted into the lungs
of syngeneic C57BL/6 mice (Figure S1A). Many factors can
impair the lymphocyte recovery of lung cancer patients,
such as age, underlying diseases, surgery, and various anti-
tumor treatments. Of all the causes, chemotherapy is the
most common one, thus, we chose DDP to build themodel
as a representation . Our preliminary data demonstrated
that lymphocyte recovery could be disrupted when the
mice are injected with 4 mg/kg of DDP for 4 days. Flow
cytometry of circulating blood leukocytes revealed that

the total lymphocyte numbers were significantly reduced
after DDP treatment (P < 0.001, Figure 2D) but there was
no significant difference in the proportion of peripheral
CD3+CD8+ T cells (Figure 2E). Surprisingly, in contrast to
the reduced absolute number of circulating CD8+ T cells
(Figure 2E), the absolute number of CD4+CD25+ Tregs
greatly increased (P < 0.001, Figure 2F), thereby shift-
ing the CD8+ T cell/Treg ratio (P < 0.050, Figure 2G).
Spleens and thymus shrank in DDP-treated mice (Figure
S1B) and pathological structures were also detected. In
DDP-treated animals, the cortical area declined in thick-
ness, while areas of the connective and glandular tissue of
the thymus expanded in comparison to the control group.
Splenic corpuscles were also damaged or absent (Figure
S1C).
In addition, mice with DDP-induced lymphopenia har-

bored more Foxp3+ Treg cells but fewer CD8+ Teff cells
in the thymus, spleen, and tumor, which was confirmed
by IHC (Figure 3A-F). Thus, the ratios of CD8+ T/Treg
cells in the thymus, spleen, and tumor were also lowered
by DDP (Figure 3G-I). Additionally, the tumor CD4+ T
cells were sorted, and total RNA was isolated for RNA-
seq analysis. Gene Set Enrichment Analysis (GSE7582, and
GSE20366) revealed that DDP treatment was significantly
related toTreg differentiation inTME (P<0.010, Figures 3J
and 3K).

3.4 The activation of peripheral,
splenic, and tumor-infiltrating CD8+ T cells
(TILs) is suppressed in mice with disrupted
lymphocyte recovery

To assess the activation status of CD8+ T cells, intracellular
Ki-67 was examined, as it is a cell-cycle regulation marker
expressed in proliferating mammalian cells [16]. Increase
in Ki-67+ T cells in the peripheral blood is an indicator
for NSCLC patients with CD8+ T cell responses triggered
by PD-1-targeted therapy [17]. Consistent with these pre-
vious reports, peripheral, splenic as well as CD8+ TILs of
mice with poor lymphocyte recovery presented a signifi-
cantly lower frequency of Ki-67+ cells than control (Fig-
ure 4A-C). In addition, after CD3/CD28 co-stimulation, the
frequency of tumor-infiltrating and splenic Ki-67+ CD8+ T
cells were further elevated in control mice while there was
no response to CD3/CD28 co-stimulation in DDP-treated
mice (Figure 4B and 4C). Similar expression of PD-1 pro-
tein was found in CD8+ T cells in both groups (Figure 4D),
with DDP-treated mice having a higher frequency of PD-
1+ Treg cells than control subjects (P < 0.010, Figure 4E).
As PD-1/PD-L1 blockade can enhance PD-1+ Treg cell-
mediated immunosuppression, Kumagai et al. [18] believe
that the number of PD-1+ CD8+ T cells in TME can better
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F IGURE 2 Flow cytometry analysis of peripheral CD8+ T and Treg cells in patients and mouse models lacking lymphocyte recovery.
(A-B) Flow cytometry analysis of CD4+CD25+ Tregs (A) and CD3+CD8+ T cells (B) and from fresh heparinized peripheral blood of patients
with satisfactory recovery and poor recovery. CD4+CD25+ Tregs were gated from CD3+ lymphocytes. (C) Comparison of the CD8+ T
cell-to-Treg ratio in patients with satisfactory recovery versus poor recovery. (D) Absolute counts of total lymphocytes in DDP-treated mice.
The mice treated with PBS were used as control (Ctrl). (E-F) Percentages, and absolute counts of CD3+CD8+ T cells (E) and CD4+Foxp3+

Tregs (F) in the peripheral blood of control and DDP-treated mice. The mice treated with PBS were used as control (Ctrl). Left panel: Flow
cytometric plots showing the percentages of CD3+CD8+ T cells (E) and CD4+Foxp3+ Tregs (F). Middle and right panel: Columns of
percentages (Middle) and absolute counts (Right) of CD3+CD8+ T cells (E) and CD4+Foxp3+ Tregs (F). (G) The CD8+ T cell/Treg ratio in
DDP and control (Ctrl) groups. A-C: satisfied recovery group, n = 18; poor recovery group, n = 16. D-G: n = 5 for each group. For all panels,
data are presented as the mean ± SEM for each group. Each point represents an individual animal. *, P < 0.050; **, P < 0.010; ***, P < 0.001;
unpaired Student’s t-test.
Abbreviations: n.s., not significant; DDP, cisplatin; Treg, regulatory T cell; SEM, standard error of the mean
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F IGURE 3 Immunohistochemistry staining of CD8+ T cells and Foxp3+ Tregs in the thymus, spleen and tumor of mice models with
impaired lymphocyte recovery. (A-F) CD8+ T cells (A, C, E) decreased in specimens of DDP-treated mice, while Foxp3+ Treg cells (B, D, F)
increased. Scores for immunohistochemistry staining are presented in bar graphs. Five random fields from each section were counted. Scale
bars: 100 μm, upper panel; 40 μm, lower panel. (G-I) Ratio of CD8+/Foxp3+ in the thymus (G), spleen (H), and tumor (I). (J-K) GSEA plot
showing NESs for DDP-induced differentiation of CD4+ T cells to Tregs using RNA-seq data from tumor-infiltrated CD4+ cells. A-I: n = 5 for
each group. J, K: n = 2 for each group. Data are presented as the mean ± SEM for each group. *, P < 0.050. **, P < 0.010, ***, P < 0.001,
unpaired Student’s t-test.
Abbreviations: Treg, regulatory T cell; DDP, cisplatin; GSEA, gene set enrichment analysis; ES, enrichment score; NES, normalized
enrichment score
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F IGURE 4 The activation of peripheral, splenic and tumor-infiltrated CD8+ T cells accessed by GSEA and flow cytometry from
DDP-treated and control mice. (A) Percentage of Ki-67+CD8+ T cells in the peripheral blood are shown for the control (Ctrl) and DDP-treated
mice. (B-C) Changes in the percentage of Ki-67+CD8+ T cells after CD3 and CD28 (both 1 mg/mL) co-stimulation in tumors (B) and spleens
(C) harvested from DDP-treated and control (Ctrl) mice. (D-E) Proportions of PD-1+CD8+ T cells and PD-1+CD4+Foxp3+ T cells in tumors
harvested from DDP-treated and control (Ctrl) mice. (F) The ratio of PD-1+ CD8+ T cells to PD-1+ Treg cells in TME of DDP-treated and
control (Ctrl) mice. (G) GSEA plot showing NESs for DDP-inhibited activation status, as well as the function of CD8+ T cells using RNA-seq
data from tumor infiltrated CD8+ T cells. For all panels, bar graphs represent the means ± SEM for each group. Statistically significant
differences are indicated as the results of unpaired Student’s t-test (A, D, E, and F) or one-way ANOVA (B and C). A-F: n = 5; G: n = 2. **, P <
0.010; ***, P < 0.001.
Abbreviations: n.s., not significant; PBMC, peripheral blood mononuclear cell; DDP, cisplatin; SEM, standard error of the mean; FSC,
forward scatter; SSC, side scatter; GSEA, gene set enrichment analysis; ES, enrichment score; NES, normalized enrichment score; PD-1,
programmed cell death-protein 1

predict the curative effect of anti-PD-1 therapies than PD-
1+ Treg cells. This may also be superior to other predictors,
such as PD-L1 expression level, or tumor mutational bur-
den (TMB). Thus, we assessed the CD8/Treg ratio of PD-
1+ cells in TME and found that the ratio was decreased
in response to DDP treatment (P < 0.010, Figure 4F). Fur-
thermore, IHC showed similar protein levels of PD-L1 pro-
tein expression in the two groups (Figure S1D). We also

investigated whether DDP might inhibit CD8+ TIL func-
tion using GSEA analysis (GSE14699), which showed that
DDP treatment was negatively associated with the activa-
tion of CD8+ T cells (P< 0.010, Figure 4G). Together, these
data suggest that CD8+ T cell function was hampered in
the hosts with poor lymphocyte recovery after chemother-
apy, possibly causing acquired resistance to PD-1/PD-L1
blockade immunotherapy.
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F IGURE 5 Treatment efficacy of PD-1 blockade immunotherapy was compromised in DDP-treated mice. (A) In vivo bioluminescent
images and quantification of five groups (control, DDP, anti-PD-1, concurrent DDP + anti-PD-1, sequential DDP + anti-PD-1) at the indicated
time points. P-value represents a comparison of bioluminescence intensity on the 15th day after injection of luciferase-expressing CMT167
cells into the lungs. (B) Kaplan-Meier survival analysis of five groups (control, DDP, anti-PD-1, concurrent DDP + anti-PD-1, sequential DDP
+ anti-PD-1). (C-F) Spleens and tumors of two groups were stained for TGF-β (C and D) and IL-2 (E and F). Scale bars: 100 μm, upper panel;
40 μm, lower panel. (G-H) The serum levels of TGF-β (G) and IL-2 (H) in lung cancer patients with or without satisfied recovery were
detected by ELISA. (I-J) The heatmap shows the gene expression in the TGF-β pathway of CD8+ T (I) and Treg cells (J) in control as well as
DDP-treated tumors, respectively. As indicated in the scale bar, the values of gene expression are marked in red for high expression and green
for low expression. One-way ANOVA statistical tests and log-rank tests were used respectively in A and B. Unpaired t-tests were used to
compare two groups (C, D, E, F, G, and H). *, P < 0.050; **, P < 0.010; ***, P < 0.001. A-F: n = 5 for each group; G, H: n = 8 for each group; I, J:
n = 2.
Abbreviations: n.s., not significant; PD-1, programmed cell death-protein 1; DDP, cisplatin; TGF-β, transforming growth factor-beta; IL-2,
interleukin-2; ELISA, enzyme-linked immunosorbent assay; BL, bioluminescence

3.5 Mice with impaired lymphocyte
recovery after chemotherapy are resistant
to PD-1 blockade

Since PD-1 blockade can activate PD-1+ Tregs and induce
tumor hyper-progression [19], we hypothesized that Treg
activation may compromise the therapeutic efficacy of
anti-PD-1 Abs. CMT167 cells, sensitive to PD-1 blockade
[20], were stably transfected with firefly luciferase and
implanted orthotopically in the lungs. Tumor volumes and
luciferase signals weremeasured every 5 days. As shown in
Figures 5A and 5B, single DDP slightly delayed the growth
of orthotopic lung tumors and improved mouse survival
compared to the control group. Immunotherapy with anti-
PD-1 Abs not only slowed tumor growth (P < 0.001) but
also significantly extended their survival by 7 days (Median
survival 17 days vs 24 days, P < 0.010). To clarify the tim-
ing of combined therapy, themice were further subdivided
into two groups and received immunotherapy concomi-
tant with or sequentially to chemotherapy. However, both

groups gained no lasting benefit compared to those treated
with DDP alone (Figure 5A and 5B). Taken together, these
findings verified that the effectiveness of PD-1 blocking
Abs is reduced if lymphocyte recovery is hindered by DDP-
based chemotherapy.

3.6 SHR-1701 overcomes the acquired
resistance to anti-PD-1 Abs in mice with
impaired lymphocyte recovery

To explore the mechanism for accumulation of Tregs in
the orthotopic lung cancer models, we analyzed cytokine
expression in tumors as well as spleens and found ele-
vated expression of TGF-β and IL-2, cytokines related to
Treg trafficking (Figure 5C-F). In parallel, serum IL-2 and
TGF-β were quantified in 8 lung cancer patients with sat-
isfactory lymphocyte recovery and 8 with poor recovery,
showing that patients with poor lymphocyte recovery have
much higher serum levels of TGF-β (P< 0.050, Figure 5G),
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F IGURE 6 Treatment response of 6 different groups (control, DDP, anti-PD-1, DDP + anti-PD-1, DDP + anti-PD-1 + anti-TGF-β, DDP +
SHR-1701) in an orthotopic mouse model. (A) CMT167 cells were transplanted into the lungs of C57BL/6 mice. Follow-up treatment (injected
with DDP, anti-PD-1, anti-TGF-β, SHR-1701, or isotype control antibody) was then performed in six groups as shown. (B) Images and
quantification of in vivo bioluminescence imaging of the six groups (control, DDP, anti-PD-1, DDP + anti-PD-1, DDP + anti-PD-1 +
anti-TGF-β, DDP + SHR-1701) at the indicated time points. The P-value represents a comparison of bioluminescence intensity on the 15th day.
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with no significant difference observed between groups
regarding IL-2 (Figure 5H). Thus, tumor-infiltrating CD8+
T and Treg cells were sorted from mice and utilized in
RNA-seq analysis. Clustering analysis of the RNA-seq data
revealed higher expression of entities in the TGF-β path-
way, both in CD8+ T (Figure 5I) and Treg cells (Figure 5J)
isolated from DDP-treated tumors.
TGF-β directly promotes the expression of Foxp3 in

CD4+ T cells, converting them to a regulatory phenotype
[21]. Therefore, we tested the possibility of using TGF-β
blockade to inhibit Treg cell proliferation and enhance the
therapeutic effect of PD-1 inhibitors. Anti-TGF-βAbs were
administered with anti-PD-1 Abs into tumor-bearing mice
(Figure 6A) and bioluminescence signals were recorded 5,
10 and 15 days after CMT167-luc implantation. As shown
in Figures 6B and 6C, the bioluminescence intensity of
tumors in the control groupwas the strongest. In the group
treated with single DDP, as well as DDP plus anti-PD-1 Ab
group, bioluminescence intensity was lower than control
but higher than that in the single PD-1 blockade group.
In contrast, the survival of the mice administrated with

single DDP and DDP plus anti-PD-1 Abs improved mildly,
while single anti-PD-1 Ab administration led to signifi-
cantly longer survival compared to control mice. M7824,
SHR-1701, and YM101 are three humanized bifunctional
agents targeting PD-1/PD-L1 and TGF-β/TGF-βR simul-
taneously, among which M7824 and YM101 have been
reported to be available in mouse models [22, 23]. For
the first time, we confirmed that SHR-1701 efficiently
and simultaneously inhibits TGF-β/TGF-βR signaling in
mouse lung cancer CMT167 cells (Figure S1E and F), sug-
gesting that SHR-1701 might be available in mice models.
In vivo experiments showed that SHR-1701, or dual admin-
istration of anti-PD-1 and anti-TGF-β Abs, induces much
stronger tumor regression and significantly longer sur-
vival than anti-PD-1 Abs in DDP-treated mice (Figure 6B
and 6C).
Based on the above findings, IHC for infiltrating CD8+

T cells and Tregs was performed in tumor tissues and
revealed a significant reduction in intra-tumoral Tregs
after TGF-β blockade or SHR-1701 treatment compared to
single PD-1 blockade in DDP-treated mice (Figure 6D).

Conversely, an elevation of CD8+ TILswas also observed in
triple therapies involving TGF-β blockade or doublet ther-
apies involving SHR-1701 (Figure 6E).We then investigated
the activation status of CD8+ TILs. In immune responses,
GITR is a marker for the identification of Teff cells [24].
Tumor-infiltratingCD8+ T cells frommice receiving triplet
therapy or doublet therapy involving SHR-1701 had the
highest GITR expression, followed by mice receiving sin-
gle anti-PD-1 treatment. CD8+ TILs from mice receiving
single DDP treatment or DDP plus PD-1 blockade had
lower GITR expression than the control group (Figure 6F).
After 24 h of co-stimulation with CD3 and CD28, the
CD8+IFN-γ+, as well as CD8+CD69+ T cells, were signif-
icantly increased in mice receiving triplet therapy or dou-
blet therapy involving SHR-1701, compared with the con-
trol mice. CD8+IFN-γ+, as well as CD8+CD69+ T cells,
were reduced in mice receiving DDP plus PD-1 blockade,
or DDP alone (Figure 6F). Flow cytometry was performed
on splenic immune cells. CD69 and IFN-γ expression were
assessed, with similar results in the CD8+ T cells (Fig-
ure 6G). Representative flow cytometric plots of Figures 6F
and 6G were shown in Figure S2. These findings collec-
tively indicate that DDP induced an imbalance between
CD8+ TILs and Tregs, which could be reversed by TGF-
β/TGF-βR inhibitors. Dual blockade of both TGF-β/TGF-
βR and PD-1/PD-L1 achieves better tumor control in mice
suffering from DDP-induced poor lymphocyte recovery.

3.7 SHR-1701 treatment increases IFN-γ
production and Ki-67 expression in
peripheral CD8+ T cells in lung cancer
patients with poor lymphocyte recovery

Next, we examined whether SHR-1701 could rescue the
function of peripheral CD8+ T cells isolated from lung
cancer patients suffering from poor lymphocyte recovery.
As shown in Figures 7A and 7B, treatment with 10μg/mL
SHR-1701 significantly upregulated the percentage of IFN-
γ+ (P < 0.010) as well as Ki-67+CD8+ T cells (P < 0.050)
after PMA and ionomycin co-stimulation, compared with
the anti-PD-1 Abs stimulation group.Moreover, in patients

(C) Effect of different treatments (control, DDP, anti-PD-1, DDP + anti-PD-1, DDP + anti-PD-1 + anti-TGF-β, DDP + SHR-1701) on survival of
CMT167 orthotopic tumor-bearing mice. (D-E) Representative images of IHC staining for tumor-infiltrating Foxp3+ Treg cells (D) and CD8+

T cells (E). Scale bars: 100 μm, upper panel; 40 μm, lower panel. (F) Orthotopic tumors were analyzed by flow cytometry for GITR (left
panel), IFN-γ (middle panel), and CD69 (right panel) expression on CD8+ T cells after stimulation with CD3 and CD28 (both 1 mg/mL) for 48
h. (G) IFN-γ (left panel) and CD69 (right panel) expression on CD8+ T cells in spleens were analyzed. Bar graphs represent the means ± SEM
for each group. B-G: n = 5 for each group. One-way ANOVA statistical tests were adopted for more than two groups (B, D, E, F, and G).
Log-rank tests were used in C. *, P < 0.050; **, P < 0.010; ***, P < 0.001.
Abbreviations: n.s., not significant; PD-1, programmed cell death-protein 1; DDP, cisplatin; TGF-β, transforming growth factor-beta; Treg,
regulatory T cell; IFN-γ, interferon-γ; SEM, standard error of the mean; BL, bioluminescence



32 CHENG et al.

F IGURE 7 SHR-1701 inhibited TGF-β signaling pathway, activated PI3K/Akt/Erk signaling pathway and rescued the anti-tumor
function of peripheral CD8+ T cells isolated from lung cancer patients with impaired lymphocyte recovery. (A-B) Flow analysis of Ki-67
expression (A) and IFN-γ secretion (B) of peripheral CD8+ T cells isolated from patients with satisfied/poor lymphocyte recovery after
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with satisfied lymphocyte recovery, anti-PD-1 Abs and
SHR-1701 played almost the same role in the activation of
T cells, with no statistical differences (Figures 7A and 7B).
Then, we sought to further explore the underlying

molecular mechanisms. First, western blotting assay was
used to detect TGF-β signaling pathway-related proteins,
such as TGF-βR, pSmad2 and Smad2, in peripheral CD8+
T cells to further determine whether the TGF-β signal-
ing pathway was activated. The results demonstrated that
the expression levels of TGF-βR and pSmad2 were signifi-
cantly higher in the patients with poor lymphocyte recov-
ery, indicating a hyper-activation of the TGF-β signaling
pathway in CD8+ and CD4+ T cells (Figure 7C and 7D).
Subsequently, we examined whether the TGF-β signaling
pathway regulated the activation of the PI3K/Akt/Erk sig-
naling pathway, which was considered to be an essential
mechanism for T cell activation. Previous studies have
proved that the activation of the PI3K/Akt/Erk pathway in
CD8+ T cells led to cell proliferation, release of IFN-γ and
inhibition of T-regulatory cells [25]. Our western blotting
assays showed that PD-1 inhibitors did not elevate the pro-
tein level of pAkt and pErk in CD8+ T cells sorted from
patients with poor lymphocyte recovery. In contrast, SHR-
1701 or combined treatment of TGF-βR and PD-1 inhibitors
seemed to have much more significant effect. However,
in patients with satisfied lymphocyte recovery, SHR-1701
or combined treatment of two inhibitors were no better
than anti-PD-1 Abs on the activation of pAkt and pErk
(Figure 7E). Based on the above results, it was suggested
that the over-activation of the TGF-β signaling pathway
inhibited the PI3K/Akt/Erk activation in CD8+ T cells of
patients with impaired lymphocyte recovery. In addition,
dual inhibition of both TGF-β/TGF-βR and PD-1/PD-L1
could re-activate PI3K/Akt/Erk and then rescue the anti-
tumor function of CD8+ T cells. Meanwhile, Foxp3 expres-
sion, which indicated Treg differentiation, was detected
in CD4+ T cells. The results of western blotting assay
showed that SHR-1701 markedly reduced Foxp3 expres-
sion in patients with poor lymphocyte recovery but had
no effect in those with satisfied lymphocyte recovery (Fig-
ure 7F). Since TGF-β is one of the key cytokines regulating
the development and differentiation of Treg cells [26, 27],

it can be inferred that SHR-1701 could inhibit Treg differ-
entiation fromCD4+ T cells by blocking TGF-β/TGF-βR in
patients with poor lymphocyte recovery.
All these data indicate that SHR-1701 might be superior

to the first-generation immunotherapeutic agents such as
pembrozulimab in lung cancer patients with poor lympho-
cyte recovery and persistent severe lymphopenia.

4 DISCUSSION

This study demonstrated that lung cancer patients suf-
fering from chemotherapy-related poor lymphocyte recov-
ery had much lower response rates to PD-1/PD-L1 block-
ade relative to satisfactory lymphocyte recovery patients,
suggesting that previous or concurrent chemotherapy
may compromise the efficacy of PD-1 blockade in some
patients. Similar results were obtained in animal mod-
els. While single anti-PD-1 treatment was effective against
orthotopic CMT167 lung tumors, it failed to impact those
treated together with DDP. IHC and flow cytometry data
indicated that the imbalance of CD8+ T/Treg in the tumors
may be responsible for the acquired resistance to PD-1/PD-
L1 inhibitors. However, SHR-1701 could counteract this
imbalance, enhancing the frequency and function of CD8+
TILs, thereby prolonging the survival of mice with dis-
rupted lymphocyte recovery (Figure 7G).
Although huge success has been achieved in the treat-

ment of lung cancer patients, anti-PD-1/PD-L1Abs are only
appropriate for a minority of patients. TMB, as well as
PD-L1, are currently used to screen potential beneficia-
ries of anti-PD-1/PD-L1 Abs. However, there are limited
biomarkers that are simple and accurate due to different
test procedures, cut-off values, and the lack of sufficient
tumor tissue for testing. Hence, there is a need to iden-
tify more convenient markers to predict the clinical out-
comes of anti-PD-1/PD-L1 Abs. To date, the associations
between ALC and the response to immunotherapy remain
under debate. Some studies have demonstrated that base-
line ALC is significantly correlated with the response
to anti-PD-1 in lung cancer patients [28, 29], whereas
other studies reported that 80% of the patients with ALC

pre-treatment of SHR-1701 or anti-PD-1 Abs. (C-D)Western blotting analysis of the protein levels including TGF-βR, pSmad2, and total Smad2
in peripheral CD8+(C) or CD4+ (D) T cells from patients with poor/satisfied lymphocyte recovery. (E)Western blotting analysis of the
activation of pAkt and pErk after treatment of anti-PD-1 blocking Abs/SHR-1701/anti-PD-1 blocking Abs + TGF-βR inhibitors/PBS in
peripheral CD8+ T cells sorted from patients. (F)Western blotting analysis of the expression of Foxp3 after treatment of SHR-1701/TGF-βR
inhibitors/PBS in peripheral CD4+ T cells sorted from patients. (G) SHR-1701 reverses the tumor’s response to PD-1 blockade immunotherapy,
from resistant to sensitive, by regulating the balance between CD8+ T cells and Tregs. A-B: n = 6 for each group. C-D: n = 5 for each group. E,
F: The examination was repeated in 3 patients with poor recovery and 3 patients with satisfied recovery. One-way ANOVA statistical tests
were adopted for A and B. *, P < 0.050; **, P < 0.010.
Abbreviations: n.s., not significant; PD-1, programmed cell death-protein 1; TGF-βR, transforming growth factor-beta receptor; TGF-β,
transforming growth factor-beta; IFN-γ, interferon-γ
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lower than 0.5*109/L still had their disease under control
[30]. No prior study investigated lymphocyte recovery in
patients undergoing PD-1/PD-L1 blockade immunother-
apy. The present study demonstrated that lymphocyte
recovery, a hematologic feature easy to detect, was asso-
ciated with response to immunotherapy while temporary
and reversible lymphopenia did not reduce the efficacy of
cancer immunotherapies. Lymphocyte recovery must be
considered, especially in heavily pre-treated patients, for
whom the prognostic value of traditional biomarkers such
as PD-L1 expression seems to be less significant [31].
Currently, the efficacy of combined immunotherapy and

chemotherapy has been demonstrated in many published
clinical trials. Combined immunotherapy and chemother-
apy have a synergistic effect on survival compared with
chemotherapy alone [32–35]. However, the stratification
and subgroup analyses for lymphocyte recovery have been
long neglected and no study has been reported on it.
Among some patients, chemotherapy was well-tolerated,
and their peripheral lymphocytes could recover quickly
in three weeks. For these patients, combined therapies
should be considered. However, our study focused on
patients whose lymphocyte recovery was fragile and eas-
ily been impaired by tumors or anti-tumor chemotherapy.
In our study, an animal model of poor lymphocyte recov-
ery was successfully established, based on which we found
that Treg/CD8+T cells were reversed in the lymphoid
organs and tumors. We also verified that the immunosup-
pressive statewas not induced by the elevation of PD-1/PD-
L1. Besides, we proposed that chemotherapy activated the
TGF-β signaling pathway, which then promoted Treg dif-
ferentiation and inhibited the proliferation of CD8+ T cells,
making PD-1 blockade ineffective. In addition, our find-
ings indicated that patients with poor lymphocyte recov-
ery were in a special immune state, requiring close atten-
tion to their medication safety. Clinical trials specifically
dedicated to these patients, or larger studies involving sub-
group analyses for lymphocyte recovery are necessary to be
further investigated in the future.
Moreover, to counteract the relatively low response,

second-generation bifunctional drugs targeting PD-1/PD-
L1 and TGF-β/TGF-βR have been developed, such as
M7824, SHR-1701, and YM101, of which M7824 and SHR-
1701 have been already used in clinical trials [36]. Thus,
the following question arises: which is better for a cer-
tain patient? According to our results, lymphocyte recov-
ery could allow early identification of non-responders to
traditional PD-1/PD-L1 blockers and timely use of bifunc-
tional drugs such as SHR-1701. Thus, this is the first report
that might help doctors to match the first or second gener-
ation of drugs to patients.
To date, no prior study has elucidated how chemother-

apy alters the homeostatic lymphocyte subsets within

peripheral blood of cancer patients. Previous studies found
a depletion of Tregs during cycles of chemotherapy [37],
however, our study identified a specific patient sub-
population (with poor lymphocyte recovery), in which
chemotherapy can accumulate Tregs and deplete CD8+ T
cells . Moreover, TGF-β was elevated both in the serum
and TME. As reported by in vivo studies, TGF-β block-
ade by anti-TGF-β Abs or SHR-1701 increases the ratio of
CD8+ T to Treg cells, and cytokine production in CD8+
T cells, prolonging the survival of mice with lung can-
cer. M7824 and YM101 have been proved to efficiently
bind PD-L1, trap TGF-β and suppress tumor growth in
syngeneic mouse models, although they are humanized
Abs [22, 23]. Here for the first time, our western blot-
ting analysis in murine CMT167 cells showed that SHR-
1701 successfully blocked the downstream pSmad2 signal-
ing pathway of TGF-β/TGF-βR and rescued the down-
stream pAkt pathway of PD-1/PD-L1. Moreover, SHR-1701
prolonged survival and endowed long-lasting immunity
against tumors among C57BL/6 mice bearing lung cancer
CMT167 cells. Collectively, this indicated that blockade of
both PD-L1 and TGF-βR pathways promotes potent and
predominant protections from tumors compared to PD-
1/PD-L1 targeting monotherapy in tumor bearers suffering
from a chemotherapy-induced immune disorder.
Admittedly, as with many preclinical mouse models,

the CMT167 lung tumor model showing ≥ 50% efficacy
to anti-PD-1 therapy does not truly mirror the less than
20% clinical response observed in humans. In addition,
animal experimentation does not offer safety assurances
for patients. Therefore, our primary focus was to gain
insight into how previous therapies may dictate the differ-
ential response between responders and non-responders
and, in turn, to explore interventions that can transform
non-responders into responders. Further clinical studies
are required.
In conclusion, the present results indicate that the ther-

apeutic efficacy of PD-1/PD-L1 inhibitors can be greatly
reduced in pre-treated lung cancer patients with disrupted
lymphocyte recovery. Compared to the first-generation
drugs, combination with TGF-β/TGF-βR inhibitors or
administration of bifunctional drugs, such as SHR-1701,
can reverse the imbalance of CD8+ T/Treg cells and elicit
predominant protection against tumors.
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