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ABSTRACT
Background  Some patients with non-small-cell lung 
cancer (NSCLC) benefit from immune checkpoint inhibitors 
(ICIs) despite programmed death-ligand 1 (PD-L1) 
expression. To address the mechanism of ICI resistance 
in PD-L1-positive NSCLC, we investigated the role of 
tumor-cell-intrinsic function of PD-L1 in interleukin (IL)-6-
mediated immunosuppression.
Methods  Cohorts of NSCLC patients treated with ICI and 
public datasets were analyzed. PD-L1-overexpressing and 
PD-L1-knockdown NSCLC cells were submitted to RNA-
seq, in vitro analyses, chromatin immunoprecipitation-
qPCR, CUT&Tag, and biochemical assays. Human myeloid-
derived suppressor cells (MDSCs) sorted from peripheral 
blood mononuclear cells were co-cultured with NSCLC 
cells and then assessed for their immunosuppressive 
activity on T-cells. Mouse Lewis lung carcinoma (LLC) 
cells with PD-L1 overexpression or knockdown were 
subcutaneously injected into wild-type or PD-1-knockout 
C57BL/6 mice in the presence of IL-6 and/or PD-1 
blockade.
Results  In the ICI cohort with RNA-seq data, the IL-6/
Jak/Stat3 pathway was enriched, and IL-6 expression was 
higher in patients with PD-L1-high NSCLCs who did not 
respond to ICIs. In another cohort, a higher baseline serum 
IL-6 level was associated with poor clinical outcomes 
after ICI therapy. IL-6 expression and the IL-6/Jak/Stat3 
pathway were enhanced in PD-L1-high NSCLCs in the 
ICI cohorts and The Cancer Genome Atlas analysis. IL-6 
expression correlated positively with tumor-infiltrating 
MDSCs in NSCLCs. In NSCLC cells, PD-L1 activated 
Jak2/Stat3 signaling by binding to and inhibiting protein 
tyrosine phosphatase 1B. PD-L1 also bound to p-Stat3 in 
the nucleus, thus promoting the activity of p-Stat3 in the 
transcription of several cytokines (IL-6, TGF-β, TNF-α, 
IL-1β) and chemokines. PD-L1-overexpressing NSCLC 
cells enhanced the migration and immunosuppressive 
activity of human MDSCs in vitro, mediated by IL-6 and 
CXCL1. In both wild-type and PD-1-knockout mice, PD-L1-
overexpressing LLC tumors were infiltrated by increased 
MDSCs with high immunosuppressive function, increased 
Tregs, and decreased granzyme B+ or IFNγ+ CD8 T-cells. 
These responses were mediated by IL-6 secreted from 
PD-L1-overexpressing tumor cells. Combined blockade 

of PD-1 and IL-6 was effective in tumor control and 
decreased MDSCs while increasing granzyme B+ or IFNγ+ 
CD8 T-cells.
Conclusions  The tumor-cell-intrinsic function of PD-L1 
drives immunosuppression and tumor progression through 
the PD-L1/Jak/Stat3/IL-6/MDSC axis. This pathway 
represents a potential therapeutic target to improve ICI 
efficacy in PD-L1-high NSCLC.

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ In addition to the conventional role of programmed 
cell death-ligand 1 (PD-L1) as a ligand for the pro-
grammed cell death 1 (PD-1) receptor in the im-
mune checkpoint pathway, its intrinsic function has 
been increasingly recognized. We investigated the 
mechanisms by which tumor-cell-intrinsic PD-L1 
suppresses antitumor immunity and drives resis-
tance to immune checkpoint inhibitors (ICIs) in non-
small-cell lung cancer (NSCLC).

WHAT THIS STUDY ADDS
	⇒ This study demonstrates that tumor-cell-intrinsic 
PD-L1 activates Jak2/Stat3 signaling by inhibiting 
protein tyrosine phosphatase 1B and binding to 
phosphorylated Stat3 in the nucleus, enhancing its 
IL-6 and CXCL1 transcriptional activity. These fac-
tors drive immunosuppression via myeloid-derived 
suppressor cells (MDSCs) and resistance to ICIs in 
PD-L1-high NSCLC. In a preclinical model of lung 
cancer, combined therapy targeting IL-6 and PD-1 
effectively controlled tumors by reversing MDSC-
mediated immunosuppression.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

	⇒ The cell-intrinsic PD-L1/Jak2/Stat3/IL-6/MDSC axis 
represents both a potential biomarker for ICI therapy 
and a target. Strategies to improve the ICI efficacy in 
patients with PD-L1-high NSCLC could include an-
tibodies or agents that inhibit, degrade, or relocate 
PD-L1.
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BACKGROUND
Immunotherapy targeting the programmed cell death 1 
(PD-1)/programmed death-ligand 1 (PD-L1) pathway can 
prolong the survival of patients with non-small-cell lung 
cancer (NSCLC), particularly those with PD-L1-positive 
NSCLC. However, only approximately 40% of patients 
with PD-L1-positive NSCLC benefit from immune check-
point inhibitor (ICI) therapy.1 2 Thus, to discover novel 
predictive biomarkers for ICI and to develop effective 
combined therapies, understanding the mechanism of 
ICI resistance in PD-L1-positive NSCLC is crucial.

The engagement of PD-L1 with its receptor, PD-1, 
expressed on the surface of T-cells suppresses T-cell 
functions.3 In addition to its role as a ligand for the 
PD-1 receptor, the intrinsic function of PD-L1 drives 
several cellular processes,4 5 including the promotion 
of cell proliferation, epithelial-mesenchymal transition, 
and angiogenesis, as well as the regulation of glucose 
metabolism, the DNA damage response, and immune 
responses.4 6–15 Thus, PD-L1 is a multifaceted molecule 
that is important in cancer progression and resistance 
to therapy, via its cell-extrinsic and cell-intrinsic signals 
and its immune-dependent and immune-independent 
activities.

PD-L1 signaling can occur from the cell surface, cyto-
plasmic, and nucleus.4 5 The intracellular localization of 
PD-L1 is regulated by its post-translational modification 
and its interaction with cytoskeletal or signaling mole-
cules.7 8 16 During cytoplasmic and nuclear signaling, 
PD-L1 interacts with diverse proteins and nucleic 
acids.7 12 14 16 Nuclear PD-L1 bound to DNA upregulates 
genes involved in several pathways, including type 1 
interferon (IFN) and IFNγ, NF-κB, and antigen presen-
tation.7 Nuclear PD-L1 also upregulates other immune 
checkpoint molecules, which could contribute to the 
resistance to anti-PD-1 therapy seen in breast cancer cells 
and murine colon cancer models.7 In a melanoma model, 
anti-PD-1 therapy led to the accumulation of granulocytic 
myeloid-derived suppressor cells (MDSCs) through cell-
intrinsic PD-L1/NLRP3 inflammasome signaling, which 
conferred acquired resistance to immunotherapy.17 These 
findings imply that PD-L1’s intrinsic function contributes 
to primary and adaptive resistance to ICIs; however, the 
underlying mechanisms are thus far unknown.

IL-6 is involved in cancer development and progression 
via tumor-cell-intrinsic and tumor-cell-extrinsic pathways. 
In addition to supporting cancer cell proliferation and 
survival, as well as tumor angiogenesis and invasion,18 19 
it is involved in shaping the immunosuppressive tumor 
microenvironment (TME) by inhibiting dendritic cell 
function, skewing CD4 T-cell differentiation from Th1 
into Tregs, polarizing macrophages into the M2 type, and 
promoting the generation and activation of MDSCs.18 20–24 
IL-6 also increases T-cell proliferation and survival while 
activating antitumor T-cell responses by recruiting CD8 
T-cells to lymph nodes and tumor sites.19 20 25 These 
conflicting roles of IL-6 might be due to the cellular 
source of IL-6, the type of IL-6 signaling, the stage of the 

immune response, the tumor type, and other contextual 
variables.18–20 However, regulation of the IL-6 pathway 
in cancer and the role of IL-6 in cancer immunotherapy 
are not fully understood, particularly regarding intrinsic 
PD-L1 function.

This study investigated the mechanisms by which 
intrinsic PD-L1 function suppresses antitumor immunity 
and thus drives resistance to ICIs. Our results show that 
tumor cell-intrinsic PD-L1 activates the IL-6/Jak/Stat3 
pathway, thereby contributing to the recruitment and 
activation of MDSCs, the suppression of antitumor immu-
nity, and resistance to ICI in PD-L1-high NSCLC.

METHODS
Patient cohorts with ICI therapy
Three cohorts of patients with NSCLC receiving ICI 
therapy (PD-1 or PD-L1 blockade) were included in this 
study (online supplemental tables S1–S3). In the ICI−
RNA-sequencing (ICI-RNS-seq) cohort (n=234), tumor 
tissues from patients with NSCLC obtained before ICI 
therapy were subjected to RNA-seq as described in online 
supplemental methods. Using the RNA-seq data, gene 
set enrichment analysis (GSEA) and immune cell abun-
dance analysis were performed as described in online 
supplemental methods. In the ICI-serum cohort (n=57), 
serum samples taken before ICI therapy were analyzed 
for IL-6 using ELISA. In the ICI−immunohistochemistry 
(ICI-IHC) cohort (n=71), resected tumor tissues before 
ICI therapy were subjected to IHC. Treatment response 
was evaluated according to RECIST V.1.1, and clinical 
outcomes were defined as described in online supple-
mental methods.

Public database analysis
Level 3 RNA-seq data of NSCLC from The Cancer 
Genome Atlas (TCGA) were downloaded from the 
GDC portal (http://portal.gdc.cancer.gov/) using 
the “TCGABiolinks” R-package. TCGA datasets were 
analyzed using GSEA software (V.4.2.3), MSigDB (Broad 
Institute), and the CIBERSORTx algorithm (http://​
cibersortx.stanford.edu/). The MDSC signature score 
was defined as the mean z-score of the log2(fold-change) 
among all genes listed in online supplemental table S4. 
Gene expression data in human lung cancer cell lines 
were downloaded from the Cancer Cell Line Encyclo-
pedia (CCLE) website (https://portals.broadinstitute.​
org/ccle).

Cell lines and reagents
The human NSCLC cell lines and murine lung cancer 
cell lines were cultured as described in online supple-
mental methods. Reagents and neutralizing antibodies 
used throughout the experiments are detailed in online 
supplemental table S5 or the corresponding methods 
section.
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Primary lung cancer cells and analysis of lung tumors
Resected patient lung cancer tissues were dissociated 
with collagenase IV (0.5 mg/mL; Sigma-Aldrich). Single 
tumor cells were filtered through a 70 μm pore cell 
strainer and treated with red blood cell lysis buffer. CD45-
negative cells, sorted by FACS using FACSAria-III (BD 
Biosciences), were seeded in six-well plates coated with 
poly-L-lysine (Sigma-Aldrich), cultured in RPMI-1640 
(Biowest) supplemented with 10% fetal bovine serum and 
antibiotics, and transfected with a PD-L1 plasmid vector 
or small interfering RNAs (siRNAs). In addition, single 
tumor cells were analyzed by flow cytometry to identify 
the MDSC population.

Transfection of expression vectors and siRNAs
Human PD-L1-expressing plasmids (HG10084-UT), 
PD-L1-Flag-tagged plasmids (HG10084-NF), control 
vectors (CV020), and human protein tyrosine phospha-
tase 1B (PTP1B)-Myc-tagged plasmids (HG10304-CM) 
were purchased from Sino Biological (China). siRNAs 
targeting human PD-L1 (NM 014143.2) were designed 
and synthesized by Bioneer (Republic of Korea) with the 
following sequences: sense 5′-CUG AGA AUC AAC ACA 
ACA A (dTdT)-3′ and antisense 5′-UUG UUG UGU UGA 
UUC UCA G (dTdT)-3′. Plasmid vectors and siRNAs 
were transfected using the jetPRIME transfection reagent 
(Polyplus) according to the manufacturer’s instructions.

RNA-seq of cell lines
A549 cells with PD-L1 overexpression and H460 cells 
with PD-L1 knockdown were submitted to RNA-seq as 
described in online supplemental methods.

Generation of mouse stable cell lines
Mouse Lewis lung carcinoma (LLC) cells with stable 
PD-L1 overexpression or knockdown were generated as 
described in online supplemental methods.

IHC and immunofluorescence staining
IHC and immunofluorescence staining were performed 
using the antibodies listed in online supplemental table 
S6 as described in online supplemental methods.

Co-immunoprecipitation and western blotting
Co-immunoprecipitation and western blotting were 
performed using whole cell lysates or after cellular frac-
tionation using the antibodies listed in online supple-
mental table S6 as described in online supplemental 
methods.

Flow cytometry
Flow cytometry was performed using the antibodies listed 
in online supplemental table S7 as described in online 
supplemental methods.

ELISA
Cytokines in the culture supernatants were measured 
using the ELISA kits listed in online supplemental table 
S8 in accordance with the manufacturers’ instructions.

Quantitative real-time reverse-transcription PCR
Total mRNA was extracted from cells and tumor 
tissues and submitted to Quantitative real-time reverse-
transcription PCR (qRT-PCR) using the primers listed 
in online supplemental table S9 as described in online 
supplemental methods.

Pull-down assay
A glutathione S-transferase pull-down assay was performed 
to evaluate the binding between PD-L1 and PTP1B as 
described in the online supplemental methods.

PTP1B phosphatase assay
PTP1B activity was measured using two different assays as 
detailed in online supplemental methods.

Luciferase reporter assay
An IL-6 luciferase reporter assay was performed as 
described in online supplemental methods.

Duolink proximity ligation assay
Interactions between PD-L1 and phosphorylated Stat3 
(p-Stat3) were detected by performing a proximity liga-
tion assay with a Duolink In Situ Red Starter Kit (Sigma-
Aldrich) as described in online supplemental methods.

The CUT&Tag assay was performed according to the 
EpiCypher CUTANA CUT&Tag Protocol V.1.7. The 
sequencing data were analyzed as described in online 
supplemental methods.

Chromatin immunoprecipitation-qPCR
A chromatin immunoprecipitation (ChIP) assay was 
performed with a Pierce Magnetic ChIP Kit (Thermo 
Fisher Scientific) using the antibodies listed in online 
supplemental table S6 as described in online supple-
mental methods. Immunoprecipitated DNA fragments 
were eluted from the magnetic beads and assessed by 
qPCR using the primers listed in online supplemental 
table S10.

In vitro co-culture of human MDSCs and cancer cells
Human peripheral blood mononuclear cells (PBMCs) 
were isolated from healthy donors. Ficoll gradient sepa-
ration was used to isolate polymorphonuclear (PMN)-
MDSCs and neutrophils. PMN-MDSCs were enriched in 
the low-density fraction (mononuclear cell layer), while 
most neutrophils were enriched in the high-density frac-
tion (leukocyte layer). The low-density fraction was further 
purified and sorted using FACSAria-III (online supple-
mental figure S8A). HLA-DRloCD11b+CD33+CD14+ cells/
HLA-DRloCD11b+CD33+CD15+ cells/and CD15+low-
density neutrophils were together submitted to co-cul-
ture experiments as “human MDSCs”. Cancer cells 
transfected with PD-L1-overexpressing vectors or PD-L1 
siRNAs were seeded in the lower chamber of a 0.4 μm 
pore Transwell system (SPL Life Sciences) 24 hours after 
their transfection, and MDSCs were seeded in the upper 
chamber. After 4 days of co-culture in the presence of 
granulocyte macrophage colony-stimulating factor 
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(GM-CSF) (20 ng/mL), cytokine concentrations in the 
culture supernatants were measured by ELISA, and the 
MDSCs were subjected to qRT-PCR or subsequently 
co-cultured with T-cells.

Migration of MDSCs co-cultured with cancer cells 
or their conditioned medium (CM) was detected as 
described in online supplemental methods.

T-cell proliferation and Treg differentiation assays
Human CD4+ and CD8+ T-cells were isolated from PBMCs 
of healthy donors using FACSAria-III, stained with 1 
µM carboxyfluorescein succinimidyl ester (CFSE) (Invi-
trogen), and stimulated with anti-CD3/CD28 beads 
(Thermo Fisher Scientific). The T-cells were then co-cul-
tured with MDSCs (T-cell:MDSC=5:1), that had been 
incubated with cancer cells or their CM on the opposite 
sides of a 0.4 μm pore Transwell system. After 72 hours 
of co-culture, CFSE-labeled T-cells were assessed by flow 
cytometry for T-cell proliferation. CD4+ T-cells were eval-
uated for Treg differentiation by flow cytometry.

Cell apoptosis assay
CD8+ tumor-infiltrating lymphocytes were isolated from 
mouse tumor tissue using CD8-specific microbeads 
(Miltenyi Biotec) and co-cultured with CFSE-labeled LLC 
cells (E:T=5:1) for 24 hours. The cells were stained with 
7-AAD and Annexin V-PE and analyzed by flow cytometry.

Animal studies
Wild-type female C57BL/6 mice, aged 6–7 weeks, were 
purchased from Orient Bio (Republic of Korea), and 
Pdcd1-knockout mice were purchased from Jackson 
Laboratory (USA).

The mice were randomly allocated to different exper-
imental groups (n=5 per group). Mouse cell lines 
(5×105 cells/mouse) were subcutaneously injected into 
the flanks of syngeneic C57BL/6 mice. Tumor size was 
measured every 2–3 days using calipers and calculated 
as tumor volume using the following formula: tumor 
volume (mm3)=(length×width2)/2. The neutralizing/
blocking antibodies and isotype controls used for the in 
vivo experiments are listed in online supplemental table 
S5, and their administration schedules are in the figure 
legends. Before the mice were euthanized, tumor size 
was measured using an IVIS Spectrum imaging system 
(PerkinElmer).

Isolation of mouse myeloid cells from spleen for co-injection 
with tumor cells
For the MDSC and LLC tumor cell co-injection experi-
ments, CD11b+Ly6G+ and CD11b+Ly6C+ myeloid cells 
were isolated from the spleens of tumor-free (naïve) 
C57BL/6 mice using FACSAria-III. The isolated cells were 
cultured for 48 hours in CM of PD-L1-overexpressing or 
PD-L1-knockdown LLC cells supplemented with 20 ng/
mL GM-CSF and then co-injected with wild-type LLC cells 
into the flanks of the mice at a 1:3 ratio.

Isolation of mouse MDSCs from tumor tissue and T-cell 
suppression assay
Mouse MDSCs were isolated from tumor tissue using an 
MDSC isolation kit (Miltenyi Biotec). CD8+ T-cells were 
isolated from tumor-free (naïve) mouse spleen using 
FACSAria-III. CFSE-labeled T-cells were stimulated with 
anti-CD3/CD28 beads (Thermo Fisher Scientific) and 
co-cultured for 72 hours with the tumor-derived MDSCs 
in a 0.4 μm pore Transwell system. T-cell proliferation was 
assessed by flow cytometry.

Statistical analysis
The data were analyzed using GraphPad Prism V.10.2.2 
statistical software (USA) as described in online supple-
mental methods. A two-sided p<0.05 was considered 
statistically significant.

RESULTS
IL-6 predicts a poor response to ICI therapy in PD-L1-high 
NSCLC
To explore the mechanism of unresponsiveness to ICIs in 
PD-L1-high NSCLC, the ICI-RNA-seq cohort was analyzed 
(dataset available in the Gene Expression Omnibus data-
base, accession number GSE285029). GSEA of the RNA-
seq data revealed that in the CD274 (PD-L1)-low group, 
the IL-6/Jak/Stat3 pathway was enriched among ICI 
responders (partial response, PR) compared with non-
responders (stable disease (SD)+progressive disease (PD)) 
(figure  1A). By contrast, in the CD274-high group, the 
IL-6/Jak/Stat3 pathway was enriched in non-responders 
(figure 1B). A heatmap of the genes in the core enrich-
ment site of the IL-6/Jak/Stat3 pathway showed that IL6 
was one of the most highly differentially expressed genes 
(DEGs) between responders and non-responders in the 
CD274-high group (figure 1C). IL6 expression levels were 
higher in patients with progressive disease in the CD274-
high group (figure 1D). Whereas high CD274 expression 
predicted better responses and clinical outcomes, high 
IL6 expression was significantly associated with poor 
responses and clinical outcomes in the CD274-high group 
but not in the CD274-low group (figure 1E,F). Immune 
cell signature scoring revealed decreases in cytotoxic 
T-lymphocytes (CTLs) and increases in MDSCs in non-
responders in the CD274-high group (figure  1G,H). 
IL6 expression correlated positively with the Treg and 
MDSC scores in non-responders in the PD-L1-high group 
(figure 1H).

In the ICI-serum cohort, PD-L1 expression (tumor 
proportion score (TPS)) correlated positively with serum 
IL-6 levels, particularly in patients with progressive 
disease (figure 1I). Patients with high serum IL-6 levels 
had a poor response and shorter survival after ICI therapy 
(figure 1J,K).

These findings imply that IL-6 is associated with an 
immunosuppressive TME and a poor response to ICI 
therapy in PD-L1-high NSCLC.

https://dx.doi.org/10.1136/jitc-2024-010612
https://dx.doi.org/10.1136/jitc-2024-010612
https://dx.doi.org/10.1136/jitc-2024-010612
https://dx.doi.org/10.1136/jitc-2024-010612
https://dx.doi.org/10.1136/jitc-2024-010612


5Jeong H, et al. J Immunother Cancer 2025;13:e010612. doi:10.1136/jitc-2024-010612

Open access

Figure 1  IL-6 predicts a poor response to ICI therapy in patients with PD-L1-high NSCLC. (A, B) Tumor tissues from 234 
patients with NSCLC before ICI therapy were subjected to RNA-seq. The patients were divided into low-CD274 and high-
CD274 (PD-L1) groups based on the median value. Differences in pathway enrichment between responders with a partial 
response (PR) and non-responders with stable disease (SD) or progressive disease (PD) in each group were analyzed using 
GSEA. (C) The heatmap shows the relative mRNA expression levels of the genes in core enrichment sites of the IL-6/Jak/
Stat3 gene set. (D) Differences in IL6 expression (as presented as z-scores) among patients with PR, SD, and PD or between 
those with PR and SD+PD in the low-CD274 and high-CD274 groups. (E) ICI responsiveness among patients divided into low-
expression and high-expression groups for CD274 and IL6, based on the median value for CD274 and a TPM cut-off of 1.805 
for IL6, as determined using Cutoff Finder software. Differences in the response rate were compared using Pearson’s χ2 test. 
(F) Kaplan-Meier analysis of progression-free survival (PFS) after ICI therapy was performed according to CD274 (left upper), IL6 
(left lower), and combined CD274 and IL6 (right) expression. Survival differences were compared using a log-rank test. (G) The 
heatmap shows the relative immune cell abundance of each group. (H) Differences in CTL, M2 macrophage, Treg, and MDSC 
scores between patients with PR and SD+PD in the low-CD274 and high-CD274 groups. Correlations between MDSC and 
Treg scores and IL-6 expression among patients with PR and SD+PD in the low-PD-L1 and high-PD-L1 groups. (I) Correlations 
between serum IL-6 levels and PD-L1 expression determined by the TPS of PD-L1 (22C3) IHC in the ICI-serum cohort (n=57). 
(J) The proportions of patients with PD and non-PD in the low-serum and high-serum IL-6 groups (cut-off value estimated 
using Cutoff Finder software) were compared using Pearson’s chi-squared test. (K) Kaplan-Meier analysis of PFS and overall 
survival (OS) after ICI therapy according to serum IL-6 levels. Differences in survival were analyzed using a log-rank test. The 
data in the histogram are presented as means±SEM. Correlations were calculated using Spearman’s correlation test. *p<0.05, 
**p<0.01. ADC, adenocarcinoma; ICI, immune checkpoint inhibitor; MNSCLC, non-small-cell lung cancer; DSC, myeloid-derived 
suppressor cell; SqCC, squamous cell carcinoma.
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PD-L1 overexpression activates the IL-6/Jak2/Stat3 pathway 
in lung cancer cells
To determine the relationship between IL-6 and PD-L1 
in NSCLC, TCGA data were analyzed. The IL-6/Jak/
Stat3 pathway was enriched in PD-L1-high tumors (online 
supplemental figure S1A,B). To investigate the cell-
intrinsic role of PD-L1 in the IL-6/Jak/Stat3 pathway, 
NSCLC cell lines were screened for basal PD-L1 expres-
sion. A549 and H522 cells, which have low basal PD-L1 
expression, were transfected with a PD-L1-overexpression 
vector, while H460 and H596 cells, which have high basal 
PD-L1 expression, were transfected with PD-L1 siRNA 
(online supplemental figure S1C−E). The cells were then 
submitted to RNA-seq and in vitro analyses. Among the 
DEGs identified in RNA-seq, 359 genes were upregu-
lated on PD-L1 overexpression in A549 cells and down-
regulated on PD-L1 knockdown in H460 cells, including 
IL6 (figure 2A−C). In GSEA using DEGs, the IL-6/Jak/
Stat3 pathway was increased in PD-L1-overexpressing 
A549 cells and decreased in PD-L1-knockdown H460 cells 
(figure 2D,E).

Among the cytokines and chemokines from the IL-6/
Jak/Stat3 gene set26 regulated by PD-L1 (figure 2F), the 
expression and production of several cytokines (ie, IL6, 
TNF, TGFB1, IL1B) and chemokines (ie, CXCL1, CXCL3, 
and CXCL8) after PD-L1 overexpression and knockdown 
in NSCLC cells were validated using qRT-PCR and ELISA 
(figure  2G; online supplemental figure S2A,B). For 
primary lung cancer cell culture and transfection, CD45-
negative cells were sorted by FACS from resected tumor 
tissues of patients with PD-L1-low NSCLC (TPS<1, n=5) and 
PD-L1-high NSCLC (TPS≥50, n=3) (online supplemental 
figure S2C). In cultures of primary lung cancer cells, the 
levels of these cytokines and chemokines in the culture 
supernatants were higher in PD-L1-high tumors than in 
PD-L1-low tumors, and they increased by PD-L1 overex-
pression and decreased by PD-L1 knockdown (figure 2H; 
online supplemental figure S2C,D). IL-6 expression, 
phosphorylated Jak2 and Stat3, and the nuclear trans-
location of p-Stat3 increased by PD-L1 overexpression 
and decreased by PD-L1 knockdown (figure  2I,J). The 
increase in cytokine expression by PD-L1 overexpres-
sion was blocked by Jak2 and Stat3 inhibitors (online 
supplemental figure S2E). In the NSCLC cell lines from 
CCLE, CD274 expression correlated positively with JAK2, 
STAT3, and IL6 expression (online supplemental figure 
S3). Together, these results imply that tumor-cell-intrinsic 
PD-L1 increases the expression of the above-mentioned 
cytokines and chemokines in NSCLC through Jak2/Stat3 
activation.

PD-L1 overexpression in response to IFNγ increased 
p-Jak2 and p-Stat3 levels, as well as IL-6 expression, 
in A549 and H522 cells; this effect was diminished by 
PD-L1 knockdown (online supplemental figure S4A). 
In addition, recombinant PD-1 stimulated cytokine 
and chemokine production in H460 and H596 cells, 
but this response was suppressed in PD-L1-knockdown 
cells (online supplemental figure S4B). These findings 

imply that PD-L1-dependent activation of the Jak2/
Stat3/IL-6 pathway may occur within the lung cancer 
microenvironment.

PD-L1 upregulates the phosphorylation of Jak2 and Stat3 by 
binding directly to PTP1B and inhibiting it
The mechanism by which PD-L1 activates Jak2/Stat3 was 
investigated by examining the proteins that can interact with 
PD-L1. A previous study showed that PTP1B binds to PD-L1 
in MDA-MB-231 cells,27 and PTP1B interacts with—and 
dephosphorylates—Jak2.28 In HEK293T cells, Flag-tagged 
PD-L1 and Myc-tagged PTP1B were co-immunoprecipi-
tated (online supplemental figure S5A). The interaction of 
endogenous PTP1B and PD-L1 in PD-L1-high H460 cells 
was inhibited by PD-L1 knockdown, whereas their binding 
increased in PD-L1-overexpressing A549 cells (online 
supplemental figure S5B,C). A pull-down assay showed that 
PTP1B interacted directly with the cytoplasmic domain of 
PD-L1 (online supplemental figure S5D). In an in vitro 
phosphatase assay using recombinant p-Jak2 as the substrate 
and in a PTP1B phosphatase activity assay, PD-L1 inhibited 
PTP1B activity (online supplemental figure S5E,F). PTP1B 
inhibitor restored Jak2/Stat3 phosphorylation and IL6 
transcription in PD-L1-knockdown H460 and H596 cells 
(online supplemental figure S5G,H). These results indicate 
that PD-L1 binds to and inhibits PTP1B, thus enhancing 
Jak2/Stat3 activity and IL-6 expression.

Nuclear PD-L1 binds to p-Stat3 and enhances its transcription 
efficiency for IL-6
The intrinsic role of PD-L1 in Stat3 signaling was inves-
tigated by focusing on PD-L1 localization. Nuclear local-
ization of PD-L1 was observed in PD-L1-high NSCLC cells 
(figure  3A,B). Co-immunoprecipitation and Duolink 
assays revealed the physical interaction of PD-L1 and 
p-Y705-Stat3 in both the nucleus and cytosol, with a higher 
interaction in the nucleus of PD-L1-overexpressing cells 
(figure 3C,D).

A CUT&Tag assay using H460 cells showed that nuclear 
PD-L1-binding sites were distributed near the transcrip-
tion start site (figure 3E). Well-defined overlapping peaks 
in the IL6 and CXCL1 promoters were observed in the 
CUT&Tag data for PD-L1 and p-Stat3 (figure  3F). In 
the p-Stat3 CUT&Tag assay, the genome-wide binding 
intensity of p-Stat3 was compromised, and enrichment of 
p-Stat3 in the IL6 and CXCL1 promoters was attenuated 
in PD-L1-knockdown cells (figure  3G,H). These results 
imply that nuclear PD-L1 localizes to the IL6 and CXCL1 
promoter, acting as a coactivator of their transcription by 
p-Stat3. This role of nuclear PD-L1 was supported by the 
sequential ChIP-qPCR, which showed that the binding of 
p-Y705-Stat3 to the cytokine and chemokine promoters 
decreased in PD-L1-knockdown cells (figure  3I; online 
supplemental figure S6).

PD-L1 promotes migration and activation of MDSCs in an IL-6-
dependent manner
We hypothesized that increased expression of the above 
cytokines and chemokines by tumor-cell-intrinsic PD-L1 
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Figure 2  PD-L1 activates the IL-6/Jak2/Stat3 pathway in lung cancer cells. (A, B) RNA-seq was performed in A549 cells 
transfected with PD-L1 vector or empty vector and in H460 cells transfected with PD-L1 siRNA or scrambled (sc) siRNA. 
DEGs in PD-L1-overexpressing A549 cells and PD-L1-knockdown H460 cells are displayed in a volcano plot. (C) Venn 
diagram illustrating the numbers of up-regulated genes in PD-L1-overexpressing A549 cells and down-regulated genes in 
PD-L1-knockdown H460 cells. Of the 359 shared genes, the expression of representative genes as determined in triplicate 
RNA-seq experiments with both cell lines is displayed in a heatmap. (D, E) GSEA was performed in each cell line using DEGs 
and the Hallmark gene set. (F) Expression of representative cytokines and chemokines included in the IL-6/Jak/Stat3 gene 
set as determined in triplicate RNA-seq experiments with both cell lines (molecules validated by further in vitro analyses are 
shown in red). (G) Cytokine mRNA expression and secretion were measured by qRT-PCR and ELISA, respectively, in PD-L1-
overexpressing (PDL1OE) A549 cells and PD-L1-knockdown (PDL1KD) H460 cells (EV, empty vector; Con, scrambled siRNA). 
(H) Cytokine secretion determined by ELISA in the culture supernatant of patient-derived primary human lung tumor (cancer) 
cells with low-PD-L1 expression (TPS<1, n=5) and high-PD-L1 expression (TPS≥50, n=3) (left). Primary lung cancer cells 
with low and high PD-L1 expression were transfected with PD-L1-overexpressing vector and PD-L1-knockdown siRNA, 
respectively, and cytokine secretion was measured by ELISA (right). (I, J) Phosphorylated Stat3 and Jak2 and IL-6 expression 
were detected using western blotting and immunofluorescence staining in PD-L1-overexpressing A549 and H522 cells and in 
PD-L1-knockdown H460 and H596 cells (scale bar=20 µm). The data in the histogram are presented as means ±SEM. *p<0.05, 
**p<0.01, ***p<0.001. DEGs, differentially expressed genes.
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Figure 3  PD-L1 binds to p-Stat3 in the nucleus and enhances its efficiency in IL-6 transcription. (A) Three-dimensional 
visualization of nuclear PD-L1. Images corresponding to x-z sections reconstructed along the red lines are displayed at the 
top of each x-y section. Images corresponding to y-z sections reconstructed along the green solid lines are displayed at the 
right of each x-y section (scale bar=10 µm). (B) Nuclear localization of PD-L1 and p-Y705-Stat3 assessed by western blotting 
after cellular fractionation into nuclear and non-nuclear fractions, in PD-L1-overexpressing A549 cells and PD-L1-knockdown 
H460 cells. (C) Co-immunoprecipitation assay for p-Y705-Stat3 and PD-L1 using whole cell lysates (upper panels) and nuclear 
extracts (lower panels) of PD-L1-overexpressing A549 cells and PD-L1-knockdown H460 cells. (D) Interaction between p-Y705-
Stat3 and PD-L1 in the cytoplasm and nucleus visualized in a Duolink assay of PD-L1-overexpressing A549 cells and PD-L1-
knockdown H460 cells (scale bar=10 µm). Red dots indicate the interaction between p-Y705-Stat3 and PD-L1. Fluorescence 
intensity across dotted lines is depicted in the red lines of the right graphs (DAPI in blue lines). (E) A density heatmap of PD-L1 
CUT&Tag sequencing data using H460 cells shows PD-L1 enrichment within 3 kb around the transcription start site (TSS) 
(Rep, replica). (F) Integrative genomics viewer (IGV) tracks for IL6 and CXCL1 promoters from the PD-L1 and p-Stat3 CUT&Tag 
analyses. (G) The density heatmap of the p-Stat3 CUT&Tag data shows compromised p-Stat3 enrichment in PD-L1-knockdown 
H460 cells vs control cells within 3 kb around the TSS. (H) IGV tracks for IL6 and CXCL1 promoters from the p-STAT3 CUT&Tag 
analysis of PD-L1-knockdown H460 cells and control cells. (I) Chromatin immunoprecipitation (ChIP) was performed using anti-
PD-L1 and anti-Y705-Stat3 antibodies in PD-L1-knockdown H460 cells. The binding of PD-L1 and p-Y705-Stat3 to the IL6 and 
CXCL1 promoters was then assessed by qPCR (sequential ChIP-qPCR). The data are presented as the mean±SEM of three 
independent experiments. ***p<0.001.
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would affect antitumor immunity. Because there was no 
significant difference in the 22 immune cell fractions 
between PD-L1-low and PD-L1-high NSCLCs in the 
CIBERSORTx analysis of the TCGA data (online supple-
mental figure S7A,B), we focused on MDSCs, which are 
not included in CIBERSORTx. Expression of the 40 signa-
ture genes of MDSCs (online supplemental table S4) was 
generally elevated in PD-L1-high NSCLC (figure  4A). 
MDSC scores correlated positively with CD274 expression 
and with the expression of the cytokines and chemok-
ines increased by PD-L1 (figure 4B; online supplemental 
figure S7C,D). Moreover, in a FACS analysis of patients’ 
tumors (online supplemental figure S7E), the numbers 
of tumor-infiltrating monocytic MDSCs (M-MDSCs) and 
PMN-MDSC correlated positively with PD-L1 expres-
sion (figure  4C). These findings imply that intrinsic 
PD-L1 function may affect MDSCs via the IL-6/Jak2/
Stat3 pathway, which was investigated using a mixture 
of HLA-DRloCD11b+CD33+CD14+ (M-MDSCs) and HLA-
DRloCD11b+CD33+CD15+ cells (PMN-MDSCs) and CD15+ 
low density neutrophils (together designated as “human 
MDSCs” hereafter and relating figures) and T-cells sorted 
from PBMCs of healthy donors (online supplemental 
figure S8A,B).

The migration of MDSCs through the Transwell 
system increased when co-cultured with PD-L1-high 
NSCLC cells or when cultured in CM from PD-L1-
overexpressing primary lung cancer cells; migration 
was significantly inhibited by CXCL1-neutralizing anti-
bodies (figure 4D−G; online supplemental figure S8C). 
In MDSCs co-cultured with NSCLC cells in a 0.4 μm 
pore Transwell system, the expression of genes respon-
sible for the suppressive function of MDSCs, including 
ARG1, iNOS, TGFB1, IDO1, and IL10, increased when 
co-cultured with PD-L1-overexpressing A549 cells and 
decreased when co-cultured with PD-L1-knockdown 
H460 cells (online supplemental figure S8D). In co-cul-
tures with MDSCs previously incubated with PD-L1-high 
NSCLC cells, proliferation of CD4+ and CD8+ T-cells was 
reduced while Treg differentiation of CD4+ T-cells was 
enhanced (online supplemental figure S8E−G). The 
suppressive activity of MDSCs co-cultured with PD-L1-
overexpressing A549 cells was significantly restored 
when the co-cultures were treated with IL-6-neutralizing 
antibodies (figure  4H,I; online supplemental figure 
S8G,H).

Similarly, IDO1, Arg1, and iNOS expression was higher 
in MDSCs cultured in CM from PD-L1-high or PD-L1-
overexpressing primary lung cancer cells, and this 
response was blocked by IL-6 neutralization (figure 4J−L).

The decrease in CD8+ T-cell proliferation induced by 
MDSCs co-cultured with PD-L1-overexpressing A549 cells 
or cultured in CM from PD-L1-overexpressing primary 
lung cancer cells was restored by ARG1 and iNOS inhib-
itors (figure  4M). Together, these findings imply that 
the tumor-cell-intrinsic function of PD-L1 promotes the 
recruitment and suppressive activity of MDSCs in an IL-6-
dependent manner.

PD-L1’s intrinsic function enhances tumor growth in vivo by 
IL-6-mediated immunosuppression, independently of PD-1
To validate the above in vitro findings in vivo, LLC cells 
with stable PD-L1 overexpression or knockdown were 
generated (online supplemental figure S9) and subcu-
taneously transplanted into the flanks of C57BL/6 
mice. PD-L1 overexpression in LLC cells promoted 
tumor growth, increased tumor-infiltrating M-MDSC 
and PMN-MDSC populations as well as IL-10+ or iNOS+ 
M-MDSCs and PMN-MDSCs, and decreased infiltration 
of granzyme B (GzmB)+ or IFNγ+ CD8+ T-cells (online 
supplemental figure S10A–D). MDSCs isolated from 
PD-L1-overexpressing tumors efficiently suppressed the 
proliferation of CD8+ T-cells isolated from tumor-free 
mouse spleen (online supplemental figure S10E). The 
opposite effects were observed in PD-L1-knockdown 
tumors (online supplemental figure S10F−M). Tumor-
infiltrating CD8+ T-cells isolated from the latter effectively 
killed LLC cells in vitro (online supplemental figure 
S10N).

To determine whether tumor PD-L1 promotes LLC 
tumor growth via MDSC and IL-6, anti-Gr-1 (Ly6C/Ly6G) 
antibody and anti-IL-6 antibody were administered to the 
mice (figure  5A,E; online supplemental figure S11A). 
MDSC depletion significantly decreased PD-L1-induced 
tumor growth; restored and increased GzmB+, IFNγ+, or 
proliferative CD8+ T-cells; and decreased Tregs in PD-L1-
overexpressing tumors (figure  5B−D). IL-6 blockade 
in PD-L1-overexpressing tumors compromised tumor 
growth, reduced MDSC recruitment and activation, and 
increased the number of GzmB+ or IFNγ+ CD8+ T-cells 
(figure  5F−J,L). MDSCs isolated from tumors with IL-6 
blockade were less effective in suppressing CD8+ T-cell 
proliferation (figure 5K).

To demonstrate that tumor-cell-intrinsic PD-L1 
promotes tumor progression via IL-6-induced immuno-
suppression independently of PD-1 ligation, in vivo exper-
iments were performed using PD-1 (PDCD1)-knockout 
mice. PD-L1 overexpression increased tumor growth, 
increased the recruitment and activation of MDSCs, and 
decreased CD8+ T-cell proliferation and cytotoxicity, all 
of which were restored by IL-6 blockade (figure 5M−R). 
These results imply that tumor-cell-intrinsic PD-L1 
increases tumor progression via IL-6-induced immuno-
suppression through MDSCs, independently of PD-1.

IL-6 secreted by PD-L1-overexpressing cells promotes tumor 
growth in vivo via MDSC activation
To determine further whether MDSCs activated by IL-6 
secreted from PD-L1-overexpressing cells contribute 
to immunosuppression and tumor progression, 
CD11b+Ly6G+ and CD11b+Ly6C+ myeloid cells isolated 
from the spleens of tumor-free mice were cultured in 
the CM from PD-L1-overexpressing LLC cells (LLC-
PDL1OE-CM) in the presence or absence of anti-IL-6 anti-
body and then injected into the flanks of mice together 
with fresh wild-type LLC cells (figure 6A). Tumor growth 
increased and increases in Tregs and decreases in GzmB+, 
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Figure 4  PD-L1 promotes CXCL1- and IL-6-dependent migration and activation of MDSCs. (A) Heatmap showing the 
expression of 40 MDSC signature genes in TCGA-LUAD (lung adenocarcinoma) and TCGA-LUSC (lung squamous cell 
carcinoma) according to PD-L1 low vs high expression (cut-off median). (B) The correlation between the MDSC score and the 
expression of each cytokine in TCGA-LUAD and TCGA-LUSC was calculated using Spearman’s correlation test. (C) M-MDSCs 
and PMN-MDSCs infiltrating the tumor tissues of patients with NSCLC were analyzed by flow cytometry, and the correlation 
between the MDSC population and PD-L1 TPS was calculated using Spearman’s correlation test. (D–M) After Ficoll gradient 
separation, HLA-DRloCD11b+CD33+CD14+ cells/HLA-DRloCD11b+CD33+CD15+ cells/and CD15+ low density neutrophils were 
isolated from PBMCs of healthy donors, and a mixture of these cells (“human MDSCs in figure hereafter”) was submitted to 
in vitro assays. (D) A migration assay for human MDSCs was performed using PD-L1-overexpressing and PD-L1-knockdown 
NSCLC cells in an 8 μm pore Transwell system. (E) Primary lung cancer cells with low and high PD-L1 expression were 
transfected with PD-L1-overexpressing vector and PD-L1-knockdown siRNA, respectively. MDSC migration assays using CM 
from PD-L1-overexpressing and PD-L1-knockdown primary lung cancer cells were then performed. (F, G) Migration assays of 
MDSCs with PD-L1-overexpressing A549 cells or CM from PD-L1-overexpressing primary lung cancer cells were performed 
in the presence of the indicated chemokine-neutralizing antibodies (scale bar=1000 µm). (H) MDSCs were co-cultured with 
PD-L1-overexpressing A549 cells in a 0.4 μm pore Transwell system in the presence of the indicated cytokine-neutralizing 
antibodies (1 µg/mL each). Arg1, iNOS, and IDO1 expression in MDSCs was then assessed by qRT-PCR. (I) MDSCs and PD-
L1-overexpressing A549 cells were co-cultured in a 0.4 μm pore Transwell system in the presence of the indicated cytokine-
neutralizing antibodies. MDSCs were then co-cultured in a 0.4 μm pore Transwell system with CFSE-labeled anti-CD3/CD28 
bead-stimulated CD4+ or CD8+ T-cells; T-cell proliferation was then analyzed by flow cytometry. (J) MDSCs were cultured with 
CM from PD-L1-low (TPS<1) and PD-L1-high (TPS≥50) primary lung cancer cells or CM from PD-L1-overexpressing or PD-L1-
knockdown primary lung cancer cells, then analyzed for IDO1, Arg1, and iNOS expression by qRT-PCR. (K, L) MDSCs were 
cultured with CM from PD-L1-overexpressing primary lung cancer cells in the presence of IL-6-neutralizing antibodies and then 
assessed for IDO1, Arg1, and iNOS expression by qRT-PCR. iNOS expression in MDSCs was detected by immunofluorescence 
staining (scale bar=10 µm). (M) MDSCs were cultured in CM from PD-L1-overexpressing primary lung cancer cells or co-
cultured with PD-L1-overexpressing A549 cells and then co-cultured with CFSE-labeled anti-CD3/CD28 bead-stimulated CD8+ 
T-cells in the presence of the indicated inhibitors; T-cell proliferation was analyzed by flow cytometry. The data are presented as 
the mean±SEM of 4–6 independent experiments. *p<0.05, **p<0.01, ***p<0.001. MDSC, myeloid-derived suppressor cell; PMN, 
polymorphonuclear; TCGA, The Cancer Genome Atlas.
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Figure 5  PD-L1 promotes tumor growth in vivo via IL-6-induced immune suppression in a PD-1-independent manner. Stable 
PD-L1-overexpressing LLC cells and control cells were injected subcutaneously into the flanks of C57BL/6 mice. (A−C) For 
MDSC depletion, mice were intraperitoneally injected with 150 µg of anti-Ly6C/Ly6G (Gr-1) antibody five times, once every 2 
days, starting from 1 day before cancer cell injection. Tumor size was measured every 2–3 days using calipers. Tumor volume 
was measured using the IVIS luminescence imaging system before the mice were euthanized. (D) Immune cell populations 
in the tumors were assessed using flow cytometry. (E−G) Mice were injected intraperitoneally with 200 µg of anti-mouse IL-6 
antibodies every 3 days (a total of five times). Tumor size was measured every 2–3 days using calipers. Tumor volumes were 
measured using the IVIS luminescence imaging system. (H−J) Immune cell populations in tumors were assessed using flow 
cytometry. (K) MDSCs isolated from the mouse tumors were cultured with CFSE-labeled anti-CD3/CD28 bead-stimulated CD8+ 
T-cells isolated from the spleen of tumor-free C57BL/6 mice. T-cell proliferation was then assessed using flow cytometry. (L) IHC 
staining of CD8+, GzmB+, and Ly6C/Ly6G+ cells in the tumors (scale bar=200 µm). (M−O) Stable PD-L1-overexpressing LLC 
cells and control cells were injected subcutaneously into the flanks of PDCD1 (PD-1)-knockout C57BL/6 mice. Tumor size was 
measured once every 2–3 days using calipers. Tumor volumes were measured using the IVIS luminescence imaging system. 
(P−R) Immune cell populations in tumors were assessed using flow cytometry. The data are presented as the mean±SEM of five 
independent experiments. *p<0.05, **p<0.01, ***p<0.001. LLC, Lewis lung carcinoma; MDSC, myeloid-derived suppressor cell.
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Figure 6  IL-6 secreted by PD-L1-overexpressing cells promotes tumor growth in vivo via myeloid cell activation and 
an immunosuppressive TME. (A) Stable PD-L1-overexpressing LLC cells and control cells were cultured for 48 hours. 
CD11b+Ly6G+ and CD11b+Ly6C+ myeloid cells isolated from tumor-free mouse spleens were then cultured for 48 hours 
in CM from PD-L1-overexpressing LLC cells (LLC-PDL1OE-CM) in the presence or absence of IL-6-neutralizing antibodies 
and then injected with fresh wild-type LLC cells (at an equivalent ratio of 1:3) into the flanks of mice (EV, empty vector). (B, 
C) Tumor size was measured once every 2–3 days using calipers. Tumor volume was measured using the IVIS Spectrum 
imaging system, after which the mice were euthanized and tumor weight was determined. (D−F) Immune cell populations in 
the tumors were assessed using flow cytometry. (G−I) CD11b+Ly6G+ and CD11b+Ly6C+ myeloid cells isolated from tumor-
free mouse spleens were cultured for 48 hours in CM from PD-L1-knockdown LLC cells (LLC-PDL1KD-CM) and then injected 
with fresh wild-type LLC cells (at an equivalent ratio of 1:3) into the flanks of mice (Con, control). For CD8+ T-cell depletion, 
the mice were intraperitoneally injected with 100 µg of anti-CD8 antibody five times, once every 2 days starting from 1 day 
before cancer cell injection. Tumor size was measured once every 2–3 days using calipers. Tumor size was measured using the 
IVIS Spectrum imaging system, after which the mice were euthanized and tumor weight was determined. (J−L) CD11b+Ly6G+ 
and CD11b+Ly6C+ myeloid cells isolated from tumor-free mouse spleens were cultured for 48 hours in CM from PD-L1-
overexpressing LLC cells (LLC-PDL1OE-CM) and then injected with fresh wild-type LLC cells (at an equivalent ratio of 1:3) into 
the flanks of mice. For Treg depletion, the mice were intraperitoneally injected with 100 µg of anti-CD25 antibody five times, 
once every 2 days starting from 1 day before cancer cell injection. Tumor size was measured once every 2–3 days using 
calipers. Tumor size was measured using the IVIS Spectrum imaging system, after which the mice were euthanized and tumor 
weight was determined. *p<0.05, **p<0.01, ***p<0.001. LLC, Lewis lung carcinoma.
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IFNγ+, or proliferative CD8+ T-cells were observed in mice 
injected with myeloid cells cultured in LLC-PDL1OE-CM 
plus LLC cells; these effects were reversed by the addi-
tion of anti-IL-6 Ab to the LLC-PDL1OE-CM (figure 6B−F). 
Additionally, the reduction in tumor growth in mice 
injected with myeloid cells cultured in CM from PD-L1-
knockdown LLC cells (LLC-PDL1KD) was restored by CD8 
T-cell depletion (figure 6G–I; online supplemental figure 
S11B). Increased tumor growth in mice injected with 
myeloid cells cultured in LLC-PDL1OE-CM was suppressed 
by Treg depletion (figure  6J−L; online supplemental 
figure S11C). These findings imply that the immunosup-
pressive action of myeloid cells on adaptive T-cell immu-
nity mediates the tumor-promoting role of myeloid cells 
incubated with CM of PD-L1-high LLC cells.

Moreover, the reduction in tumor growth, the decrease 
in MDSCs, and the increase in effector T-cells induced 
by IL-6 blockade were more pronounced in LLC tumors 
than in LLC-PDL1KD tumors (online supplemental figure 
S11D−H). These findings support the notion that PD-L1 
overexpression contributes to MDSC-mediated immuno-
suppression via IL-6.

Combined blockade of IL-6 and PD-1 efficiently controls 
tumor growth and elicits an antitumor immune response
Given that PD-L1-induced immunosuppression was 
restored by IL-6 blockade, the effect of combined blockade 
of IL-6 and PD-1 was investigated. The combined therapy 
efficiently suppressed tumor growth and prolonged the 
survival of the tumor-bearing mice (figure  7A−G). The 
infiltration of immunosuppressive cells, including MDSCs 
and Tregs, markedly decreased, whereas the infiltration 
of effector CD8+ T-cells increased (figure 7H−M). When 
combined therapy was administered, MDSCs isolated from 
the tumors were less effective in suppressing T-cell prolif-
eration, while CD8+ T-cells isolated from the tumors were 
more effective in killing LLC cells (figure 7N,O). These 
results imply that combination therapy targeting IL-6 and 
PD-1 has synergistic antitumor activity by restoring the 
immunosuppression mediated by the PD-L1/Jak2/Stat3/
IL-6/MDSC axis (figure 7P).

Finally, in the ICI-IHC cohort, the PD-L1 TPS 
correlated positively with IL-6 H-scores in non-responders 
(online supplemental figure S12A,B). In the PD-L1-high 
(TPS≥50) group, the response to ICI therapy and the 
prognosis were poorer in patients with IL-6-high tumors 
(online supplemental figure 12C,D). In the PD-L1-high 
group, the IL-6 H-scores of non-responders correlated 
negatively with tumor-infiltrating CD8+ lymphocytes and 
positively with Foxp3+ cells and MDSCs (CD33+CD11b+ 
cells) (online supplemental figure 12E). The MDSC 
IHC scores were highest in IL-6-high/PD-L1-high tumors 
(online supplemental figure 12F). The findings from 
the ICI-IHC cohort were comparable to those from the 
ICI-RNA-seq cohort, providing further evidence that 
IL-6 produced by PD-L1-high-tumor cells suppresses ICI 
responsiveness via MDSCs in patients with NSCLC.

DISCUSSION
MDSCs play important roles in immune evasion and 
tumor progression by inhibiting the antitumor func-
tion of T-cells and NK-cells and accumulating and stim-
ulating other immunosuppressive cells via secretion of 
soluble factors and expression of immune checkpoint 
molecules.20 29 MDSCs are of prognostic and predictive 
value in diverse cancers and various therapeutics and are 
associated with primary and acquired resistance to cancer 
immunotherapy.20 29–31 In a murine lung cancer model, 
an E3 ligase, TRIM28, upregulated expression of CXCL1 
and recruitment of MDSCs to the TME, thereby increasing 
resistance to anti-PD-1 therapy.32 In other murine lung 
cancer models, suppression of MDSC recruitment and 
function by MEK and HDAC inhibitors enhanced the 
antitumor efficacy of anti-PD-1/PD-L1 therapy.33 34 Thus, 
clinical trials targeting MDSCs in combination with ICIs 
have been conducted.29 31 However, the mechanism 
that regulates MDSC infiltration and activity in tumors 
remains incompletely understood. This study demon-
strated a novel immunosuppressive mechanism of tumor-
cell-intrinsic PD-L1 via the Jak/Stat3/IL-6/MDSC axis.

A relationship between IL-6 and PD-L1 has been 
reported in several cancers previously. In hepatocellular 
carcinoma, IL-6/Jak1 signaling leads to PD-L1 phos-
phorylation and, in turn, to stabilization of PD-L1, thus 
promoting immune evasion.35 IL-6 enhanced PD-L1 
expression in NSCLC cells via the Jak1/Stat3 pathway 
and suppressed antitumor immunity, while IL-6 blockade 
downregulated PD-L1 expression.36 By contrast, IL-6 was 
produced by macrophages of the melanoma microenvi-
ronment after ICI treatment, and IL-6 blockade increased 
PD-L1 expression in melanoma cells.37 These observa-
tions imply a complex relationship between IL-6 and 
PD-L1. In this study, tumor-cell-intrinsic PD-L1 function 
enhanced the Jak2/Stat3 pathway and IL-6 production 
in NSCLC. Taken together, these results point to a novel 
positive feedback loop between IL-6 and PD-L1.

The role of cell-intrinsic PD-L1 in Stat3 signaling has 
been controversial. PD-L1 inhibits Stat3 to overcome 
IFN-induced cytotoxicity and trigger the inflammasome 
pathway.17 38 In this study, PD-L1 was found to bind to and 
inhibit the tyrosine phosphatase PTP1B, a major nega-
tive regulator of Jak/Stat3 signaling,28 39 subsequently 
activating Jak2/Stat3 signaling in NSCLC. In previous 
reports, PD-L1 formed a complex with p-Stat3, which was 
then translocated to the nucleus in response to hypoxia 
and facilitated the activity of p-Stat3 in the transcription 
of gasdermin C and the transcription factor early growth 
response 1 (EGR1).11 16 In this study, nuclear PD-L1 was 
found to bind to p-Stat3 and enhance the transcription 
activity of p-Stat3 for IL-6 and other cytokines and chemo-
kines in PD-L1-high NSCLC. Considering the functional 
role of nuclear PD-L1 in the transcription of molecules 
that recruit and activate MDSCs, strategies to impede 
nuclear translocation of PD-L1, such as HDAC inhibi-
tors,7 11 may improve the efficacy of ICI therapy in PD-L1-
high NSCLC.
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Figure 7  Combined blockade of IL-6 and PD-1 efficiently controls tumor growth and elicits antitumor immune response. 
(A) Wild-type LLC or TC-1 cells were injected subcutaneously into the flanks of C57BL/6 mice. For anti-PD-1 immunotherapy, 
the mice were injected intraperitoneally with 200 µg of anti-PD-1 antibody every 5 days a total of three times. For anti-IL-6 
antibody (Ab) treatment, the mice were injected intraperitoneally with 200 µg of anti-mouse IL-6 Ab every 3 days for a total of 
five times. (B, C, E, F) Tumor size was measured every 2–3 days using calipers. Tumor volume was measured using the IVIS 
Spectrum imaging system, after which the mice were euthanized and tumor weight was determined. (D, G) Mice were observed 
for survival every 2–3 days. Differences in survival were compared using a log-rank test. (H−L) The immune cell populations 
of LLC tumors were assessed using flow cytometry. (M) IHC staining of CD8+, GzmB+, and Ly6C/Ly6G+ cells in LLC tumors 
(scale bar=200 µm). (N) MDSCs isolated from LLC tumors were cultured with CFSE-labeled anti-CD3/CD28 bead-stimulated 
CD8+ T-cells isolated from tumor-free C57BL/6 mice; the proliferation of CD8+ T-cells was then assessed using flow cytometry. 
(O) CD8+ T-cells isolated from LLC tumors were cultured with CFSE-labeled wild-type LLC cells for 24 hours. The cells were 
then stained with 7-AAD and Annexin V, and LLC viability was determined by flow cytometry. (P) Schematic diagram showing 
that tumor-cell-intrinsic PD-L1 activates Jak2/Stat3 signaling and contributes to IL-6 production, which drives MDSC-mediated 
immunosuppression in PD-L1-high lung cancer. Combined therapy targeting PD-1 and IL-6 may thus be effective in tumor 
control by restoring antitumor immunity. The data are presented as the mean±SEM of five independent experiments. *p<0.05, 
**p<0.01, ***p<0.001. CFSE, carboxyfluorescein succinimidyl ester; LLC, Lewis lung carcinoma; MDSC, myeloid-derived 
suppressor cell.
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A recent transcriptomic analysis revealed that IL-6/
Jak/Stat3 pathway enrichment in tumor tissues was asso-
ciated with a favorable response to ICIs in patients with 
NSCLC.40 However, in other studies, increased IL-6 levels 
in the plasma or tissues of patients with NSCLC predicted 
unfavorable outcomes after ICI therapy.36 41 42 Notably, 
in our study, while the IL-6/Jak/Stat3 pathway was 
enriched in tumors from ICI responders with PD-L1-low 
NSCLC, it was enriched in ICI non-responders with 
PD-L1-high NSCLC. Additionally, in our ICI cohorts, 
high IL-6 expression was associated with poor clinical 
outcomes after ICI therapy in patients with PD-L1-high 
NSCLC but not in those with PD-L1-low NSCLC. These 
findings imply a complex role for IL-6 as a biomarker for 
ICI responsiveness, depending on PD-L1 status. None-
theless, it may predict a poor response and outcome 
after ICI therapy, particularly in patients with PD-L1-
high NSCLC.

Notably, a study that used a dataset from our ICI-
RNA-seq cohort and the cell-deconvolution method for 
a type-specific transcriptome revealed that the tumor 
cells of non-responders had higher IL-6 expression, 
whereas the tumor-infiltrating T-cells of responders had 
higher IL-6 levels.42 The enriched IL-6/Jak/Stat3 pathway 
observed in ICI responders with PD-L1-low NSCLC in this 
study may, therefore, have been derived from immune 
cells, but this needs to be validated by additional studies.

In this study, combined therapy targeting IL-6 and 
the PD-1/PD-L1 pathway effectively controlled tumors 
by mitigating MDSC-mediated immunosuppression in a 
mouse lung tumor model. IL-6 blockade, when combined 
with ICI therapy, efficiently controlled tumor growth and 
promoted antitumor immunity in preclinical cancer 
models.36 43 Furthermore, IL-6 blockade suppressed 
ICI-induced autoimmune toxicity but potentiated anti-
tumor immunity.43 44 Based on these findings, phase 2 
clinical trials combining IL-6 blockade with ICIs have 
been conducted in patients with melanoma and NSCLC 
(NCT03999749, NCT04940299, and NCT04691817). 
However, IL-6 blockade exacerbated tumor growth in 
a RET-transgenic mouse melanoma model.23 Recently, 
JAK inhibitors were shown to enhance the efficacy of 
anti-PD-1 immunotherapy by modulating myeloid cells 
and T-cells in early-phase clinical trials for patients with 
Hodgkin lymphoma and NSCLC.45 46 These findings 
underscore the need for further research of the IL-6/
Jak/Stat3 pathway before it can be fully harnessed for 
cancer immunotherapy.

PD-L1 is also expressed on T-cells and, when engaged, 
promotes immune tolerance and tumor progression.47 48 
A recent study showed that T-cell-intrinsic intracellular 
PD-L1 suppressed the effector function of CD8 T-cells and 
antitumor immunity, effects that were reversed by T-cell-
intrinsic PD-L1 knockdown.49 Given that the intrinsic 
function of PD-L1 in both tumor cells and T-cells drives 
immunosuppression in cancer, targeting PD-L1 using 
antibodies or agents that degrade or relocate PD-L1 pres-
ents an intriguing avenue for future cancer therapy.4 5 12

This study has several limitations. First, we did not 
specifically examine the role of the PD-L1/Jak/Stat3/
IL-6 pathway in M-MDSCs and PMN-MDSCs, particularly 
in the context of in vitro experiments. Second, we used 
conventional phenotypic markers to isolate MDSCs from 
PBMCs without conducting functional studies to charac-
terize these cells further. Despite Ficoll gradient separa-
tion, CD15+ low-density neutrophils would be included in 
the “human MDSC cells” used for co-culture experiments. 
Third, the cells isolated from the spleens of tumor-free 
(naïve) mice using FACS for in vivo experiments would 
be CD11b+Ly6G+ and CD11b+Ly6C+ myeloid cells rather 
than bona fide MDSCs. Fourth, we performed all in vivo 
tumor studies using the syngeneic LLC model. Use of a 
transgenic autochthonous in vivo model of NSCLC such 
as the p53−/−KrasG12D mouse would be an excellent choice 
to improve the robustness of our findings.

CONCLUSIONS
In summary, our study demonstrated that the tumor-cell-
intrinsic functions of PD-L1 activate the IL-6/Jak/Stat3 
pathway, which in turn drives immunosuppression by 
MDSCs. This cell-intrinsic PD-L1/IL-6/MDSC axis may 
serve as both a potential biomarker for ICI therapy and a 
target for improving the efficacy of ICIs in patients with 
PD-L1-high NSCLC.
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