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ABSTRACT
Background: Non-responsiveness is a major barrier in current cancer immune checkpoint blockade 
therapies, and the mechanism has not been elucidated yet. Therefore, it is necessary to discover the 
mechanism and biomarkers of tumor immunotherapeutic resistance.
Methods: Bioinformatics analysis was performed based on CD8+ T cell infiltration in multiple tumor 
databases to screen out genes related to anti-tumor immunity. Associations between Regulator of 
G-protein signaling 1 (RGS1) and IFNγ-STAT1 signaling, and MHCI antigen presentation pathway were 
examined by RT-qPCR, western blotting, and flow cytometry. The modulatory mechanisms of RGS1 were 
investigated via CHIP-qPCR and dual-luciferase assay. The clinical and therapeutic implications of RGS1 were 
comprehensively investigated using tumor cell lines, mouse models, and clinical samples receiving 
immunotherapy.
Results: RGS1 was identified as the highest gene positively correlated with immunogenicity among RGS 
family. Inhibition of RGS1 in neoplastic cells dampened anti-tumor immune response and elicited resistance 
to immunotherapy in both renal and lung murine subcutaneous tumors. Mechanistically, RGS1 enhanced 
the binding of activating transcription factor 3 (ATF3) to the promoter of interferon gamma receptor 1 
(IFNGR1), activated STAT1 and the subsequent expression of IFNγ-inducible genes, especially CXCL9 and 
MHC class I (MHCI), thereby influenced CD8+ T cell infiltration and antigen presentation and processing. 
Clinically, lower expression level of RGS1 was associated with resistance of PD1 inhibition therapy and 
shortened progression-free survival among 21 NSCLC patients receiving immunotherapy.
Conclusions: Together, these findings uncover a novel mechanism that elicits immunotherapy resistance 
and highlight the function of tumor-intrinsic RGS1, which brings new insights for future strategies to 
sensitize anti-PD1 immunotherapy.
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Introduction

Immune checkpoint blockade (ICB) therapy that unleashes CD8+ 

T cell-mediated anti-tumor immunity has shown unprecedented 
success in various “hot” tumors.1–3 However, even fighting against 
“hot” tumors as clear-cell renal cell carcinoma (ccRCC) and non- 
small cell lung carcinoma (NSCLC), more than 40% of treated 
individuals were refractory to anti-programmed cell death protein 
1 (PD1)/PD-L1 therapy. Therefore, it is in urgent need to identify 
accurate predictive biomarkers and understand the mechanism 
eliciting immunotherapy resistance.

Tumors exploit various mechanisms to manipulate the integ
rity of interferon γ (IFNγ) signaling and thus drive immune 
evasion and blunt immunotherapy efficacy.4–12 In addition, 
MHC class I (MHCI) mutations,10 diminished transcription,13 

and degradation14 also contribute to tumor immune evasion and 
checkpoint therapy resistance. However, there has been limited 
studies on lung and renal cancers in this regard.

Regulators of G-protein signaling (RGS) are a family of 
related proteins that negatively regulate G-protein coupled 
receptor (GPCR) signaling.15 As a member of RGS family, 
RGS1 in T cells has been recently associated with T cell 
recruitment.16,17 However, the role of tumor-intrinsic RGS1 
in anti-tumor immunity and response to immunotherapy has 
not been elucidated.

Here, by bioinformatics analysis and preclinical mouse models, 
we demonstrate that RGS1 in neoplastic cells benefits checkpoint 
therapy in renal and lung cancers by enhancing tumor immuno
genicity and anti-tumor immune response. Our research 
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elucidates the pivotal role of RGS1 in tumor immunotherapeutic 
response from a novel angle, and may open new directions for 
combination therapy design to reverse immunotherapeutic 
resistance.

Materials and methods

Cell culture

All cells were routinely cultured at 37°C in a humidified incubator 
with 5% CO2. 293T (human embryonic kidney cells), 786O 
(human RCC line), and A549 (human NSCLC line) were obtained 
from the Cell Bank of the Chinese Academy of Science (Shanghai, 
China). Renca (murine RCC line) and LLC (Lewis lung cancer 
line) were purchased from the American Type Culture Collection 
(Rockville, MD, USA). Except as otherwise noted, all the cell lines 
were cultured in the recommended medium of ATCC (Sigma- 
Aldrich) supplemented with 10% fetal bovine serum (FBS, 
Thermo Fisher Scientific) and 1% penicillin/streptomycin 
(10,000 U/mL, Thermo Fisher Scientific).

Plasmid, lentivirus construction, and transfection

For stable RGS1 knockdown, human and mouse small hairpin 
RNA (shRNA) lentiviral vectors targeting RGS1 (shRGS1 and 
shRgs1, respectively) were purchased from GenePharma 
(Shanghai, China). The target sequences were shown as follows: 
shRGS1–1: GTCCAAGGATGTACTTTCT; shRGS1–2: 
CCAAGAAGATTAAAGCACCAA; shRgs1–2: GCATTTGT 
GCATTCAGATGCT; shRgs1–2: GAGATCGATGATC 
CCACATCT. For the transient reporter analysis, the promoter 
of human IFNGR1 was inserted into the pmirGLO reporter 
plasmid, and the two sequences that may interact with ATF3 
were mutated and inserted into an equivalent pmirGLO reporter 
plasmid; both plasmids were synthesized by Tsingke 
Biotechnology, and the specific mutant sequences of the hypothe
tical binding sites are listed in Figure 4s.

Luciferase assay

To determine the binding region in IFNGR1 promoter for ATF3, 
we transfected 293T cells with pmirGLO-IFNGR1 control, 
pmirGLO-IFNGR1 mut, pcDNA3.1-Flag control and 
pcDNA3.1-Flag-ATF3. After 48 hours, relative luciferase units 
were measured with Dual Luciferase Reporter Gene Assay Kit 
(Beyotime) according to the manufacturer’s instructions. The 
units of relative luciferase are the ratio of firefly luciferase signal 
to Renilla signal.

Animal experiments

The animal experiments were approved by the Institutional 
Animal Care and Use Committee of Nanjing Drum Tower 
Hospital. Eight-week-old male BALB/c mice and C57BL/6 mice 
were purchased from the Animal Core Facility of Nanjing Medical 
University. ShRgs1 or RGS1-overexpressing Renca/LLC cells, and 
the corresponding CTRL or Vector cells were harvested for 

allograft tumor models. For murine renal tumor model, 2 × 105 

Renca cells were injected subcutaneously into Balb/c mice; for 
murine lung tumor model, 2 × 106 LLC cells were injected sub
cutaneously into C57BL/6 mice, in a volume of 100 μL medium, 
respectively. PD1 antibody (BioXcell, clone RMP1–14) or IgG 
control (100 μg/mouse) were administered via intraperitoneal 
injection (I.P) for 4 times every 3 d. The tumors were measured 
daily with calipers, and tumor volumes = length × width2/2. Once 
the tumor reached 1000 mm3, ulceration occurred, or the animal 
showed signs of distress, the mice were sacrificed. Tumors were 
obtained and immobilized with 10% buffered formalin phosphate 
for immunohistochemistry (IHC) and immunofluorescence 
staining.

In vitro T cell killing assay

Transgenic OT-I mice were generously donated by Professor 
Tang Hua from Shandong First Medical University, China. 
CD8+ T cells were isolated from spleens of transgenic OT-I 
mice using EasySepTM mouse CD8+ T Cell Isolation Kit 
(Stemcell) according to the instructions. Briefly, the spleens 
of OT-I mice were sheared and passed through a 70-μm cell 
strainer. After red blood cells were depleted, the remaining 
cells were resuspended in sorting buffer (PBS containing 2% 
FBS and 1 mM EDTA) and incubated with rat serum and 
isolated cocktail for 10 minutes. Then the magnetic beads 
were added and incubated for 5 minutes, and the tube was 
put in a magnetic rack. Another 5 minutes later, the super
natant poured out were mostly CD8+ T cells. After washed with 
PBS, the cells were resuspended in RPMI-1640 medium sup
plemented with anti-mouse CD28 antibody (1 μg/mL) and 10% 
FBS, and seeded into a 96-well plate pre-coated with anti- 
mouse CD3 antibody (1 μg/mL). After 48 hours of stimulation, 
activated CD8+ T cells were seeded into a new plate with fresh 
medium containing mouse recombinant IL-2 (5 µg/ml) and 
incubated for another 2 d. Nc-LLC-OVA and shRgs1-LLC- 
OVA cells (1 × 105) were seeded overnight and pretreated 
with OVA peptides for 2 hours as previous reported.10,18 

CD8+ T cells were then added into the culture system in 
different proportions (E:T= 10:1, 5:1, 2:1, 0:1). After 24-hour 
co-culturation, the level of IFNγ in the supernatant was deter
mined by enzyme-linked immunosorbent assay (ELISA) and 
the remaining tumor cells were analyzed by flow cytometry.

Western blotting

For western blotting, protein extracts were separated by 10% or 
12% sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) 
membranes. After blocking with 5% nonfat milk in PBS contain
ing 0.1% Tween-20, the membrane was incubated with appro
priate primary antibodies overnight at 4°C, and then incubated 
with horseradish peroxidase-conjugated secondary antibodies for 
another 1 hour at room temperature. The membranes were then 
incubated with electrochemiluminescence substrate (ECL, 
Vazyme) and the protein levels were visualized using 
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chemiluminescence imager (Clinx Science Instruments Co., 
Shanghai, China). Antibodies and reagents are shown in Table S1

Clinical tissue samples

Paraffin sections of NSCLC patients were obtained from 
Nanjing Drum Tower Hospital. Patients were divided into 10 
responders (complete or partial response or stable disease) and 
11 non-responders (progressive disease), following standard 
Response Evaluation Criteria In Solid Tumors (RECIST v1.1) 
guidelines. Human ccRCC tissue microarrays were obtained 
from Nanjing Drum Tower Hospital. The study protocol was 
under the approval of the Institutional Review Board of 
Nanjing Drum Tower Hospital (approval 2017-147-01). The 
collection of all tissue samples was in compliance with 
informed consent policy.

Immunohistochemistry and immunofluorescence staining

4 mm paraffin sections of patient or mouse samples were baked at 
75°C for 120 min, dewaxed in xylene three times for 10 min, and 
rehydrated in 100%, 90%, 80%, and 70% ethanol solutions for 2  
min, respectively. The slides were blocked in 5% BSA for 1 h at 
room temperature and incubated with primary antibody over
night at 4°C. For immunohistochemistry (IHC), the slides were 
incubated with secondary antibodies (Vector Laboratories, 
Burlingame, CA, USA) for 1 hour at room temperature, and the 
target proteins were detected by DAB detection kit (ZsBio, 
Beijing, China). Each slide was further scanned and analyzed 
using NanoZoomer S60 (Hamamatsu Photonics) and Image 
J software. Multiple random fields on the slice were chosen for 
analysis, with staining intensity scored as 0 (negative), 1 (low), 2 
(moderate), 3 (high) and 4 (extremely high). The percentage of 
staining area was analyzed with a range from 0 to 100%. The 
staining score was obtained by multiplying the intensity score by 
staining range (%). For immunofluorescence staining, the slides 
were further incubated with fluorescence-labeled secondary anti
bodies for 1 hour at room temperature, and the nuclei were 
stained with DAPI (Beyotime) for 10 minutes, kept in dark 
place. Samples were observed using a fluorescence microscope 
(Leica DMi8, Leica Biosystems Inc.). Analysis and quantification 
of the images were performed by 3D HISTECH quant center 2.1 
software. Staining intensity was scored from 0 to 3. Staining 
percentage of each staining area were analyzed with a range 
from 0 to 100%. The result of staining intensity multiplied by 
the percentage of positive cells yields a Histo score, which is 
ranged from 0 to 300%. To divide RGS expression, the Histo 
score ≤150% was considered as low expression, and >150% as 
high expression as previously described19.

Flow cytometry analysis

For detection of cell surface MHCI and IFNGR1, cells were 
blocked with 1% BSA for 30 minutes at 4°C, followed by incuba
tion with fluorescent antibodies or isotype antibodies at 4°C for 
another 30 minutes. Data acquisition was performed with 
a NovoCyte device (Agilent Technologies Inc., Santa Clara, CA, 
USA). All analysis was performed using FlowJo version 10 
software.

Chromatin immunoprecipitation

We performed chromatin immunoprecipitation (ChIP) 
assays according to the protocol of SimpleChIP Plus 
Ultrasonic Chromatin IP Kit (CST, 9005). Briefly, cells 
were incubated with 1% formaldehyde for 10 min at 
room temperature to allow proteins to cross-link with 
DNA, and the nuclei were degraded with micrococcal 
nuclease and ultrasonication. Cross-linked and digested 
chromatin was immunoprecipitated with indicated antibo
dies. Immunoprecipitated chromatin was incubated with 5  
M NaCl and Proteinase K at 65°C to reverse cross-links, 
followed by DNA purification. The DNA was quantified 
by RT-qPCR with specific primers listed in Table S2.

ELISA

Cells (1 × 106) with complete growth medium were seeded 
in 6-well plates and cultured overnight. On the 
following day, cells were washed with PBS and treated 
with 5 ng/ml IFNγ for 24 hours. The concentrations of 
mouse CXCL9/MIG, human cAMP level and the activity 
of PKA in the supernatants were analyzed using CXCL9 
ELISA kit (R&D Systems, MCX900), cAMP ELISA Kit 
(Elabscience, E-EL-0056c) and PKA Colorimetric 
Activity Kit (Thermo Fisher scientific, EIAPKA) respec
tively, according to the manufacturer’s protocols. 
Microplate reader was set to 450 nm to determine the 
optical density.

Real-time PCR analysis

According to the manufacturer’s instructions, total RNA 
was extracted with TRIzol reagent (Invitrogen). For quan
titative RT-PCR (RT-qPCR), cDNA, SYBR Premix Ex 
Taq™ (Takara) and specific primers were in use. The 
sequences of the primers are listed in Table S3. All pri
mers were synthesized by Generay Biotech (Shanghai) Co., 
Ltd. The expression of relevant mRNAs was normalized 
with β-actin. Comparative CT method was used to calcu
late the fold change of gene expression.

Bioinformatics analysis

ccRCC (KIRC, 523 samples), NSCLC (LUAD, 483 samples and 
LUSC, 486 samples) and melanoma (SKCM, 461 samples) data 
were downloaded from The Cancer Genome Atlas (TCGA, 
R-package) and log2 transformed. We used normalized expres
sion of genes to define the signatures: CD8+ T-cell infiltration 
(CD8A, CD8B, PRF1 and GZMB) according to the previous 
literature.20 Then, we defined top 10% as “hot” tumors and 
bottom 10% as “cold” tumors in the CD8+ T-cell infiltration 
cohort, and performed differential expression analysis in “hot” 
tumors versus “cold” tumors, respectively. Statistical analysis 
was performed using R version 3.5.2 (packages limma, dplyr, 
ggrepel and ggplot 2). Further, we performed Gene Set 
Enrichment Analysis (GSEA) analysis according to the manu
facturer’s protocol.
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Statistical analysis

All data were analyzed with Graphpad Prism V9. Data from at 
least three independent experiments are presented as the mean  
± SD. Two-sample comparisons were using student t-test. 
Tumor growth data were analyzed via two-way ANOVA. 
Survival curves were analyzed by log-rank test. *p < .05, **p < 
.01, ***p < .001 were considered statistically significant.

Results

Tumor-intrinsic RGS1 is positively associated with tumor 
immunogenicity

To identify potential immunoregulatory factors, we performed 
differential gene analysis between “hot” and “cold” tumors. 
The design and implementation of this investigation are 
shown in Figure 1a. We first analyzed ccRCC (KIRC, 523 

Figure 1. RGS1 in neoplastic cells is positively associated with tumor immunogenicity. a The flow chart of RGS1 was screened out. b–d Human ccRCC samples (TCGA 
dataset, KIRC, n = 523 patients) and NSCLC samples (TCGA dataset, LUAD, n = 483 patients, LUSC, n = 486 patients) were divided into “hot” and “cold” tumors on the 
basis of CD8+ T cell infiltration (CD8A, CD8B, PRF1, and GZMB). The volcano plots show the fold changes and p values of RGS family candidates in “hot” tumors (CD8+ 

T cell infiltration, top 10%) versus “cold” tumors (CD8+ T cell infiltration, bottom 10%). Statistical analysis was performed using two-sided t-tests. e, 
f Immunofluorescence staining of RGS1 localization on tumor cells in representative samples of human ccRCC (e) and NSCLC (f). Right, quantification of RGS1 positive 
staining on tumor cells and CD8+ T cells. scale bar, 50 µm. g–k Balb/c mice were subcutaneously (s.c.) implanted with 2 × 105 ShRgs1/CTRL (g–i) or Rgs1-OE/Vector 
(j, k) Renca cells. When tumor volumes reached 100–200 mm3, mice were intraperitoneally (i.p.) administered with PD1 mAb or IgG. g A schematic view of the treatment 
plan. h Summary of end-point tumor growth inhibition data. i Kaplan–Meier survival curves for each group. j Summary of end-point tumor growth inhibition data. 
k Kaplan–Meier survival curves for each group. l–p C57BL/6 mice were subcutaneously (s.c.) implanted with 2 × 106 ShRgs1/CTRL (l–n) or Rgs1-OE/Vector (o, p) LLC cells. 
When tumor volumes reached 100–200 mm3, mice were intraperitoneally (i.p.) administered with PD1 mAb or IgG. l A schematic view of the treatment 
plan. m Summary of end-point tumor growth inhibition data. n Kaplan–Meier survival curves for each group. o Summary of end-point tumor growth inhibition 
data. p Kaplan–Meier survival curves for each group. q–u Correlation of RGS1 with CD8A (q), IFNG (r), HLA-A (s), HLA-B (t) and HLA-C (u) in patients with ccRCC (TCGA, 
KIRC). ns., not significant; *p < .05, **p < .01, ***p < .001.
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samples), NSCLC (LUAD, 483 samples and LUSC, 486 sam
ples) and melanoma (SKCM, 461 samples) cohorts from The 
Cancer Genome Atlas (TCGA) by dividing tumors into “hot” 
and “cold” types based on CD8+ T cell infiltration (CD8A, 
CD8B, PRF1, and GZMB) and identified 2669, 1366, 1914, 
and 2209 genes in KIRC, LUAD, LUSC, and SKCM cohorts, 
respectively, that expressed differentially between “hot” and 
“cold” tumors (|log2FC| >1, p <.05). IFNG, CD69, and PDL1 
were upregulated in “hot” tumors (Table S4), which indicated 
enhanced CD8+ T cell activation. By screening RGS family in 
the differentially expressed genes, we found they substantially 
enriched in “hot” tumors. Among the enriched RGS family 
genes, fold change of RGS1 ranked top in ccRCC, NSCLC, 
and second top in melanoma (Figure 1b–d, Supplementary 
Fig. s2e); detailed fold changes and p values for RGS family in 
these malignancies were shown in Table S5–S8.

By analysis on TCGA database, we found the enrichment of 
RGS1 in “hot” tumors. However, although “hot” tumors are 
infiltrated with abundant CD8+ T cells, those CD8+ T cells with 
high expression of RGS1 are difficult to recruit to or survive in 
the tumor microenvironment;16,21 thus, other cell components 
should be responsible for the higher expression of RGS1 in 
“hot” tumors. Considering the dominant component within 
a tumor, we suggested rational investigation on the expression 
and potential function of RGS1 in neoplastic cells. Above all, 
we performed immunofluorescence staining on tumor sections 
obtained from ccRCC and NSCLC patients. As shown in 
Figure 1e–f, we found that RGS1 was abundantly distributed 
in neoplastic cells of ccRCC and NSCLC by observation of dual 
signals of pan-keratin and RGS1 within tumors. However, in 
adjacent slides, the proportion of RGS1 expression in CD8+ 

T cells was significantly lower than that in tumor cells 
(Figure 1e–f, Supplementary Fig. s1a – b).

Given the elevated expression of RGS1 in “hot” tumors, we 
subsequently utilized two “hot” tumor models to determine the 
role of RGS1 in checkpoint therapy. Mice were subcutaneously 
inoculated with Renca and LLC stably expressing ShRgs1/ 
CTRL or Rgs1-OE/Vector (Supplementary Fig. s1c – f), and 
were administered with monoclonal anti-PD1 or IgG every 3 
d (Figure 1g, l). As shown in Figure 1h–i, compared to CTRL 
group, RGS1 knockdown slightly retarded Renca tumor 
growth with an inhibition rate of 23.4 (p =.022), and prolonged 
mice survival. However, we surprisingly found that although 
anti-PD1 treatment exhibited approximately 47.1% (p = .0022) 
growth inhibition of CTRL tumors, it failed to protect tumor- 
bearing mice in RGS1 knockdown group. Conversely, over
expression of RGS1 substantially aggravated tumor growth and 
impaired the survival outcomes, whereas significantly 
enhanced the efficacy of PD1 inhibition, consistently 
(Figure 1j–k). Analogical results to that of the murine model 
of NSCLC were observed (Figure 1m–p). These data suggest 
that RGS1 in neoplastic cells benefits anti-PD1 therapy and 
RGS1 inhibition elicited immunotherapy resistance.

To further determine the correlation between RGS1 and 
immunogenicity, we performed bioinformatics analysis and 
found the level of RGS1 positively correlated with the levels of 
CD8A, IFNG and MHCI (HLA-A, HLA-B, HLA-C), respectively, 
in the KIRC dataset (Figure 1q–u). Similar correlations were also 
revealed in NSCLC and melanoma (Supplementary Fig. s2i – m, 

Fig. s3h – l). In line with this, gene-set enrichment analysis 
(GSEA) revealed that RGS1 expression was associated with JAK- 
STAT signaling pathway, antigen processing and presentation, 
immune response and immune activation (Supplementary Fig. 
s2a – d, Fig. s2f – h, Fig. s3a – g). Based on these findings, we 
identified a positive association between tumor-intrinsic RGS1 
and tumor immunogenicity in multiple malignancies.

RGS1 is a modulator of IFNγ-JAK-STAT1 signaling

To uncover the role of RGS1 in cancer immunogenicity, we 
further analyzed the gene sets altered by RGS1 expression by 
using GSEA in TCGA database. Upon scanning the enriched 
pathways across these three malignancies, we found IFNγ 
signaling pathway ranked second top in ccRCC, and highly 
enriched in NSCLC and melanoma positively associated with 
RGS1 augmentation (Figure 2a–d).

IFNγ binds to IFNGR1 and induces phosphorylation of 
STAT1 (p-STAT1) at Y701, leading to further activation of 
JAK-STAT1 signaling and regulation of anti-tumor 
immunity.11 Besides, IFNγ augments the expression of 
MHCI, thereby elicits immunorecognition and antigen 
presentation.22 To uncover the role of RGS1 in IFNγ 
signaling, we stably knocked down RGS1 with small hair
pin RNAs (shRGS1) in RCC cell line 786O (human) and 
Renca (mouse) and stimulated them with recombinant 
IFNγ for 2 hours. Following IFNγ stimulation, 
a remarkable increase in STAT1 phosphorylation (Y701) 
was observed; whereas, such phosphorylation could be 
reversed by RGS1 knockdown (Figure 2e, g), and similar 
results to that of NSCLC cell line A549 (human) and LLC 
(mouse) were observed (Supplementary Fig. S4a, c). In 
addition, we stably overexpressed RGS1 in the above cell 
lines and showed that overexpression of RGS1 signifi
cantly enhanced the activation of STAT1 (Figure 2i, k; 
Supplementary Fig. s4e, g). Along with STAT1 pathway, 
the expression of PD-L1 was reduced by RGS1 inhibition 
(Supplementary Fig. s5a – d), and augmented by RGS1 
overexpression (Supplementary Fig. s6a – d). Meanwhile, 
we examined the mRNA levels of IFNγ-inducible genes 
including STAT1, IRF1, and IRF9 during IFNγ stimulation 
and RGS1 knockdown. In 786O and Renca cells, RGS1 
knockdown notably attenuated IFNγ-induced augmenta
tions of these genes (Figure 2f, h), and the alterations of 
their protein levels were confirmed (Figure 2e, g); further, 
the above experiments were also repeated with A549 and 
LLC cells (Supplementary Fig. s4b, d). Consistent with 
these data, ectopic RGS1 expression substantially increased 
both mRNA transcript and protein levels of STAT1, IRF1, 
and IRF9 upon stimulation with IFNγ (Figure 2j, l; 
Supplementary Fig. s4f, h).

CXCL9 is another IFNγ-inducible gene. The activation 
of IFNγ-STAT1 pathway regulates CTL trafficking via 
increasing CXCL9 transcription.23 By using an ELISA kit, 
we also examined the secretion of CXCL9 in Renca and 
LLC upon RGS1 knockdown, which turned out 
a consistent trend (Figure 2m, n). In addition, considering 
that IFNGR1 is a key regulator lying upstream in the IFNγ 
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signaling, we further evaluated the expression levels of 
IFNGR1 in 786O or A549 cells and demonstrated that 
RGS1 knockdown reduced IFNGR1 regardless of IFNγ 
treatment, either at mRNA (Figure 2f, Supplementary 
Fig. s4b) or protein levels (Figure 2e, Supplementary Fig. 
s4a). Conversely, RGS1 overexpression led to elevation of 
IFNGR1 (Figure 2i, j, Supplementary Fig. s4e, f). 
Moreover, we confirmed that silencing or overexpression 
of RGS1 exerted compatible regulative roles on surface 

IFNGR1 expression by using flow cytometry (Figure 2o, 
p, Supplementary Fig. s4i, j). Taken together, these data 
suggest that RGS1 serves as a modulator of IFNγ-STAT1 
signaling pathway and IFNGR1 expression.

RGS1 regulates antigen presentation via MHCI pathway

Given the potential connection between RGS1 and antigen pre
sentation and processing pathway revealed by GSEA analysis 

Figure 2. RGS1 is a modulator of IFNγ-JAK-STAT1 signaling. a Differentially expressed cancer-related gene sets (H_Hallmarks) with high RGS1 expression in the KIRC 
cohort, LUAD cohort, LUSC cohort, and SKCM cohort from TCGA. NES, normalized enrichment score. FDR q, false discovery rate q value. b – d GSEA output of genes in 
the HALLMARK_INTERFERON_GAMMA_RESPONSE by RGS1 high and low expression groups from the KIRC cohort (b), LUAD cohort (c) and LUSC cohort (d) in the TCGA 
database. ES, enrichment score. e – l Analysis of IFNγ-STAT1 signaling in 786O and Renca cells. Cell lysates of 786O and Renca cells stably expressing nc or shRGS1 (e, g) 
and Vector or RGS1-OE (i, k) were analyzed by western blotting using RGS1, STAT1, P-STAT1 (Y701), IFNGR1, and IRF1 antibodies. Tublin was used as an internal control. 
f, j IFNγ-inducible gene expression in 786O cells. mRNA expression of IRF1, IRF9, STAT1, and IFNGR1 were detected by real-time qPCR. Actin was used as an internal 
control. h, l IFNγ-inducible gene expression in Renca cells. mRNA expression of Irf1, Irf9, and Stat1 were detected by real-time qPCR. Actin was used as an internal control. 
Cells in e, f, i, j were stimulated with 10 ng/ml human recombinant IFNγ or 0.1% BSA negative control for 2 h. Cells in g, h, k, l were stimulated with 5 ng/ml mouse 
recombinant IFNγ or 0.1% BSA negative control for 2 h. m, n IFNγ-induced CXCL9 secretion. Renca (m) and LLC (n) cells were cultured in serum-free medium and treated 
with 5 ng/ml IFNγ for 24 h. The concentration of CXCL9 was analyzed using an ELISA kit. o, p Cell surface levels of IFNGR1 in nc or shRGS1 (o) and Vector or RGS1-OE 
(p) 786O cells (pre-gated with FSC-A vs. SSC-A, and FSC-A vs. FSC-H). Cells were treated with 10 ng/ml IFNγ for 2 h. Right, quantification of the mean fluorescence 
intensity (MFI). Unpaired t-test was performed with GraphPad Prism 9. All data are representative of three independent experiments. Data in the bar graphs represent 
mean ± S.D., n = 3. *p < .05, **p < .01, ***p < .001.
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across three tumor types, we evaluated whether RGS1 in neo
plastic cells could influence MHCI expression and the subse
quent antigen presentation. As MHCI is an IFNγ-responsive 
gene, 24-hour stimulation of IFNγ increased both levels of anti
gen presenting genes (HLA-A, HLA-B, HLA-C and B2M) and 
antigen processing genes (ERAP1/2, TAP1/2, and TAPBP) in 
786O (Figure 3a–c) and A549 cells (Supplementary Fig. s7a – 
c), as well as murine cell lines (Figure 3e–f, Supplementary 
Fig. s7e – f), which can be reversed by RGS1 silencing. 
Similarly, RGS1 knockdown decreased cell-surface MHCI 
(Figure 3d, g, Supplementary Fig. s7d, g) whereas over
expression of RGS1 upregulated antigen presentation and 
processing genes and restored expression of cell surface 
MHCI (Supplementary Fig. s8a – h, Fig. s9a – f).

To determine whether RGS1 silencing inhibited antigen 
processing and presentation and suppressed CTL response, 

we engineered Renca and LLC to express full-length foreign 
protein chicken ovalbumin (OVA). OVA was processed intra
cellularly to produce SIINFEKL peptide, which was loaded 
onto MHCI (H-2Kb) and specifically recognized by the OT-I 
T-cell receptor (Figure 3h). TCR-transgenic OT-I CD8+ T cells 
were isolated from mice spleens using magnetic beads 
(Supplementary Fig. s10), and cocultured with OVA-positive 
Renca/LLC cells transient transfected with nc and shRgs1. In 
line with expectations, we found that compared with nc cells, 
shRgs1 cells showed diminished IFNγ production and aggra
vated resistance to the cytotoxicity of OT-I CD8+ T cells 
(Figure 3i–l). Further, by overexpressing OVA on Rgs1-OE 
cells, we observed an increase in SIINFEKL presented by 
H2Kb on the cell surface (Figure 3m, n). In addition, inclusion 
of MG132, an inhibitor of antigen processing machinery, pre
vented the upregulation of the surface presentation of 

Figure 3. RGS1 regulates antigen presentation via MHCI pathway. a Western blotting of MHCI in 786O cells stably expressing nc or shRGS1. b, c mRNA expression of 
antigen presentation (b) and antigen processing genes (c) in nc and shRGS1 786O cells. d Cell surface levels of MHCI in nc and shRGS1 786O cells. Right, quantification of 
the MFI. Cells in a – d were stimulated with 10 ng/ml human recombinant IFNγ or 0.1% BSA negative control for 24 h. e, f mRNA expression of antigen presentation 
(e) and antigen processing genes (f) in nc and shRgs1 LLC cells. g Cell surface levels of MHCI in nc and shRgs1 LLC cells. Right, quantification of the MFI. Cells in 
e – g were stimulated with 10 ng/ml mouse recombinant IFNγ or 0.1% BSA negative control for 24 h. h Schematic showing co-culture assay of Renca/LLC-OVA and 
OT-I T cells. Stable expression of full-length OVA in Renca/LLC cells can evaluate the function of the intracellular MHCI antigen presentation and processing pathway. 
Processed OVA peptide bound to MHCI is presented at the tumor cell surface and recognized by co-cultured antigen-specific OT-I T cells. i, j Killing effect of nc or 
shRgs1Renca-OVA (i) and LLC-OVA (j) cells after coculture with OT-I T cells. k, l The production of IFNγ of OT-I T cells cocultured with Renca (k) and LLC (l) cells were 
determined by ELISA. m, n Cell surface levels of SIINFEKL presented by H2Kb in Rgs1-OE-OVA Renca (m) and LLC (n) cells. Cells were treated with 10 uM MG132 for 12 h. 
Right, quantification of the mean fluorescence intensity (MFI). Data in the bar graphs represent mean ± S.D, n = 3. *p < .05, **p < .01, ***p < .001.
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SIINFEKL on H2Kb induced by RGS1 overexpression 
(Figure 3m, n). Together, these data suggest that RGS1 silen
cing could suppress CD8+ T-cell-mediated anti-tumor 
response through reduction of MHCI expression.

RGS1 promotes ATF3 binding to IFNGR1 promotor

It has been well established that RGS1 negatively regulates 
intracellular signaling of GPCRs by RGS domain that activates 
GTPase and suppresses G protein.24 As a GPCR, the adenosine 

Figure 4. RGS1 promotes ATF3 binding to IFNGR1 promoter. a Spearman correlation analysis of IFNGR1 and ATF3 from TCGA database. The red dots indicate p values < 
.05. b Western blotting of ATF3 in 786O and A549 cells stably expressing nc or shRGS1. c, d mRNA expression of ATF3 in 786O (c) and A549 (d) cells stably expressing nc 
or shRGS1. e Western blotting of ATF3 in 786O and A549 cells stably overexpressing vector or RGS1. f, g mRNA expression of ATF3 in 786O (f) and A549 (g) cells stably 
overexpressing vector or RGS1. h Western blotting of IFNGR1 in 786O and A549 cells transfected with nc or siATF3. i, j mRNA expression of IFNGR1 in 786O (i) and A549 
(j) cells transfected with nc or siATF3. k Western blotting of IFNGR1 in 786O and A549 cells transfected with vector or ATF3-overexpressing plasmid. l, m mRNA 
expression of IFNGR1 in 786O (l) and A549 (m) cells transfected with vector or ATF3-overexpressing plasmid. n Western blotting of IFNGR1, ATF3, and RGS1 in 786O and 
A549 cells stably expressing nc or shRGS1 after transfection with vector or ATF3-overexpressing plasmid. o Western blotting of IFNGR1 and ATF3 in 786O and A549 cells 
stably overexpressing vector or RGS1 after transfection with nc or siATF3. p – r ChIP-qPCR assay of ATF3, normal IgG and positive control Histone 3 in 786O (p) and A549 
(q) cells. s putative ATF3-binding sites in IFNGR1 promoter with two mutant sites marked as red vertical lines. t Luciferase assay of corresponding mutant sites on the 
activity of pmirGLO-IFNGR1 reporter in 293T cells. u Western blotting of CREB and p-CREB in 786O and A549 cells stably expressing nc or shRGS1. v, w Measurement of 
cAMP level in 786O (v) and A549 (w) cells stably expressing nc or shRGS1 by ELISA. x, y Measurement of PKA activity in 786O (x) and A549 (y) cells stably expressing nc or 
shRGS1 by ELISA. z Schematic diagram of RGS1 downstream signaling pathway. ns., not significant; *p < .05, **p < .01, ***p < .001.
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A1 receptor (ADORA1) has been recently reported to be 
involved in tumor immune escape inhibition through regulat
ing ATF3 and PD-L1.19 ATF3 functions as a transcription 
factor that can be induced by various cellular stresses.25 

Accordingly, we wondered whether ATF3 is responsible for 
the mechanism by which RGS1 regulates IFNGR1. By analysis 
of TCGA database, the expression level of ATF3 displayed 
positive correlation with IFNGR1 among a variety of cancer 
types (Figure 4a). We further validated the association of RGS1 
and ATF3 in 786O and A549 cells, and found that RGS1 
knockdown led to a remarkable reduction of ATF3 both at 
protein (Figure 4b) and mRNA levels (Figure 4c, d), which is 
consistent with the data that stable overexpression of RGS1 
enhanced the level of ATF3 (Figure 4e–g). Moreover, ATF3 
silenced by transient transfection of specific siRNAs notably 
decreased mRNA (Figure 4i, j) and protein levels (Figure 4h) of 
IFNGR1, and overexpression of ATF3 augmented the level of 
IFNGR1, conversely (Figure 4k–m). Further, the expression of 
IFNGR1 in 786O and A549 cells inhibited by RGS1 silencing 
could be rescued by overexpression of ATF3 (Figure 4n), and 
IFNGR1 augmented by RGS1 overexpression could also be 
rescued by knockdown of ATF3 (Figure 4o). Thus, these data 
indicate that ATF3 serves as an essential modulator for RGS1 
to provoke IFNGR1 expression.

To determine whether ATF3, as a transcription factor, 
direct targets IFNGR1, we identified two putative-binding 
sites for ATF3 at −1421/-1432 and −1000/-1012 in the 
promoter region of human IFNGR1 via JASPAR (http:// 
jaspar.genereg.net/). By means of CHIP-qPCR assay, we 
showed that more chromatin of IFNGR1 were precipitated 
with anti-ATF3 than with IgG in 786O and A549 cells 
(Figure 4p–r), which confirmed that ATF3 could directly 
bind to IFNGR1 promoter, thereby regulating transcription 
of IFNGR1. Further, we constructed promoter fragments 
containing mutations in the two identified regions to pre
vent ATF3 from binding properly (Figure 4s). To deter
mine whether the two putative ATF3 binding regions were 
transcriptional active, we performed a dual luciferase assay 
in 293T and revealed that mutation of IFNGR1 promoter at 
−1421/-1432 site led to a significantly decreased luciferase 
activity in Flag-ATF3 overexpressing group compared with 
control group, while that of the other site showed negligi
ble change (Figure 4t). Collectively, we demonstrated that 
ATF3 regulated IFNGR1 expression through directly bind
ing to the site (−1421/-1432) in the IFNGR1 promoter 
region in NSCLC and ccRCC.

In addition, we evaluated whether RGS1 regulates ATF3 via 
the cAMP/proteinkinase A (PKA)/cAMP-response element 
binding protein (CREB) axis as reported.19 Our results revealed 
a decreased cAMP level and PKA activity induced by RGS1 
knockdown in 786O and A549 cells (Figure 4v–y). 
Additionally, silencing of RGS1 also distinctly impaired the 
activity of CREB (Figure 4u). Further, we included 666–15, 
an inhibitor of CREB pathway (Supplementary Fig. s11a, b), 
and demonstrated that the expression of ATF3 was no longer 
changed by RGS1 knockdown when 666–15 was added 

(Supplementary Fig. s11c, d). In line with our findings, ATF3 
can directly bind to the promoter region of STAT1 to improve 
its transcription and activates IFNγ signaling.26 Together, these 
data suggest that RGS1 augments IFNGR1 expression through 
RGS1/cAMP/PKA/CREB/ATF3/IFNGR1 axis (Figure 4z).

RGS1 is associated with T cell infiltration in RCC and 
NSCLC mouse models

Given the regulative mechanism of RGS1 on IFNγ-STAT1 sig
naling in vitro, we further evaluated its role in ATF3/IFNGR1 
axis and T cell infiltration in RCC and NSCLC murine models. 
By IHC analysis, we found that expression levels of ATF3 and 
IFNGR1 were decreased in Renca and LLC tumors stably 
expressing ShRgs1, compared with CTRL group (Figure 5a). 
Similarly, a remarkably diminished level of CXCL9 was also 
observed in the ShRgs1 tumors (Figure 5a). Substantially, we 
evaluated T cell infiltration within the tumor mass. Figure 5b 
reveals decreased infiltration of CD3+ T cells, CD4+ T cells, 
CD8+ T cells and repressed PD1 expression within ShRgs1 
tumors. Through validating by immunofluorescence staining, 
we observed less CD8+ T cells accompanied with PD1 expres
sion in ShRgs1 tumors, indicating that fewer exhausted TILs 
could be unleashed by PD1 inhibition in tumors lack of RGS1 
(Figure 5c). Similar results were observed in a murine model of 
NSCLC (Figure 5d–f). Conversely, overexpression of RGS1 in 
tumor cells was associated with increased accumulation of CD3+ 

T cells, CD4+ T cells, and CD8+PD1+ T cells as expected 
(Supplementary Fig. s12a – d). These data collectively suggest 
that RGS1 in neoplastic cells regulates ATF3/IFNGR1 axis and 
T cell infiltration probably via secretion of CXCL9 in RCC and 
NSCLC murine models.

RGS1-ATF3-IFNGR1 axis is associated with the efficacy of 
PD1 inhibition therapy in clinical samples

To strengthen our findings in human cancer patient samples, 
we analyzed a link between RGS1, ATF3 and IFNGR1 in 
a cohort of 41 patients with ccRCC. IHC analysis showed that 
RGS1 was positively associated with ATF3 and IFNGR1 in 
tumor tissues, respectively (Supplementary Fig. s13a – d). 
Further, we validated our findings in a cohort of 21 NSCLC 
patients receiving monoclonal anti-PD1 therapy by dividing 
these patients into 10 responders and 11 not-responders, based 
on their responses. By means of multiple immunofluorescence 
staining, we observed elevated RGS1, ATF3, and IFNGR1 
expression in the tumors of responders, accompanied with 
enhanced infiltration of CD8+PD1+ T cells (Figure 6a–e). 
These findings were consistent with our previous in vivo and 
in vitro results, indicating that RGS1 displayed positively cor
relation with ATF3, IFNGR1, and tumor response to 
immunotherapy.

In line with the pathological findings above, radiological 
examination also demonstrated such association. Figure 6g 
shows two representative cases with pathological graphs before 
and after immunotherapy treatment where the radiologist 
indicated the diameter of the NSCLC tumor with red arrows. 
Based on the immunofluorescence analysis of RGS1 expres
sion, we divided NSCLC puncture biopsy specimens into 
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relatively high and low groups. Intriguingly, patient 1 with 
relatively high expression of RGS1 before immunotherapy, 
showed remarkably reduced lesion diameter after receiving 
immunotherapy; nevertheless, patient 11 who exhibited low 
RGS1 level showed tumor enlargement. Further, we analyzed 
the relationship between tumor lesion diameter changes after 
immunotherapy and RGS1 expression status before immu
notherapy in the 21 NSCLC patients enrolled in this study. 
Of the 10 patients with high RGS1 expression, 7 had reduced 
tumor lesions and 3 had enlarged tumor lesions; as a contrast, 
in the remaining 11 patients with low RGS1 expression, 8 
patients suffered from increased tumor size and 3 patients 
displayed tumor shrinkage (Figure 6f). As such, the correlation 
coefficient between RGS1 expression status before treatments 
and tumor diameter changes after immunotherapy was 0.724 
(p <.001) (Figure 6h). Moreover, clinical association research 
with these NSCLC patients revealed significant associations 
between prolonged progression-free survival (PFS) and high 

expression levels of RGS1, ATF3, and IFNGR1, respectively 
(Figure 6i–k), which is consistent with the previous report that 
ATF3 positively correlated with response to PD1 inhibition 
therapy in NSCLC.19 Taken together, these data indicate that 
RGS1 can be utilized as a promising predictor for the response 
to anti-PD1 immunotherapy, which potentially gives impetus 
to personalized ICB therapy at least in NSCLC.

Discussion

In the present study, we identified tumor-intrinsic RGS1 as 
positively associating with immunogenicity through bioinfor
matics analysis of TCGA data across several malignancies, and 
investigated the impact of RGS1 on IFNγ-STAT1 signaling and 
antigen presentation in cancer cells. By further employing 
murine allograft tumor models and human NSCLC datasets, 
we validated the role of RGS1 on response to immunotherapy. 
Overall, these findings suggest that tumor-intrinsic RGS1 

Figure 5. RGS1 is associated with T cell infiltration in RCC and NSCLC mouse models. a, d Representative images and quantification (right) of immunohistochemistry 
staining of IFNGR1, ATF3 and CXCL9 expression in harvested CTRL and ShRgs1 Renca (a) or LLC (d) subcutaneous tumor sections. The percentages of positively stained 
area (right) were analyzed using Image J software. Scale bar, 100 µm. b, e T cell infiltration and quantification (below) of Renca (b) or LLC (e) subcutaneous tumor. 
Paraffin-embedded tissue sections of murine tumors were immunohistochemically stained with antibodies against CD3, CD4, CD8 and PD1. The percentages of 
positively stained cells (below) were analyzed using Image J software. Scale bar, 100 µm. c, f Representative immunofluorescence images of CD8 and PD1 staining in 
ShRgs1 or CTRL Renca (c) or LLC (f) tumor sections. White arrows indicate merge of CD8 and PD1 fluorescence signals. Scale bar, 50 µm. Data in the graphs represent 
mean ± S.D, n = 5. *p < .05, **p < .01, ***p < .001.
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represents a pivotal modulator in tumor immunotherapeutic 
response (Supplementary Fig. s14).

CTL-expressed RGS1 and RGS16 have been previously 
documented to negatively correlate with anti-tumor immune 
response.16,21 Of note, Huang et al. have uncovered an intri
guing phenomenon that IFNγ-STAT1 signaling, which lies 
upstream of RGS1, has distinct effects on tumor cells and 
circulating CTLs in regard to T cell recruitment. Specifically, 
in circulating CTLs and TH1 cells, STAT1 activation impedes 
T cell migration, while in tumor cells, it retains T cells within 
the tumor mass and provokes anti-tumor immune response.16 

The opposed functions of RGS1 in neoplastic cells and T cells is 
consistent with that of IFNγ signaling, which establish 
a regulatory relationship that limits both adaptive and innate 
immune response to cancer immunotherapy.27 Here in the 
present study, we first propose the positive association between 
tumor-intrinsic RGS1 and immunogenicity in more than one 
malignancy with detailed molecular understandings; even so, 
further investigations should be proceeded.

Recently, several studies have highlighted the regulation of 
IFNγ receptors and their nonnegligible roles in anti-tumor 
immune response,10,11,28 which emphasize the importance of 

the integrity of IFNγ signaling in checkpoint therapy. In addi
tion, MHCI signaling is equally essential in anti-tumor immu
nity, which can be stimulated by IFNγ-STAT1 signaling or 
manipulated by other mechanisms to influence therapeutic 
outcomes.14,20 Regardless, our data indicate that RGS1 silen
cing suppresses both IFNγ and MHCI signaling via diminish
ing expression of IFNGR1 and MHCI genes transcriptionally, 
which shifts renal and lung tumors to a “cold” type.

As illustrated by our clinical cases, high expression level of 
RGS1, which indicates provoked immune response to check
point therapy, was accompanied with improved infiltration 
of CD8+PD1+ T cells, suggesting that RGS1 could serve as 
a promising predictor for the response to anti-PD1 therapy. 
Even so, this result needs to be further verified in a larger 
public cohort. RGS1 enrichment was observed in several 
malignancies including melanoma,29 ccRCC17 and 
NSCLC,30 and correlated with shorter overall survival in 
melanoma and several other cancers.31,32 Consistent with 
our data from preclinical murine models, RGS1 is probably 
identified as a tumorigenic regulator in multiple cancer 
types. In conjunction with the above-mentioned studies, we 
speculate that although highly expressed RGS1 in neoplastic 

Figure 6. RGS1-ATF3-IFNGR1 axis is associated with the efficacy of PD1 inhibition therapy in clinical samples. a – d Representative images (a) and quantification of 
immunofluorescence staining for IFNGR1(b), ATF3(c) and RGS1 (d) expression in NSCLC responder (n = 10) and non-responder (n = 11) specimens. Scale bar, 50 µm. 
e Representative immunofluorescence images of CD8 and PD1 staining in NSCLC responder and non-responder specimens. White arrows indicate merge of CD8 and 
PD1 fluorescence signals. Right, quantification of CD8+PD1+ T cells in tumor. Scale bar, 50 µm. f Change in tumor diameter for all NSCLC patients (n = 21), where those 
with increased tumor diameter are shown in red. g Representative radiological images for NSCLC responder and non-responder cases receiving PD1 inhibition 
treatment. Tumor diameter based on the CT imaging was annotated by the radiologist with a red line. h Quantitative correlation between tumor diameter changes after 
anti-PD1 treatment and RGS1 expression levels before that. Correlation coefficients and p values were calculated according to Spearman’s rank correlation method. 
i – k Kaplan–Meier survival curves of NSCLC patients’ progression-free survival on basis of the expression level of RGS1 (i), ATF3 (j) and IFNGR1 (k). *p < .05, **p < .01, 
***p < .001.
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cells induces abundant CD8+ T cells accumulation within 
tumors, it simultaneously triggers persistent antigen stimula
tion through augmented MHCI signaling which further eli
cits exhaustion of these recruited CD8+ T cells, and 
eventually turns on tumor-promoting effect. Moreover, 
other genes which promote tumor growth, such as PBRM1 
and USP22, also benefit immunotherapy and adoptive T-cell 
therapy, respectively.11,33 Besides, tumor suppressor ELF5 
which remarkably inhibits tumor growth, has poor effects 
on immunotherapy.34

Collectively, we consider there are several noteworthy points 
here. First, the unknown switch by which neoplastic cells or 
immune cells manipulate the expression of RGS1 and to what 
extent is IFNγ pathway involved requires further investigation. 
Second, the possibility that tumorigenic regulators such as RGS1 
benefit immunotherapy puts forward a new angle for future 
screening of genes related to immunotherapeutic efficacy. Third, 
paying close attention to the RGS family in multiple cell types and 
the status of exhausted T cells either before or during the ther
apeutic process may benefit personalized ICB therapy.

Taken together, our current study unveils a novel molecular 
mechanism underlying the modulatory effect of tumor- 
intrinsic RGS1 in immunotherapeutic response, which changes 
tumor immunogenicity and the susceptibility of tumor cells to 
T cell killing by regulating IFNγ-STAT1 signaling pathway and 
the expression of MHCI, and implicates that RGS1 may serve 
as a predictive marker and a potential target for clinical T-cell- 
based combination therapy.
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RGS1 Regulator of G-protein signaling 1
ATF3 Activating Transcription actor 3
IFNGR1 Interferon Gamma Receptor 1
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ICB Immune checkpoint blockade
ccRCC clear cell Renal Cell Carcinoma
NSCLC Non-small cell lung cancer
GPCR G-protein coupled receptor
CTLs Cytotoxic T lymphocytes
CHIP Chromatin immunoprecipitation
GSEA Gene Set Enrichment Analysis
TCGA The Cancer Genome Atlas
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