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ABSTRACT
Background  The therapeutic effect of immune 
checkpoint blockers, especially the neutralizing 
antibodies of programmed cell death (PD-1) and its ligand 
programmed death ligand 1 (PD-L1), has been well verified 
in melanoma. Nevertheless, the dissatisfactory response 
rate and the occurrence of resistance significantly hinder 
the treatment effect. Inflammation-related molecules like 
A20 are greatly implicated in cancer immune response, 
but the role of tumorous A20 in antitumor immunity and 
immunotherapy efficacy remains elusive.
Methods  The association between tumorous A20 
expression and the effect of anti-PD-1 immunotherapy 
was determined by immunoblotting, immunofluorescence 
staining and flow cytometry analysis of primary tumor 
specimens from melanoma patients. Preclinical mouse 
model, in vitro coculture system, immunohistochemical 
staining and flow cytometry analysis were employed to 
investigate the role of A20 in regulating the effect of anti-
PD-1 immunotherapy. Bioinformatics, mass spectrum 
analysis and a set of biochemical analyzes were used to 
figure out the underlying mechanism.
Results  We first discovered that upregulated A20 was 
associated with impaired antitumor capacity of CD8+T 
cells and poor response to anti-PD-1 immunotherapy 
in melanoma patients. Subsequent functional studies in 
preclinical mouse model and in vitro coculture system 
proved that targeting tumorous A20 prominently improved 
the effect of immunotherapy through the invigoration 
of infiltrating CD8+T cells via the regulation of PD-L1. 
Mechanistically, A20 facilitated the ubiquitination and 
degradation of prohibitin to potentiate STAT3 activation 
and PD-L1 expression. Moreover, tumorous A20 expression 
was highly associated with the ratio of Ki-67 percentage in 
circulating PD-1+CD8+T cells to tumor burden.
Conclusions  Together, our findings uncover a novel 
crosstalk between inflammatory molecules and antitumor 
immunity in melanoma, and highlight that A20 can be 
exploited as a promising target to bring clinical benefit to 
melanomas refractory to immune checkpoint blockade.

INTRODUCTION
Eradication of immune destruction is a hall-
mark of cancer, which is primarily due to 
the abnormal activation of immune check-
points and the termination of antitumor 
immune response. Programmed cell death 

(PD-1)/programmed death ligand 1 (PD-L1) 
have been demonstrated as a pair of major 
immune checkpoint molecules and valuable 
therapeutic targets for melanoma treatment.1 
For instance, the binding of membrane 
PD-L1 on tumor cells to PD-1 on T cells 
evokes an immunosuppressive signal that 
results in the dysfunction and even the apop-
tosis of cytotoxic T cells, thereby impairing 
antitumor immunity.2 Therefore, PD-1/
PD-L1 blockade is in a position to disrupt 
the interaction between tumor cells and T 
cells, which restores tumor-specific immune 
response.3 For melanoma patients receiving 
anti-PD-1 antibody monotherapy, the median 
overall survival could be up to 32.7 months 
after almost 5 years of follow-up.4 However, a 
proportion of 40%–60% of patients does not 
achieve any significant therapeutic response, 
and some patients even show complete resis-
tance to PD-1/PD-L1 blockade.5 Accumula-
tive evidence has revealed multiple primary 
and acquired alterations leading to treatment 
resistance of immunotherapy, including low 
mutational burden, defective antigenicity 
and antigen presentation of tumor cell 
and genomic dysregulation of interferon-γ 
(IFN-γ) signaling pathway.6–9 These reports 
have prompted potential molecular profile 
for predicting the treatment response and 
effective synergized therapeutic strategy for 
cancer immunotherapy. Notably, tumor cells 
can adaptively increase the expression of 
PD-L1 or other immune checkpoints under 
the control of IFN-γ after the treatment with 
anti-PD-1 antibody, rendering melanomas 
refractory to immunotherapy.10–12 Hence, 
the molecular mechanism underlying aber-
rant tumorous PD-L1 expression associated 
with the resistance to immunotherapy in 
melanoma is in urgent need to be clarified to 
improve the therapeutic efficacy.

Inflammation is closely related to the 
development of various cancers including 
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melanoma, with its pivotal role in the regulation of 
cancer immune response demonstrated recently.13–15 
To be specific, tumor necrosis factor-α (TNF-α) that is a 
common proinflammatory cytokine and its downstream 
pathway could induce tumor immune escape by elevating 
the expressions of immune checkpoint molecules.13 16 
On the other, TNF-α is also one of the major cytokines 
secreted by activated CD8+ T cells in tumor microenviron-
ment that potentiates antitumor immune response.17 18 
These reports highlight the vital impact of inflammatory 
signaling on antitumor immunity, though the actual func-
tion remains controversial. A20 is a primary responsive 
gene of TNF-α and is documented as a crucial negative 
mediator of inflammation as well as immune response in 
multiple immune cells.19 As a ubiquitin-editing enzyme, it 
is composed of an N-terminal OTU domain with deubiq-
uitinase activity and seven Cys2-Cys2 zinc finger C-ter-
minal domains functioning as a ubiquitin ligase.20 The 
cooperative activity of these two ubiquitin-editing domains 
mediates the negative regulatory role of A20 in NF-κB 
signaling,20 so that the genetic deficiency of TNFAIP3 
that encodes A20 protein can result in the onset and 
progression of multiple autoimmune diseases by ampli-
fying the pro-inflammatory NF-κB signaling.21 For cancer 
pathogenesis, previous investigations emphasized on A20 
expressed in tumor-infiltrating immune cells to clarify its 
effect on antitumor immunity. In B16 mouse melanoma 
tumor model, silencing of A20 in dendritic cells (DCs) 
enhanced NF-κB activity followed by elevated expres-
sion of interleukin 6 (IL-6), TNF-α and IL-12, leading to 
potentiated antitumor immune responses.22 In addition, 
tumor-infiltrating CD8+ T with the deletion of A20 had 
stronger antitumor capacity by relieving the brake on 
NF-κB signaling pathway.23 Of note, A20 is also abun-
dantly expressed in tumor cells and can directly influence 
their biological behaviors.24 25 Therefore, A20 expressed 
in immune cells and tumor cells in tumor microenviron-
ment are both greatly implicated in the pathogenesis of 
cancer. Previous studies regarding antitumor immunity 
mainly focused on the role of A20 that is expressed in 
immune cells. However, whether tumorous A20 can affect 
the function of tumor-infiltrating immune cells and the 
therapeutic effect of immunotherapy remains unknown.

In the present study, A20 was initially identified to be 
highly related with the effect of anti-PD-1 immunotherapy 
among melanoma patients. Preclinical melanoma mouse 
model and in vitro coculture system were then established 
to evaluate the therapeutic effect of anti-PD-1 immuno-
therapy with synergized suppression of tumorous A20 
expression. Subsequently, the potential mechanism of 
A20-mediated resistance to immunotherapy was further 
investigated by bioinformatics, mass spectrum analysis and 
a set of biochemical analyzes, with a particular emphasis 
on the regulation of PD-L1 expression. Furthermore, the 
relationship between tumorous A20 expression and the 
invigoration of circulating exhausted-phenotype CD8+ T 
cells after anti-PD-1 antibody treatment was analyzed in 
melanoma patients.

METHODS
A detailed description of the methods used in this study is 
available in online supplemental methods.

Statistical analysis
All experiments were repeated at least three times unless 
otherwise indicated. Error bars represent SE of the 
mean. Student’s t-test was used to compare two groups 
of independent samples. Liner regression was used to 
confirm the correlation between two groups of depen-
dent samples. P<0.05 was considered statistically signifi-
cant. Kaplan-Meier analysis and log-rank (Mantel-Cox) 
test were used to evaluate the statistical significance for 
comparison of survival curves. All statistical analyzes were 
performed with GraphPad Prism (GraphPad software 
V.6.0, La Jolla, USA).

RESULTS
A20 expression is correlated with the clinical response to 
anti-PD-1 antibody treatment in melanoma patients
Previously, several transcriptomic and proteomic 
researches have demonstrated that inflammation-related 
signals and molecules were highly correlated with the 
therapeutic effect of anti-PD-1 immunotherapy in mela-
noma.26–29 Of note, in a cohort of 54 melanoma patients 
receiving anti-PD-1 antibody monotherapy, we noticed 
that a high fraction of non-responding patients had abun-
dant expressions of immune gene markers like TNFAIP3 
(encoding A20) and TLR3 in tumor, which was associated 
with dampened immune response.29 A20 is a primary 
responsive gene of TNF-α and is documented as a nega-
tive mediator of inflammation. For cancer pathogenesis, 
previous investigations emphasized on A20 expressed in 
tumor-infiltrating immune cells and its effect on anti-
tumor immunity.22 23 However, our immunofluorescence 
staining assay revealed that A20 was mainly distributed in 
tumor cells (Melan A-positive) rather than lymphocytes 
(CD45-positive) in melanoma specimens (online supple-
mental figure 1A). We have recently demonstrated that 
upregulated A20 contributed to cell proliferation, metas-
tasis and the treatment resistance to vemurafenib in mela-
noma (data not shown), whereas the role of tumorous 
A20 in the regulation of antitumor immunity and 
immunotherapy effect remains elusive. To this end, we 
collected baseline primary tumors from 11 patients who 
subsequently treated with anti-PD-1 antibody. According 
to the response status, these patients were separated 
into response group (responder, n=6, partial response) 
and resistance group (non-responder, n=5, progressive 
disease) after 6 months of follow-up visit (figure  1A; 
online supplemental table 1). The age of patients showed 
no prominent difference between both groups (online 
supplemental table 1). We digested and fractionated mela-
noma specimens with trypsin to obtain protein lysates and 
performed immunoblotting analysis. As was shown, the 
protein level of tumorous A20 was remarkably increased 
in resistance group compared with that in response 
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group (figure 1B). Moreover, the survival analysis of the 
patients revealed that high tumorous A20 expression was 
associated with poor prognosis after receiving anti-PD-1 
antibody treatment (figure 1C).

To further illustrate the relationship between the 
tumorous A20 expression and antitumor immunity, we 

employed H&E staining and found that the number of 
tumor-infiltrating lymphocytes was significantly reduced 
in tumors with high A20 expression (figure 1D). Subse-
quent immunofluorescence staining analysis forwardly 
revealed that the number of infiltrated CD8+ T cells was 
negatively correlated with tumorous A20 expression in 

Figure 1  A20 expression is correlated with the efficacy of anti-PD-1 antibody treatment in melanoma patients. (A) The study 
cohort includes 11 patients receiving anti-PD-1 antibody treatment. Clinical parameters are indicated in the heat map. (B) 
Immunoblotting analysis of A20 expression in melanomas derived from 11 patients related to (A). The densitometric analysis 
was displayed below. (C) Kaplan-Meier survival analysis of melanoma patients with high A20 expression (n=5, resistance 
group) or low A20 expression (n=6, response group). (D) Representative H&E staining images of melanomas with relative 
high expression of A20 and low expression of A20 from 11 patients indicated in (A). Scale bars=50 µm. (E) Representative 
immunofluorescence staining images and analysis of CD8 expression in melanomas with relative high expression of A20 and 
low expression of A20 from 11 patients indicated in (A). The correlation analysis of A20 and CD8 expression was displayed 
on the right. Scale bars=50 µm. (F–H) The scatter diagram shows the linear correlation between relative tumorous A20 protein 
expression and the percentage of Ki-67 (F), Perforin (G) and Granzyme B (H) in infiltrated CD3+CD8+T cells in melanomas 
from 11 patients indicated in (A). P values were calculated by Spearman’s rank correlation coefficient analysis. *P< 0.05. IFN, 
interferon; PD-1, programmed cell death.
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these tumors (figure 1E). What’s more, we performed flow 
cytometry analysis on the cell suspensions derived from 
these tumors. It revealed that tumorous A20 expression 
was negatively correlated with the percentage of Ki-67-
positive CD8+ T cells (figure  1F), so were the percent-
ages of Perforin-positive and Granzyme B-positive CD8+ 
T cells (figure  1G,H). These results suggested that the 
loss of tumorous A20 might induce stronger antitumor 
immune response in melanoma, which was probably 
involved in rendering therapeutic resistance to anti-PD-1 
immunotherapy.

A20 regulates the therapeutic response to anti-PD-1 antibody 
treatment in melanoma
Then, we established a preclinical xenograft mouse 
model to investigate whether tumorous A20 could regu-
late the treatment effect of anti-PD-1 immunotherapy in 
melanoma. C57BL/6 mice were subcutaneously injected 
with wild-type murine B16F10 cells, a cell line that is 
resistant to PD-1 antibody,30 or B16F10 cells with the 
knockout of A20 by CRISPR/Cas9 (online supplemental 
figure 1B), followed with or without the treatment with 
anti-PD-1 antibody. Compared with the control group, 
the implantation with A20-deficient tumors or the mono-
treatment with anti-PD-1 antibody slightly prolonged the 
survival of mice (figure  2A). However, mice implanted 
with A20-deficient B16F10 tumor that also received anti-
PD-1 antibody treatment displayed superior survival rate 
(figure  2A). Moreover, we examined the alteration of 
tumor growth in another cohort of mice. The knock-
down of A20 or the monotreatment with anti-PD-1 anti-
body significantly led to the reduction of tumor volume 
and tumor weight (figure 2B,C). More importantly, A20 
knockout could sensitize melanoma to anti-PD-1 anti-
body treatment, leading to more prominent regression 
of xenograft tumors in mice (figure  2B,C). Together, 
tumorous A20 could impair the efficacy of anti-PD-1 
immunotherapy in melanoma.

We then performed immunohistochemical staining 
analysis of xenograft tumors after anti-PD-1 antibody 
treatment and found that A20 deficiency led to signifi-
cant enrichment of infiltrated lymphocytes in tumor 
(figure  2D). Subsequent flow cytometry analysis of the 
cell suspensions derived from these tumors displayed 
that the knockout of A20 induced significantly increased 
the number of Ki-67-positive CD8+ T cells and Granzyme 
B-positive CD8+ T cells (figure  2E,F), indicating that 
tumorous A20 suppressed the cytotoxicity and infiltration 
of CD8+ T cells in tumor microenvironment after anti-
PD-1 antibody treatment. In order to investigate the effect 
of tumorous A20 deficiency on the function of infiltrated 
CD8+ T cells, we cocultured B16F10 melanoma cells with 
murine Peripheral blood mononuclear cells (PBMCs) 
extracted from C57BL/6 mice that were burdened with 
B16F10 cells and received anti-PD-1 antibody treatment 
(figure  2G). Flow cytometry analysis on PBMCs in the 
coculture system revealed that the knockout of A20 
in melanoma cells increased the percentages of both 

Ki-67-positive CD8+ T cells and Granzyme B-positive CD8+ 
T cells (figure  2H,I). Moreover, the deficiency of A20 
induced more apoptosis of melanoma cells in the cocul-
ture system (figure 2J), while the apoptosis rate in single 
culture of B16F10 cells was minimally influenced by A20 
knockout (online supplemental figure 1C). These results 
reiterated that tumorous A20 affected the functional 
status of infiltrated CD8+ T cells and thereby participated 
in the regulation of anti-PD-1 immunotherapy efficacy. 
To further demonstrate that CD8+ T indeed mediated 
the effect, specific antibodies targeting CD8 were then 
injected intraperitoneally to block CD8+T cells system-
ically in xenograft mouse model (online supplemental 
figure 1D). CD8 antibody cotreatment could repoten-
tiate the tumor growth with increased tumor growth and 
tumor weight when the mice received anti-PD-1 antibody 
treatment (figure  2K,L). Therefore, CD8+T cells were 
required for the observed synergistic effect of anti-PD-1 
antibody treatment and the knockout of A20 on mela-
noma regression.

A20 modulates the expression of PD-L1
Accumulative evidence has revealed that the dysregula-
tion of immune checkpoints is highly related with tumor 
immune escape and resistance to immunotherapy.3 31 32 
In particular, IFN-γ-induced feedback up-regulation of 
PD-L1 in tumor microenvironment after anti-PD-1 anti-
body treatment has been regarded as a crucial mech-
anism for resistance to immunotherapy.10 Therefore, 
we proposed that A20 might manipulate the expression 
of PD-L1 or other immune checkpoints to affect the 
antitumor capacity of infiltrated lymphocytes, thereby 
affecting the treatment response to immunotherapy. 
To clarify this, we analyzed the relationship between 
TNFAIP3 mRNA level and the expressions of several 
immune checkpoints in The Cancer Genome Atlas 
(TCGA) Skin Cutaneous Melanoma (SKCM) database. 
TNFAIP3 mRNA level was in positive correlation with 
CD274 (encoding PD-L1) compared with PDCD1LG2 
(encoding PD-L2), CTLA-4, CD80, CD86 or ICOSLG 
(figure  3A; online supplemental figure 1E). In addi-
tion, gene set enrichment analysis was performed in 
TCGA SKCM database to identify distinctively expressed 
genes and biological pathways in melanoma correlated 
with PD-L1 mRNA expression (figure  3B; online 
supplemental table 2). Inflammation-related pathways 
(including Toll pathway, TNFR1 pathway and TNFR2 
pathway) were among the most significant pathways 
that positively correlated with PD-L1 expression (online 
supplemental table 2). We analyzed the relationship 
between TNFAIP3 mRNA level and several inflammation-
related molecules, which revealed that PD-L1 mRNA 
level was in markedly positive correlation with the 
mRNA expressions of TNFAIP3 and other proinflamma-
tory genes (figure  3B,C). In order to further confirm 
the relationship between tumorous A20 expression 
and PD-L1 expression, immunohistochemical staining 
analysis in tumor tissue microarray (TMA) that consists 
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of 82 melanoma cases was carried out. In line with the 
result from TCGA SKCM database, A20 expression was 
proportional to PD-L1 expression in melanoma tissues 
(figure  3D). Subsequent immunoblotting analysis of 

tumors from 11 patients reached a common conclusion 
(figures 3E and 1B).

We went on to observe whether A20 could regulate 
PD-L1 expression in melanoma. The immunoblotting 

Figure 2  A20 regulates the therapeutic effect of anti-PD-1 antibody treatment in melanoma. (A) Kaplan-Meier survival analysis 
of preclinical xenograft mice implanted with melanomas with or without the knockout of A20 expression, followed by the 
treatment with anti-PD-1 treatment (n=7 per group). P values were calculated by Mantel-Cox test. (B, C) Tumor growth (B) 
and tumor weight (C) of xenograft tumors in mice implanted with melanomas with or without the knockout of A20 expression 
followed by the treatment with anti-PD-1 treatment (n=4 per group). (D) Representative H&E staining images of excised tumors 
in mice receiving the treatment with anti-PD-1 antibody related to (B, C). Scale bars=50 µm. (E, F) Flow cytometry analysis 
of percentage of the percentage of Ki-67 and Granzyme B in tumor infiltrated CD8+T cells of xenograft tumors related to (B, 
C) (n=4 per group). (G) The flow chart shows PBMC extraction from xenograft mice and subsequent coculture with B16F10 
cells with or without the knockout of A20. The cocultured melanoma cells and PBMCs were then processed to flow cytometry 
analysis. (H, I) Flow cytometry analysis of the percentage of Ki-67 and Granzyme B in cocultured CD8+T cells related to (G) 
(n=4 per group). (J) The percentage of apoptotic melanoma cells in cocultured system related to (G). (K, L) Tumor growth (K) 
and tumor weight (L) of xenograft tumors in mice that were implanted with melanomas with or without the knockout of A20 and 
received the treatment with anti-PD-1 antibody, followed by the intraperitoneal injection of anti-CD8 antibody (n=4 per group). 
P value was calculated by two-tailed Student’s t-test. Data represent the mean±SEM of at least triplicates. *P< 0.05, **P< 0.01, 
***P< 0.001, ****P< 0.0001. ns, not significant; PD, programmed cell death; SEM, SE of the mean.
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analysis of whole cell lysis in two human melanoma cell 
lines showed that the knockdown of A20 significantly 
suppressed PD-L1 expression (figure  3F), so was the 

transcriptional level of PD-L1 (online supplemental figure 
1F). In addition, flow cytometry analysis revealed dimin-
ished membrane PD-L1 expression after the knockdown 

Figure 3  A20 regulates the expression of PD-L1. (A) Correlation analysis between TNFAIP3 mRNA level and several immune 
checkpoints in TCGA SKCM database. (B, C) GSEA analysis of PD-L1-associated molecules in TCGA SKCM database, and 
the correlation analysis between PD-L1 and several inflammation-related molecules. (D) Representative immunohistochemical 
(IHC) staining images of A20 and PD-L1 expressions in TMA. The association between A20 and PD-L1 expression in melanoma 
tissues was analyzed. (E) Immunoblotting analysis of PD-L1 expression in melanomas derived from 11 patients related to 
figure 1A. The scatter diagram shows the linear correlation between A20 and PD-L1 protein expression. (F) Immunoblotting 
analysis of the expression of PD-L1 in melanoma cell lines after the intervention of A20. (G) Flow cytometry analysis of 
membrane PD-L1 expression in melanoma cells after the intervention of A20. (H) Immunohistochemical staining analysis of PD-
L1 in xenograft tumors with the intervention of A20. Scale bars=100 µm. Data represent the mean±SEM of at least triplicates. P 
value was calculated by two-tailed Student’s t-test. GSEA, gene set enrichment analysis; PD-L1, programmed death ligand 1; 
SEM, SE of the mean; SKCM, Skin Cutaneous Melanoma.
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of A20 (figure  3G). Moreover, PD-L1 staining intensity 
in previous B16F10 xenograft tumors was also decreased 
with A20 deficiency (figure 3H), which proved that A20 
could promote PD-L1 expression in melanoma.

Tumorous A20 induces therapeutic resistance to anti-PD-1 
immunotherapy via PD-L1
We continued to explore whether the increase of PD-L1 
expression was responsible for A20-induced resistance 
to anti-PD-1 antibody treatment. To this end, C57BL/6 
mice were subcutaneously injected with B16F10 mela-
noma cells with the interventions of both A20 and PD-L1, 
followed with anti-PD-1 antibody treatment. In response 
to anti-PD-1 antibody treatment, although the lack of A20 
significantly inhibited melanoma progression, concurrent 
overexpression of PD-L1 reversed the inhibitory effect of 
A20 knockout (figure 4A,B). Through flow cytometry anal-
ysis of the cell suspension of implanted tumors, we discov-
ered that the knockout of tumorous A20 could increase 
the number of CD8+ T cells in tumor microenvironment 
after anti-PD-1 antibody treatment, whereas the concur-
rent over-expression of PD-L1 reversed the infiltration of 
CD8+ T cells (figure 4C). Since that PD-L1 on tumor cells 
mainly affects the function of immune cells expressing 
PD-1,33 we examined the number of infiltrated CD8+PD-
1+T cells in tumor. PD-L1 overexpression inhibited the 
increase of CD8+PD-1+ T cells caused by A20 deficiency as 
well (figure 4D). Moreover, the knockout of A20 in mela-
noma elevated the expressions of Ki-67 and Granzyme B 
in CD8+ T cells in tumor microenvironment, which were 
resuppressed after PD-L1 overexpression (figure 4E–F), 
indicating that the role of tumorous A20 in regulating 
the response to anti-PD-1 immunotherapy was depen-
dent on PD-L1. For further verification, we cocultured 
B16F10 melanoma cells with murine PBMCs that were 
extracted from C57BL/6 mice burdened with implanted 
B16F10 cells and received anti-PD-1 antibody treatment 
(figure 2G). The knockout of A20 in B16F10 cells led to 
more apoptosis in the co-culture system, whereas cocur-
rent overexpression of PD-L1 could repress cell death 
caused by cocultured PBMCs (online supplemental 
figure 2A). Subsequent flow cytometry analysis revealed 
that the deficiency of A20 in B16F10 cells increased the 
expressions of Ki-67 and Granzyme B in CD8+ T cells of 
co-culture system, while the co-current overexpression of 
PD-L1 eliminated the alteration (figure 4G,H), which was 
consistent with the results obtained in implanted tumors. 
Collectively, tumoral A20 could contribute to the resis-
tance to anti-PD-1 antibody treatment via the regulation 
of PD-L1 expression.

A20 promotes PD-L1 expression through STAT3 signal
We then investigated the potential mechanism under-
lying the regulation of A20 on PD-L1 expression. Bioin-
formatics analysis on TCGA SKCM database suggested 
that the genes positively correlated with TNFAIP3 mRNA 
level were enriched in multiple signaling pathways 
(figure  5A,B; online supplemental table S3), among 

which we focused on JAK-STAT signaling pathway due 
to its canonical regulatory effect on PD-L1 expression.34 
Although the analysis of TCGA SKCM database revealed 
that JAK2 mRNA expression was associated with TNFAIP3 
mRNA expression, the alteration of neither JAK2 protein 
expression nor its downstream STAT3 protein expres-
sion was observed in melanoma with A20 knockdown 
(figure 5C; online supplemental figure 2B). Nonetheless, 
the phosphorylation of STAT3 at Y705 was significantly 
weakened in case of A20 deficiency and increased after 
A20 overexpression (figure  5C). The immunofluores-
cence staining analysis revealed that A20 knockdown 
induced the decrease of STAT3 phosphorylation as well 
(figure  5D). Consistently, the mRNA levels of the tran-
scriptional targets of STAT3 including c-myc and Mcl-1 
were remarkably reduced (figure 5E).35 36 Therefore, the 
knockdown of A20 suppressed the transcriptional func-
tion of STAT3.

We further examined whether STAT3 acted as an inter-
mediate signal in the expression of PD-L1 regulated 
by A20. WP1066 that is a selective STAT3 inhibitor was 
used to inhibit STAT3 activity. Immunoblotting analysis 
showed that WP1066 treatment reversed the upregulation 
of PD-L1 caused by A20 overexpression (figure 5F). Flow 
cytometry analysis also displayed that WP1066 impeded 
membrane PD-L1 expression in melanoma cells with the 
overexpression of A20 (figure  5G). Chromatin immu-
noprecipitation assay showed impaired combination of 
STAT3 protein to PD-L1 promoter region after the knock-
down of A20 (figure 5H). Together, A20 promoted PD-L1 
transcription and expression in a STAT3-dependent way.

Prohibitin mediates the regulatory role of A20 in STAT3 
phosphorylation
Thereafter, the potential mechanism by which A20 regu-
lated STAT3 phosphorylation was investigated. We first 
supposed that IL-6, a classic upstream cytokine of STAT3, 
may be regulated by A20 in melanoma cells. However, 
we failed to observe significant alteration of IL-6 secre-
tion after the knockdown of A20 (online supplemental 
figure 2C), indicating that A20 was not capable of acti-
vating STAT3 by promoting autocrine IL-6 signal. Mean-
while, SOCS3, the crucial negative regulator of STAT3, 
was not significantly altered after A20 knockdown (online 
supplemental figure 2D), excluding the responsibility of 
SOCS3 in the phosphorylation of STAT3 induced by A20. 
Afterwards, mass spectrum analysis was used to identify 
differentially-expressed proteins after the knockdown of 
A20 in two melanoma cell lines A2058 and A375, respec-
tively (figure  6A). As a result, the expressions of 1715 
proteins were upregulated in both A375 and A2058 cells, 
while the expressions of 264 proteins were downregulated 
(figure 6A). Since that A20 could regulate protein expres-
sions with its ubiquitin-editing enzymatic activity via direct 
interaction with its substrates,19 we performed coimmu-
noprecipitation (co-IP) assay, followed by mass spectrum 
analysis to uncover the proteins that directly interacted 
with A20, and examined whether the interacted proteins 
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were enlisted in upregulated or downregulated proteins 
after the intervention of A20. Conspicuously, 13 of the 
1715 upregulated proteins and 3 of the 264 downregu-
lated proteins were enlisted in A20-interacted proteins 

(figure 6A; online supplemental table 4), among which 
prohibitin (PHB) had been previously reported as a 
regulator of STAT3 phosphorylation.37 Afterwards, we 
performed co-IP assay by precipitating STAT3, A20 and 

Figure 4  tumorous A20 contributes to therapeutic resistance to anti-PD-1 antibody treatment via PD-L1. (A, B) Tumor growth 
(A) and tumor weight (B) of implanted B16F10 melanomas with indicated interventions of A20 and PD-L1 expression followed 
by anti-PD-1 antibody treatment (n=4 per group). (C, D) Absolute number of CD3+CD8+T cells and CD3+CD8+PD-1+T cells 
in implanted melanomas related to (A, B) (n=4 per group). (E, F) Flow cytometry analysis of the percentage of Ki-67 (E) and 
Granzyme B (F) in infiltrated CD8+T cells from the indicated melanomas related to (A, B) (n=4 per group). (G, H) Flow cytometry 
analysis of the percentage of Ki-67 and Granzyme B in PBMC in melanoma cell-PBMC coculture system (n=4 per group). P 
value was calculated by two-tailed Student’s t-test. Data represent the mean±SEM. *P< 0.05, **P< 0.01, ***P< 0.001, ****P< 
0.0001. ns, not significant; PD-1, programmed cell death; PD-L1, programmed death ligand 1; SEM, SE of the mean.
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PHB in cell lysate respectively, and confirmed that PHB 
directly interacted with A20 and STAT3 (figure 6B). More-
over, the knockdown of A20 led to upregulation of PHB 
expression, while the overexpression of A20 suppressed 
the expression of PHB (online supplemental figure 2E), 
which was consistent with the result of previous mass 
spectrum analysis. Subsequent immunoprecipitation 
assay denoted that elevated A20 expression inhibited 
the interaction between PHB and STAT3, along with the 
decline of PHB expression (figure  6C). Furthermore, 
the knockdown of PHB in A2058 and A375 cell lines was 
established, which brought about prominent increase 
of STAT3 phosphorylation at Y705. Meanwhile, PD-L1 
expression was upregulated (figure 6D), implicating the 
negative regulatory role of PHB in STAT3 activation and 
PD-L1 expression. In summary, A20 was capable of allevi-
ating the inhibitory effect of PHB on STAT3 phosphory-
lation and activation, thus activating PD-L1 transcription 
and expression.

We further explored how A20 regulated PHB expres-
sion. The intervention of A20 did not change the mRNA 
level of PHB (online supplemental figure 2F), suggesting 
that A20 regulated PHB at the post-translational level. 
A20 has been generally recognized as an ubiquitin-editing 
enzyme with integrated function of deubiquitinating 
and ubiquitinating its substrates. For this assessment, 
we then investigated whether A20 acted as a deubiquiti-
nase or ubiquitin ligase of PHB. After the treatment with 
proteasome inhibitor MG132, A20-induced reduction 
of PHB expression was reversed in melanoma cell lines 
(figure  6E), indicating that proteasomal pathway was 
involved in the degradation of PHB mediated by A20. 
Furthermore, cycloheximide pulse-chase analysis showed 
that the turnover of intracellular PHB was significantly 
delayed after the knockdown of A20 (figure 6F,G). More-
over, immunoprecipitation assay stated that K48-linked 
ubiquitin chain bonded to PHB, which was markedly 
attenuated after the knockdown of A20 (figure  6H), 

Figure 5  A20 promotes PD-L1 expression through STAT3 signal. (A, B) Representative pathways and corresponding genes 
identified to be associated with A20 expression in TCGA SKCM database. (C) Immunoblotting analysis of the expression of 
total STAT3 and phosphor-STAT3 (Y705) in melanoma cells after the intervention of A20. (D) Immunofluorescence staining 
analysis of phosphorylated STAT3 after the intervention of A20. Scale bar=20 µm. (E) Immunoblotting analysis of Mcl-1 and 
c-myc in melanoma cells after the intervention of A20. (F) Immunoblotting analysis of PD-L1 expressions in melanoma cells 
after the overexpression of A20, followed by the treatment of STAT3 inhibitor WP1066. (G) Flow cytometry analysis of PD-L1 
membrane expression in melanoma cells after the overexpression of A20 followed by the treatment of STAT3 inhibitor WP1066 
(n=3 per group). (H) Chromatin immunoprecipitation and qRT-PCR analysis displayed the mRNA level of PD-L1 promoter region 
that interacted with anti-STAT3 antibody in melanoma cells after the intervention of A20 (n=3 per group). Data represent the 
mean±SEM of triplicates. P value was calculated by two-tailed Student’s t-test. ES, enrichment score; PD-L1, programmed 
death ligand 1.
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implying that A20 may act as an E3 ubiquitin ligase of 
PHB and regulate its ubiquitination and degradation.

We continued to identify the ubiquitination site of PHB. 
Through the analysis in two websites that predict ubiquiti-
nation site, CKSAAP Ubsite and Ubpred (online supple-
mental table 5), 2 lysine residues (K186 and K202) with 
relative higher ubiquitination potential were suggested. 
We constructed two PHB mutants in which the K186 
and K202 residues were replaced by arginine, respec-
tively (named K186R and K202R), and then transfected 
vectors harboring WT PHB or the two PHB mutants into 
melanoma cells with the knockdown of endogenous 
PHB expression. Consequently, either K186R or K202R 
could give rise to significant reduction of K48-linkage 
ubiquitination of PHB (figure  6I). Moreover, the inter-
action between A20 and PHB was dampened after the 
transfection of either K186R or K202R mutant similarly 

(especially K202R) (figure 6I), indicating that K202 and 
K186 were both required for the ubiquitination of PHB by 
A20. Together, PHB was a direct ubiquitination substrate 
of A20, which at least partially mediated the proteasomal 
degradation of PHB. Additionally, A20 overexpression 
could promote PHB ubiquitination and proteasomal 
degradation, thereby restoring STAT3 activity to promote 
PD-L1 transcription.

Tumorous A20 expression is associated with the invigoration 
of circulating exhausted-phenotype CD8+ T cells in response 
to anti-PD-1 antibody treatment
After confirming the involvement of A20-PHB-STAT3-
PD-L1 axis in the regulation of immunotherapy resis-
tance, we performed immunohistochemical analysis in 
TMA to examine the association between A20 and PHB 
expression and the relationship between PHB and PD-L1 

Figure 6  Prohibitin mediates the regulatory role of A20 on STAT3 phosphorylation. (A) Venn diagram displayed the 
overlap between A20-interated proteins and differentially-expressed proteins after the intervention of A20. (B) Reciprocal 
coimmunoprecipitation among PHB, A20 and STAT3, followed by immunoblotting analysis in A375 and A2058 melanoma cell 
lines. (C) Coimmunoprecipitation assay followed by immunoblotting analysis shows the changes of the interaction between 
STAT3 and PHB in melanoma cells after the overexpression of A20. (D) Immunoblotting analysis of phosphor-STAT3 (Y705), 
PD-L1 and PHB after the knockdown of PHB. (E) Immunoblotting analysis of PHB expression in melanoma cells with or without 
A20 overexpression followed by the treatment with MG132. (F, G) Immunoblotting analysis of PHB expression in melanoma cells 
with or without the knockdown of A20 followed by the treatment with CHX (n=3 per group). (H) Coimmunoprecipitation analysis 
of the interaction between K48-linked ubiquitin chain and PHB after the knockdown of PHB. (I) Co-immunoprecipitation analysis 
of interaction between PHB and K48-linked ubiquitin chain or A20 in melanoma cells with the knockdown of endogenous PHB 
followed by the overexpression of WT PHB, PHB K186R and PHB K202R. Data represent the mean±SEM of triplicates. P value 
was calculated by two-tailed Student’s t-test. CHX, cycloheximide; PD-L1, programmed death ligand 1; PHB, prohibitin; SEM, 
SE of the mean.
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expression, so as to verify this axis further. PHB expres-
sion was significantly downregulated in melanoma tissues 
compared with nevus tissues (online supplemental figure 
2G). Moreover, PHB expression was in negative correla-
tion with PD-L1 expression, and the expression of A20 
was also negatively correlated with PHB expression in 
melanoma in TMA (figure 7A,B). Our analysis on TCGA 
SKCM database showed that the level of PHB was nega-
tively correlated with TNFAIP3 mRNA expression and 
CD274 mRNA level respectively (online supplemental 
figure 2H,I). These results provided in vivo evidence 
for the regulatory effect of A20 on PHB and PD-L1 
expressions.

Of note, a previous study has proved that exhausted-
phenotype CD8+ T cells (Tex), a subset of CD8+ T cells 
with restrained function because of inhibitory receptors 
like PD-1, is the major target of anti-PD-1 antibody treat-
ment.2 The invigoration of circulating Tex characterized 
by increased ratio of Ki-67 percentage to tumor burden 
in particular the ratio of Ki-67 in circulating PD-1+CD8+ T 
cells to tumor burden, is highly associated with the clin-
ical response to anti-PD-1 antibody immunotherapy.5 By 

using flow cytometry analysis of PBMCs from the previ-
ously enrolled 11 melanoma patients receiving anti-PD-1 
antibody treatment, we observed that the ratio of Ki-67 
percentage in circulating PD-1+CD8+ T cells to tumor 
burden was increased more prominently in patients 
with low tumorous A20 expression than those with high 
tumorous A20 expression (figure  7C). Evidently, the 
expression of tumorous A20 was in negative correla-
tion with both Granzyme B and Perforin in circulating 
PD-1+CD8+ T cells of 11 melanoma patients after anti-PD-1 
antibody treatment (figure  7D,E). These results convey 
that tumorous A20 was significantly associated with the 
reactivation of circulating exhausted-phenotype CD8+ 
T in response to anti-PD-1 antibody treatment, which is 
consistent with the biological effect of A20 on the thera-
peutic efficacy of anti-PD-1 immunotherapy.

DISCUSSION
So far, approved anti-PD-1 antibodies are widely applied 
in clinical practice, which significantly prolongs the 
survival of patients with advanced melanoma. However, 

Figure 7  tumorous A20 expression is associated with the invigoration of exhausted-phenotype CD8+T in response to anti-
PD-1 antibody treatment. (A) The correlation between A20 and PHB expression in melanoma tissues in TMA, r value was 
calculated by Spearman correlation, p value was calculated by two tailed Student’s t-test. (B) The correlation between PD-
L1 expression and PHB expression in melanoma tissues in TMA. r value was calculated by Spearman correlation, p value 
was calculated by two tailed Student’s t-test. (C) The ratio of the Ki-67 percentage in CD8+PD-1+T cells to tumor burden in 
melanomas with high expression of A20 (n=5, Resistance group) and low expression of A20 (n=6, Response group). (D, E) The 
correlation between relative A20 protein expression and Ki-67 percentage or Granzyme B percentage of CD8+PD-1+T cells in 
melanomas. r value was calculated by Spearman correlation, p value was calculated by two-tailed Student’s t-test. PD-L1, 
programmed death ligand 1; PHB, prohibitin.
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low response rate and the establishment of drug resis-
tance significantly restrain the durable effect of anti-
PD-1 antibodies.2 6 7 Some studies have signified that 
tumorous PD-L1 expression is closely associated with 
clinical response and therapeutic efficacy of immune 
checkpoint blockade in melanoma.38 39 Nevertheless, the 
role of tumorous PD-L1 in the efficacy of immunotherapy 
remains controversial. For one thing, high expression of 
PD-L1 in tumor cells before treatment is regarded as a 
biomarker of better response.40 For the other, in response 
to anti-PD-1 antibody treatment, the re-activation of CD8+ 
T cell is in position to promote the secretion of IFN-γ, 
which induces feedback upregulation of PD-L1 that limits 
the effect of PD-1/PD-L1 blockade.10 12 Hence, the role of 
tumorous PD-L1 in the regulation of therapeutic outcome 
of immunotherapy is equipped with a bearing on the time 
phase of treatment (before or during the treatment), and 
suppressing the sustained PD-L1 upregulation in tumor 
during treatment could be helpful for obtaining durable 
therapeutic effect and elevating the therapeutic effi-
cacy. In the present study, the increased A20 expression 
contributed to the upregulation of PD-L1 expression in 
melanoma after anti-PD-1 antibody treatment, indicating 
that A20 is required for sustained PD-L1 expression that 
causes treatment resistance. Therefore, controlling A20 
expression in tumor during anti-PD-1 antibody treatment 
is a valuable strategy to increase therapeutic efficacy and 
provide clinical benefits for patients with melanoma and 
other cancer types.

Inflammation-related signals can trigger the eradica-
tion of cancer immune escape and influence the outcome 
of immunotherapy,13 14 16but the underlying mechanism 
needs to be further elucidated. A20 has always been 
recognized as an important modulator of inflamma-
tion and immune response.19 Through the ubiquitina-
tion of RIPK1 and TRAF6, A20 is capable of inhibiting 
proinflammatory NF-κB pathway and the expressions of 
downstream cytokines.41 Moreover, the loss of function 
of A20 could cause inflammatory response and even 
lead to the onset and development of many autoimmune 
diseases.19 21 41 Recently, the regulatory role of A20 in 
immune cells has been expanded to be associated with 
antitumor immunity. Precisely, the overexpression of A20 
in CD8+ T cells can dampen the nuclear accumulation of 
NF-κB components and impose a brake on the antitumor 
activity of CD8+ T cells.23 In addition, in vivo silence of 
A20 expression in DCs could potentiate the antitumor 
immune response and delay tumor progression.22 It is 
necessary to note that A20 is also abundantly expressed 
in tumor cells that are dominant in the tumor microen-
vironment. Still, previous studies mainly paid attention 
to the role of tumorous A20 in the regulation of tumor 
cell behavior instead of surrounding immune cells. 
Extending to this, our present study demonstrated that 
A20 was proved as a novel upstream regulator of PD-L1 
and was responsible for attenuated activity of infiltrated 
CD8+ T cell and thereby tumor progression and immuno-
therapy resistance. Therefore, A20 is capable of exerting 

its immunosuppressive effect against tumor immunity 
in various ways, not only by regulating the function of 
immune cells directly, but also by activating suppressive 
signals in immune cells indirectly through tumorous 
immune checkpoints like PD-L1.

Cumulating evidence has revealed the regulatory 
mechanisms of PD-L1 expression from the perspective of 
transcriptional, translational and post-translational modi-
fication, respectively, which can be connected to multiple 
hallmark characteristics of cancer, including oncogene, 
cell-cycle progression and lipid metabolism.42–44 Inflam-
mation is also crucial for cancer pathogenesis owing to its 
contribution to tumor cell survival, angiogenesis, cancer 
metastasis and the eradication of antitumor immunity.45 A 
recent study demonstrated the proinflammatory cytokine 
TNF-α as a major factor triggering cancer immunosup-
pression against T cell surveillance via the stabilization 
of PD-L1.16 Our data forwardly emphasized the connec-
tion between inflammation and antitumor immunity 
by demonstrating that A20 promoted the expression of 
PD-L1 to impair the antitumor activity of CD8+ T cells. 
Mining the publicly available transcriptomic data in 
TCGA SKCM database also provided us with the notion 
that inflammation pathway was highly correlated with 
PD-L1 expression in melanoma. Therefore, targeting 
A20 or alternative inflammation-related signals could be 
adopted in a broad spectrum of therapeutic backgrounds 
in view of the interplay among inflammation, cancer 
pathogenesis and tumor immune response.

The pathogenic role of A20 has been verified in 
different kinds of cancers, which is associated with distinct 
ubiquitin-editing functions. In breast cancer, A20 facili-
tates TGF-β1-induced tumor metastasis through multi-
monoubiquitylation of Snail1,24 whereas in gastric cancer, 
A20 mediates poly-ubiquitination of RIP1 and inhibits 
TRAIL-induced cell apoptosis.25 Supplementary to these, 
our study recognized PHB as a novel substrate of A20. 
A20 acted as a ubiquitin ligase of PHB by binding K48-
linked ubiquitin chain and accelerating its proteasomal 
degradation, which extended the substrate network of 
A20 and the regulatory mechanism of PHB. In addition, 
PHB directly interacted with STAT3 and suppressed its 
phosphorylation and activation, which was attenuated 
after A20 overexpression. Our results indicated an A20-
PHB-STAT3-PD-L1 regulatory axis in melanoma, which 
was supported by further bioinformatics analysis on 
TCGA SKCM database. It ought to be noted that previous 
studies have demonstrated that PHB mediated the resis-
tance to chemotherapy and BRAF-targeted therapy in 
tumor.46 47 More than this, our study implicated that PHB 
also mediated the resistance to immunotherapy by trans-
ducing the signal from A20 to STAT3, suggesting PHB as a 
versatile regulator and a promising therapeutic target for 
the determination of the treatment outcomes of diverse 
therapeutic approaches in cancer.

The invigoration of infiltrated cytotoxic CD8+ T cells 
in tumor microenvironment, especially the exhausted-
phenotype CD8+ T cells (Tex) which are restrained by 
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inhibitory receptors like PD-1, is largely responsible for 
the effect of anti-PD-1 antibody.5 In consistent with this 
notion, the suppression of tumorous A20 could revive the 
antitumor capacity of infiltrated CD8+ T cells, synergizing 
with the effect of anti-PD-1 antibody treatment. In fact, 
several previous studies have demonstrated the crucial 
role of tumor intrinsic molecules in the regulation of 
surrounding immune cells and their antitumor immu-
nity.48 Hence, to obtain the invigoration of dysfunctional 
immune cells by targeting tumor cells is promising for 
elevating the efficacy of immunotherapy. What’s more, T 
cell invigoration to tumor burden ratio is highly associ-
ated with the clinical response of anti-PD-1 antibody treat-
ment.5 Since that the expression of tumorous A20 was in 
negative correlation with the T cell invigoration to tumor 
burden ratio, the application of tumorous A20 expression 
status to guiding appropriate use of anti-PD-1 antibody in 
treating advanced melanomas can be taken into consider-
ation in the future.

Previous studies have expounded the excellent trans-
lational potential of targeting A20 in terms of treating 
various diseases. Precisely, A20 in DCs is able to suppress 
NF-κB signaling and constrain DCs-mediated T-cell stim-
ulation, mitigating T-cell-dependent blood pressure 
elevation.49 In addition, the downregulation of A20 
contributes to the development of childhood asthma, 
and acts as a possible biomarker for predicting asthma.50 
Consequently, targeting A20 has the translational poten-
tial for the prevention and treatment of hypertension 
and asthma, and it is further expanded for cancer treat-
ment with particular focus on PD-L1-dependent anti-
tumor immunity according to our present investigation, 
providing a novel method for immunity-based cancer 
therapy for the crucial regulatory role of A20 in PD-L1 
expression and inflammatory response as well. Conspic-
uously, some clinical trials have enrolled the patients 
for the test of combined therapies of anti-PD-L1/PD-1 
antibodies and the inhibitors of the upstream regulatory 
molecules of PD-L1 like Akt and STAT3 (NCT03421353, 
NCT03772561) .34 48 Moreover, several studies demon-
strated that the concurrent suppression of the upstream 
regulator of PD-L1 expression could increase the effi-
cacy of immunotherapy in pre-clinical mouse model.43 51 
Given the findings of the present study, it is necessary 
to testify the translational potential of targeting A20 in 
cancer immunotherapy in prospective trials.

CONCLUSIONS
In summary, our findings delineate the interplay between 
inflammation-related signal and antitumor immunity by 
expounding that A20 controls PD-L1 expression via PHB-
STAT3 axis so as to confer therapeutic resistance to anti-
PD-1 immunotherapy. Targeting tumorous A20 is able 
to potentiate the antitumor capacity of cytotoxic CD8+ 
T cells and promote the therapeutic response to PD-1/
PD-L1 blockade in melanoma. Given the fact that dysreg-
ulated A20 contributes to the pathogenesis of various 

cancers and A20 is a crucial regulator of inflammation 
and immunity, our study provides the proof of a principle 
for the development of immunotherapeutic strategy in 
cancers that are associated with inflammation.

Acknowledgements  The authors gratefully thank Professor Rui Zhang for the 
helpful suggestions.

Contributors  CL and WG conceived of the study and carried out its design. WG, 
JM, SG, HW, SW, XY, QN, FY, JM and YY performed the experiments. WG, JM, SG, 
SW, QS, LL, TZ, JZ, JC and GZ conducted the statistical analyses. CY applied the 
ethical documents. TG provided crucial suggestions for experimental design. WG 
and JM wrote the paper. CL and WG revised the paper. SC proofread the paper. All 
authors read and approved the final manuscript. Moreover, the authors declare no 
competing interests.

Funding  The research leading to these results has received funding from National 
Natural Science Foundation of China (No. 81625020, No. 81902791, No. 81803112, 
No. 81803141) and Key Research and Development Program of Shaanxi Province 
(2019SF-079).

Competing interests  None declared.

Patient consent for publication  Obtained.

Ethics approval  All animal experiments were approved by the Animal Experiment 
Administration Committee of Fourth Military Medical University. The use of human 
samples was approved by the Ethics Committee of Xijing Hospital and conformed to 
Declaration of Helsinki.

Provenance and peer review  Not commissioned; externally peer reviewed.

Data availability statement  Data are available in a public, open access repository. 
All data relevant to the study are included in the article or uploaded as online 
supplemental information. Data are available in a public, open access repository. All 
data generated or analyzed during this study are included in this manuscript.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See http://​creativecommons.​org/​licenses/​by-​nc/​4.​0/.

ORCID iD
Chunying Li http://​orcid.​org/​0000-​0003-​3004-​5376

REFERENCES
	 1	 Chen DS, Mellman I. Elements of cancer immunity and the cancer-

immune set point. Nature 2017;541:321–30.
	 2	 Callahan MK, Wolchok JD. Recruit or Reboot? how does anti-

PD-1 therapy change tumor-infiltrating lymphocytes? Cancer Cell 
2019;36:215–7.

	 3	 Juneja VR, McGuire KA, Manguso RT, et al. PD-L1 on tumor cells is 
sufficient for immune evasion in immunogenic tumors and inhibits 
CD8 T cell cytotoxicity. J Exp Med 2017;214:895–904.

	 4	 Robert C, Ribas A, Schachter J, et al. Pembrolizumab versus 
ipilimumab in advanced melanoma (KEYNOTE-006): post-hoc 5-year 
results from an open-label, multicentre, randomised, controlled, 
phase 3 study. Lancet Oncol 2019;20:1239–51.

	 5	 Huang AC, Postow MA, Orlowski RJ, et al. T-Cell invigoration to 
tumour burden ratio associated with anti-PD-1 response. Nature 
2017;545:60–5.

	 6	 Rizvi NA, Hellmann MD, Snyder A, et al. Cancer immunology. 
mutational landscape determines sensitivity to PD-1 blockade in 
non-small cell lung cancer. Science 2015;348:124–8.

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-001866 on 9 D

ecem
ber 2020. D

ow
nloaded from

 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0003-3004-5376
http://dx.doi.org/10.1038/nature21349
http://dx.doi.org/10.1016/j.ccell.2019.08.009
http://dx.doi.org/10.1084/jem.20160801
http://dx.doi.org/10.1016/S1470-2045(19)30388-2
http://dx.doi.org/10.1038/nature22079
http://dx.doi.org/10.1126/science.aaa1348
http://jitc.bmj.com/


14 Guo W, et al. J Immunother Cancer 2020;8:e001866. doi:10.1136/jitc-2020-001866

Open access�

	 7	 Zaretsky JM, Garcia-Diaz A, Shin DS, et al. Mutations associated 
with acquired resistance to PD-1 blockade in melanoma. N Engl J 
Med 2016;375:819–29.

	 8	 Sade-Feldman M, Jiao YJ, Chen JH, et al. Resistance to checkpoint 
blockade therapy through inactivation of antigen presentation. Nat 
Commun 2017;8:1136.

	 9	 Gao J, Shi LZ, Zhao H, et al. Loss of IFN-γ pathway genes in tumor 
cells as a mechanism of resistance to anti-CTLA-4 therapy. Cell 
2016;167:e399:397–404.

	10	 Benci JL, Xu B, Qiu Y, et al. Tumor interferon signaling regulates a 
multigenic resistance program to immune checkpoint blockade. Cell 
2016;167:e1512:1540–54.

	11	 Cerezo M, Guemiri R, Druillennec S, et al. Translational control of 
tumor immune escape via the eIF4F-STAT1-PD-L1 axis in melanoma. 
Nat Med 2018;24:1877–86.

	12	 Theivanthiran B, Evans KS, DeVito NC, et al. A tumor-intrinsic PD-L1/
NLRP3 inflammasome signaling pathway drives resistance to anti-
PD-1 immunotherapy. J Clin Invest 2020;130:2570–86.

	13	 Bertrand F, Montfort A, Marcheteau E, et al. Tnfα blockade 
overcomes resistance to anti-PD-1 in experimental melanoma. Nat 
Commun 2017;8:2256.

	14	 Shi L, Wang J, Ding N, et al. Inflammation induced by incomplete 
radiofrequency ablation accelerates tumor progression and hinders 
PD-1 immunotherapy. Nat Commun 2019;10:5421.

	15	 Khou S, Popa A, Luci C, et al. Tumor-Associated neutrophils dampen 
adaptive immunity and promote cutaneous squamous cell carcinoma 
development. Cancers 2020;12. doi:10.3390/cancers12071860. 
[Epub ahead of print: 10 07 2020].

	16	 Lim S-O, Li C-W, Xia W, et al. Deubiquitination and stabilization of 
PD-L1 by CSN5. Cancer Cell 2016;30:925–39.

	17	 Ratner A, Clark WR. Role of TNF-alpha in CD8+ cytotoxic T 
lymphocyte-mediated lysis. J Immunol 1993;150:4303–14.

	18	 Mulé JJ, Mulé JJ, Spiess PJ, et al. Interferon gamma and tumor 
necrosis factor have a role in tumor regressions mediated 
by murine CD8+ tumor-infiltrating lymphocytes. J Exp Med 
1991;173:647–58.

	19	 Majumdar I, Paul J. The deubiquitinase A20 in immunopathology of 
autoimmune diseases. Autoimmunity 2014;47:307–19.

	20	 Wertz IE, O'Rourke KM, Zhou H, et al. De-Ubiquitination and 
ubiquitin ligase domains of A20 downregulate NF-kappaB signalling. 
Nature 2004;430:694–9.

	21	 Ma A, Malynn BA. A20: linking a complex regulator of ubiquitylation 
to immunity and human disease. Nat Rev Immunol 2012;12:774–85.

	22	 Braun FCM, van den Brandt J, Thomas S, et al. In vivo silencing 
of A20 via TLR9-Mediated targeted siRNA delivery potentiates 
antitumor immune response. PLoS One 2015;10:e0135444.

	23	 Giordano M, Roncagalli R, Bourdely P, et al. The tumor necrosis 
factor alpha-induced protein 3 (TNFAIP3, A20) imposes a brake 
on antitumor activity of CD8 T cells. Proc Natl Acad Sci U S A 
2014;111:11115–20.

	24	 Lee J-H, Jung SM, Yang K-M, et al. A20 promotes metastasis 
of aggressive basal-like breast cancers through multi-
monoubiquitylation of Snail1. Nat Cell Biol 2017;19:1260–73.

	25	 Guo T, Zhang Y, Qu X, et al. miR-200a enhances TRAIL-induced 
apoptosis in gastric cancer cells by targeting A20. Cell Biol Int 
2018;42:506–14.

	26	 Hugo W, Zaretsky JM, Sun L, et al. Genomic and transcriptomic 
features of response to anti-PD-1 therapy in metastatic melanoma. 
Cell 2016;165:35–44.

	27	 Ayers M, Lunceford J, Nebozhyn M, et al. IFN-γ-related mRNA 
profile predicts clinical response to PD-1 blockade. J Clin Invest 
2017;127:2930–40.

	28	 Jacquelot N, Yamazaki T, Roberti MP, et al. Sustained type I 
interferon signaling as a mechanism of resistance to PD-1 blockade. 
Cell Res 2019;29:846–61.

	29	 Gide TN, Quek C, Menzies AM, et al. Distinct immune cell 
populations define response to anti-PD-1 monotherapy 

and Anti-PD-1/Anti-CTLA-4 combined therapy. Cancer Cell 
2019;35:e236:238–55.

	30	 Pan D, Kobayashi A, Jiang P, et al. A major chromatin regulator 
determines resistance of tumor cells to T cell-mediated killing. 
Science (New York, N. Y.) 2018;359:770–5.

	31	 Pérez-Ruiz E, Melero I, Kopecka J, et al. Cancer immunotherapy 
resistance based on immune checkpoints inhibitors: targets, 
biomarkers, and remedies. Drug Resist Updat 2020;53:100718.

	32	 He X, Xu C. Immune checkpoint signaling and cancer 
immunotherapy. Cell Res 2020;30:660–9.

	33	 Freeman GJ, Long AJ, Iwai Y, et al. Engagement of the PD-1 
immunoinhibitory receptor by a novel B7 family member leads 
to negative regulation of lymphocyte activation. J Exp Med 
2000;192:1027–34.

	34	 Prestipino A, Emhardt AJ, Aumann K, et al. Oncogenic JAK2V617F 
causes PD-L1 expression, mediating immune escape in 
myeloproliferative neoplasms. Sci Transl Med 2018;10. doi:10.1126/
scitranslmed.aam7729. [Epub ahead of print: 21 02 2018].

	35	 Isomoto H, Mott JL, Kobayashi S, et al. Sustained IL-6/STAT-3 
signaling in cholangiocarcinoma cells due to SOCS-3 epigenetic 
silencing. Gastroenterology 2007;132:384–96.

	36	 Huang L, Liu D, Wang N, et al. Integrated genomic analysis identifies 
deregulated JAK/STAT-MYC-biosynthesis axis in aggressive NK-cell 
leukemia. Cell Res 2018;28:172–86.

	37	 Han J, Yu C, Souza RF, et al. Prohibitin 1 modulates mitochondrial 
function of STAT3. Cell Signal 2014;26:2086–95.

	38	 Chen Y, Liu Q, Chen Z, et al. PD-L1 expression and tumor mutational 
burden status for prediction of response to chemotherapy and 
targeted therapy in non-small cell lung cancer. J Exp Clin Cancer Res 
2019;38:193.

	39	 Zou W, Wolchok JD, Chen L. PD-L1 (B7-H1) and PD-1 pathway 
blockade for cancer therapy: mechanisms, response biomarkers, 
and combinations. Sci Transl Med 2016;8:328rv324.

	40	 Lee H-H, Wang Y-N, Xia W, et al. Removal of N-linked glycosylation 
enhances PD-L1 detection and predicts anti-PD-1/PD-L1 therapeutic 
efficacy. Cancer Cell 2019;36:e164:168–78.

	41	 Malynn BA, Ma A. A20: a multifunctional tool for regulating immunity 
and preventing disease. Cell Immunol 2019;340:103914.

	42	 Zhang J, Bu X, Wang H, et al. Cyclin D-CDK4 kinase destabilizes PD-
L1 via cullin 3-SPOP to control cancer immune surveillance. Nature 
2018;553:91–5.

	43	 Yang Y, Hsu J-M, Sun L, et al. Palmitoylation stabilizes PD-L1 to 
promote breast tumor growth. Cell Res 2019;29:83–6.

	44	 Casey SC, Tong L, Li Y, et al. MYC regulates the antitumor immune 
response through CD47 and PD-L1. Science (New York, N. Y.) 
2016;352:227–31.

	45	 Crusz SM, Balkwill FR. Inflammation and cancer: advances and new 
agents. Nat Rev Clin Oncol 2015;12:584–96.

	46	 Fang C-H, Lin Y-T, Liang C-M, et al. A novel c-Kit/phospho-prohibitin 
axis enhances ovarian cancer stemness and chemoresistance 
via Notch3-PBX1 and β-catenin-ABCG2 signaling. J Biomed Sci 
2020;27:42.

	47	 Doudican NA, Orlow SJ. Inhibition of the CRAF/prohibitin interaction 
reverses CRAF-dependent resistance to vemurafenib. Oncogene 
2017;36:423–8.

	48	 Cha J-H, Chan L-C, Li C-W, et al. Mechanisms controlling PD-L1 
expression in cancer. Mol Cell 2019;76:359–70.

	49	 Lu X, Rudemiller NP, Wen Y, et al. A20 in myeloid cells protects 
against hypertension by inhibiting dendritic cell-mediated T-cell 
activation. Circ Res 2019;125:1055–66.

	50	 Krusche J, Twardziok M, Rehbach K, et al. TNF-α-induced 
protein 3 is a key player in childhood asthma development 
and environment-mediated protection. J Allergy Clin Immunol 
2019;144:e1612:1684–96.

	51	 Wu R-Y, Kong P-F, Xia L-P, et al. Regorafenib promotes antitumor 
immunity via inhibiting PD-L1 and IDO1 expression in melanoma. 
Clin Cancer Res 2019;25:4530–41.

 on A
pril 10, 2024 by guest. P

rotected by copyright.
http://jitc.bm

j.com
/

J Im
m

unother C
ancer: first published as 10.1136/jitc-2020-001866 on 9 D

ecem
ber 2020. D

ow
nloaded from

 

http://dx.doi.org/10.1056/NEJMoa1604958
http://dx.doi.org/10.1056/NEJMoa1604958
http://dx.doi.org/10.1038/s41467-017-01062-w
http://dx.doi.org/10.1038/s41467-017-01062-w
http://dx.doi.org/10.1016/j.cell.2016.08.069
http://dx.doi.org/10.1016/j.cell.2016.11.022
http://dx.doi.org/10.1038/s41591-018-0217-1
http://dx.doi.org/10.1172/JCI133055
http://dx.doi.org/10.1038/s41467-017-02358-7
http://dx.doi.org/10.1038/s41467-017-02358-7
http://dx.doi.org/10.1038/s41467-019-13204-3
http://dx.doi.org/10.3390/cancers12071860
http://dx.doi.org/10.1016/j.ccell.2016.10.010
http://www.ncbi.nlm.nih.gov/pubmed/http://www.ncbi.nlm.nih.gov/pubmed/8482837
http://dx.doi.org/10.1084/jem.173.3.647
http://dx.doi.org/10.3109/08916934.2014.900756
http://dx.doi.org/10.1038/nature02794
http://dx.doi.org/10.1038/nri3313
http://dx.doi.org/10.1371/journal.pone.0135444
http://dx.doi.org/10.1073/pnas.1406259111
http://dx.doi.org/10.1038/ncb3609
http://dx.doi.org/10.1002/cbin.10924
http://dx.doi.org/10.1016/j.cell.2016.02.065
http://dx.doi.org/10.1172/JCI91190
http://dx.doi.org/10.1038/s41422-019-0224-x
http://dx.doi.org/10.1016/j.ccell.2019.01.003
http://dx.doi.org/10.1016/j.drup.2020.100718
http://dx.doi.org/10.1038/s41422-020-0343-4
http://dx.doi.org/10.1084/jem.192.7.1027
http://dx.doi.org/10.1126/scitranslmed.aam7729
http://dx.doi.org/10.1053/j.gastro.2006.10.037
http://dx.doi.org/10.1038/cr.2017.146
http://dx.doi.org/10.1016/j.cellsig.2014.06.006
http://dx.doi.org/10.1186/s13046-019-1192-1
http://dx.doi.org/10.1126/scitranslmed.aad7118
http://dx.doi.org/10.1016/j.ccell.2019.06.008
http://dx.doi.org/10.1016/j.cellimm.2019.04.002
http://dx.doi.org/10.1038/nature25015
http://dx.doi.org/10.1038/s41422-018-0124-5
http://dx.doi.org/10.1038/nrclinonc.2015.105
http://dx.doi.org/10.1186/s12929-020-00638-x
http://dx.doi.org/10.1038/onc.2016.214
http://dx.doi.org/10.1016/j.molcel.2019.09.030
http://dx.doi.org/10.1161/CIRCRESAHA.119.315343
http://dx.doi.org/10.1016/j.jaci.2019.07.029
http://dx.doi.org/10.1158/1078-0432.CCR-18-2840
http://jitc.bmj.com/

	A20 regulates the therapeutic effect of anti-­PD-1 immunotherapy in melanoma
	Abstract
	Introduction
	Methods
	Statistical analysis

	Results
	A20 expression is correlated with the clinical response to anti-PD-1 antibody treatment in melanoma patients
	A20 regulates the therapeutic response to anti-PD-1 antibody treatment in melanoma
	A20 modulates the expression of PD-L1
	Tumorous A20 induces therapeutic resistance to anti-PD-1 immunotherapy via PD-L1
	A20 promotes PD-L1 expression through STAT3 signal
	Prohibitin mediates the regulatory role of A20 in STAT3 phosphorylation
	Tumorous A20 expression is associated with the invigoration of circulating exhausted-phenotype CD8﻿+﻿ T cells in response to anti-PD-1 antibody treatment

	Discussion
	Conclusions
	References


