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C A N C E R

ARID1A mutation plus CXCL13 expression act 
as combinatorial biomarkers to predict responses 
to immune checkpoint therapy in mUCC
Sangeeta Goswami1, Yulong Chen1, Swetha Anandhan1, Peter M. Szabo2,  
Sreyashi Basu3, Jorge M. Blando3*, Wenbin Liu3, Jan Zhang1, Seanu Meena Natarajan1, 
Liangwen Xiong1, Baoxiang Guan1, Shalini Singh Yadav3, Abdel Saci2, James P. Allison3,4, 
Matthew D. Galsky5, Padmanee Sharma1,3,4†

Immune checkpoint therapy (ICT) can produce durable antitumor responses in metastatic urothelial carcinoma 
(mUCC); however, the responses are not universal. Despite multiple approvals of ICT in mUCC, we lack predictive 
biomarkers to guide patient selection. The identification of biomarkers may require interrogation of both the tumor 
mutational status and the immune microenvironment. Through multi-platform immuno-genomic analyses of 
baseline tumor tissues, we identified the mutation of AT-rich interactive domain-containing protein 1A (ARID1A) 
in tumor cells and expression of immune cytokine CXCL13 in the baseline tumor tissues as two predictors of clinical 
responses in a discovery cohort (n = 31). Further, reverse translational studies revealed that CXCL13−/− tumor-bearing 
mice were resistant to ICT, whereas ARID1A knockdown enhanced sensitivity to ICT in a murine model of bladder 
cancer. Next, we tested the clinical relevance of ARID1A mutation and baseline CXCL13 expression in two inde-
pendent confirmatory cohorts (CheckMate275 and IMvigor210). We found that ARID1A mutation and expression 
of CXCL13 in the baseline tumor tissues correlated with improved overall survival (OS) in both confirmatory 
cohorts (CheckMate275, CXCL13 data, n = 217; ARID1A data, n = 139, and IMvigor210, CXCL13 data, n = 348; ARID1A 
data, n = 275). We then interrogated CXCL13 expression plus ARID1A mutation as a combination biomarker in 
predicting response to ICT in CheckMate275 and IMvigor210. Combination of the two biomarkers in baseline 
tumor tissues suggested improved OS compared to either single biomarker. Cumulatively, this study revealed 
that the combination of CXCL13 plus ARID1A may improve prediction capability for patients receiving ICT.

INTRODUCTION
Urothelial cancer is the sixth most common cancer in the United 
States and makes up about 5% of new cancer cases each year (1). 
The 5-year overall survival (OS) rate in metastatic urothelial cancer 
(mUCC) is around 5% (www.cancer.org). Approval of immune 
checkpoint therapies (ICTs) for treatment of mUCC represented a 
paradigm shift because it demonstrated durable responses and im-
proved OS (2–9). Despite durable antitumor responses and multiple 
approvals, responses are not universal, and we lack predictive bio-
markers to guide treatment decisions (10, 11). Therefore, there is a 
critical need to develop clinically useful biomarkers to refine pa-
tient selection.

Notable efforts have been made for development of predictive 
biomarkers for patients with mUCC receiving ICT (12). A major 
focus was on developing programmed death-ligand 1 (PD-L1) as a 
predictive biomarker; however, data from clinical trials varied mark-
edly, highlighting the difficulty of using PD-L1 as a single biomarker 
(13). In addition to technical issues such as standardization of PD-L1 

assays, dynamic regulation of PD-L1 expression in the tumor micro-
environment may explain lack of reproducibility of PD-L1 as a single 
biomarker. Similarly, tumor mutation burden (TMB), The Cancer 
Genome Atlas (TCGA) subtyping, and gene expression profiling (GEP) 
as single biomarkers were unable to differentiate patients with 
mUCC who would respond to ICT (11, 14). The single biomarker 
studies focused on either tumor mutations or immune response 
biomarkers, which may limit predictive power because of the 
lack of integration between cancer cell biology and immune cell 
responses.

To address this need, we interrogated both the immune micro-
environment and the tumor mutational profile to identify a potential 
combinatorial biomarker to predict response to ICT. For the dis-
covery cohort, patient samples were obtained at MD Anderson 
Cancer Center from two clinical trials: a phase 2 study assessing the 
safety and efficacy of nivolumab in metastatic or surgically unre-
sectable urothelial carcinoma that progressed or recurred despite 
previous treatment with at least one platinum-based chemotherapy 
regimen (NCT02387996) and a phase 1/2, open-label study of 
nivolumab monotherapy or nivolumab combined with ipilimumab 
in subjects with advanced or metastatic solid tumors (NCT01928394) 
(15). Responders were defined as complete responses (CRs) and 
partial responses (PRs) as per RECIST (Response Evaluation Crite-
ria in Solid Tumors) v1.1 and included patients with stable disease 
(SD) greater than or equal to 6 months, whereas nonresponders 
were defined as patients with progressive disease (PD). We used 
CheckMate275 biomarker cohort (5) and IMvigor210 (4, 16) as our 
two independent confirmatory cohorts.
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We identified the expression of immune cytokine CXCL13 in 
the baseline tumor tissues and ARID1A mutation in tumor cells as 
predictors of clinical responses to ICT in patients with mUCC in 
the discovery cohort (n = 31). Further, reverse translational studies 
revealed that CXCL13−/− tumor-bearing mice were resistant to ICT, 
whereas ARID1A knockdown enhanced sensitivity to ICT in a mu-
rine model of bladder cancer. Next, we tested the clinical relevance 
of baseline CXCL13 expression and ARID1A mutation in two inde-
pendent confirmatory cohorts (CheckMate275 and IMvigor210). 
We found that ARID1A mutation and expression of CXCL13 in the 
baseline tumor tissues correlated with improved response and OS 
in both confirmatory cohorts (CheckMate275 and IMvigor210). 
Next, we interrogated CXCL13 expression plus ARID1A mutation 
as a combinatorial biomarker in predicting response to ICT in 
CheckMate275 and IMvigor210. Combination of both biomarkers 
in baseline tumor tissues suggested improved OS compared to 
either single biomarker. Cumulatively, this study revealed that the 
combination biomarkers of CXCL13 plus ARID1A may improve 
predictive outcomes for patients receiving ICT and enable patient 
selection for ICT.

RESULTS
ARID1A mutation correlates with improved OS in patients 
with mUCC receiving ICT
Whole-exome sequencing from paired baseline bladder tumor sam-
ples and peripheral blood mononuclear cells (PBMCs) (as controls) 
was performed to identify tumor-specific mutations (n = 24). Patient 
characteristics of the discovery cohort are described in data file S1. 
We selected the most mutated genes from the TCGA bladder cancer 
cohort (17) (www.cbioportal.org) and ordered by decreasing frequency 
of occurrence in the clinical cohort (Fig. 1A). ARID1A was the only 
gene mutation in our discovery cohort that was significantly enriched 
in responders as compared to nonresponders (P = 0.03). Specifically, 
a total of four patients’ tumors harbored ARID1A mutations (mis-
sense, n = 2; nonsense, n = 1; and splice site mutations, n = 1) among 
the 11 responders, whereas no ARID1A mutations were noted in tu-
mors of nonresponders (Fig. 1A). In addition, we noted that ARID1A 
mutations resulted in the down-regulation of ARID1A expression 
(Fig. 1B).

ARID1A is a subunit of switch/sucrose nonfermentable (SWI/SNF) 
complex required for chromatin remodeling and known to interact 
with the transcription machinery (18). Previously published pre-
clinical data using cell lines and a murine ovarian tumor model 
showed that knockdown of ARID1A in ovarian tumor cell lines 
(ID8) increased sensitivity to ICT (19). Similarly, we noted that 
knockdown of ARID1A in MB49 bladder cancer cell line increased 
sensitivity to anti–PD-1 therapy in tumor-bearing mice (fig. S2A). 
Further, RNA sequencing (RNA-seq) and gene set enrichment 
analysis (GSEA) of control (scramble) and ARID1A-knockdown 
MB49 cell lines showed that loss of ARID1A altered the expression 
of distinct pathways regulating immune responses in the tumor. 
ARID1A knockdown up-regulated interferon response genes and 
cytokine pathways in the tumor cells (fig. S2, B and C), whereas the 
DNA repair and angiogenesis pathways were down-regulated (fig. 
S2C). Cumulatively, these data suggested that loss of ARID1A could 
enhance the immunogenicity of bladder tumor cells.

Next, we tested the clinical relevance of ARID1A mutation in 
patients with mUCC receiving ICT in two independent confirmatory 

cohorts (CheckMate275 and IMvigor210). The Consolidated Standards 
of Reporting Trials (CONSORT) diagram described the number of 
samples used to analyze genomic and other correlates in each of the 
confirmatory cohorts (fig. S1, A and B). Consistent with a previous 
report (19), we found that patients harboring ARID1A gene muta-
tion have higher TMB compared to patients without the mutation 
in both the confirmatory cohorts and the TCGA cohort (fig. S3, A 
to C). However, hazard curve analysis of TMB by ARID1A mutation 
status showed that patients with higher TMB plus ARID1A muta-
tion had improved progression-free survival (PFS) and OS compared 
to patients with higher TMB but without the ARID1A mutations 
(fig. S3D), suggesting that ARID1A might modulate tumor immune 
microenvironment through multiple pathways. In IMvigor210, it 
was shown that transforming growth factor 1 (TGF1) attenuates 
response to anti–PD-L1 therapy in patients with mUCC (16). There-
fore, we tested whether ARID1A mutation correlates with TGF1 
expression. We noted that TGF1 expression was significantly lower 
in patients harboring ARID1A gene mutation compared to patients 
without the mutation, in IMvigor210 cohort (*P < 0.05) as well as in 
TCGA cohort (**P < 0.01) (fig. S4, A and B). We did not see any 
difference in PD-L1 expression in tumor or in immune cells based 
on the presence or absence of ARID1A mutation in discovery and 
confirmatory (CheckMate275 and IMvigor210) cohorts (fig. S4, C 
to E). Next, we compared the responses in patients with and without 
ARID1A mutation. Similar to discovery cohort, ARID1A mutations 
correlated with improved clinical outcome and responses (CR/PR/
SD ≥ 6 months) as compared to patients without ARID1A mutations 
in confirmatory cohorts (CheckMate275 and IMvigor210) (Fig. 1, C and D). 
Because of sample sizes, we could not estimate OS in the discovery 
cohort. Therefore, we assessed association of ARID1A mutation with 
OS in our confirmatory cohorts. We observed a significant associa-
tion between ARID1A mutation and OS in CheckMate275 (n = 139) 
(P = 0.03) and IMvigor210 (n = 275) (P = 0.03) (Fig. 1, E and F). In the 
CheckMate275 cohort (n = 139), we noted median OS of 11.4 months 
[95% CI confidence interval (CI), 5.48 to not attained (NA)] in patients 
with ARID1A mutation, whereas median OS was 6.0 months (95% CI, 
4.6 to 11.3) in patients without ARID1A mutation, demonstrating a 
significant association of ARID1A mutation and OS (P = 0.03) (Fig. 1E). 
In the IMvigor210 cohort (n = 275), we noted median OS of 15.4 months 
(95% CI, 9.2 to NA) in patients with ARID1A mutation, whereas 
median OS was 8.2 months (95% CI, 6.7 to 10.9) in patients without 
ARID1A mutation, also demonstrating a significant association of 
ARID1A mutation and OS (P = 0.03) (Fig. 1F). Together, we identi-
fied ARID1A mutation in the baseline bladder tumor tissue to be 
predictive of favorable responses to ICT in patients with mUCC.

Expression of CXCL13 in baseline tumor tissues correlates 
with improved OS
To integrate the genomic and immunological determinants of clin-
ical responses to ICT in mUCC, we sought to identify an immuno-
logical biomarker that can predict response to ICT. To profile the 
immune subpopulations, we performed immunohistochemistry (IHC) 
analysis on the baseline bladder tumor samples in the discovery co-
hort (n = 31). We noted predominant intratumoral infiltration of 
CD4+ and CD8+ T lymphocytes and CD20+ B cells in responders 
(11) compared to nonresponders (20) (Fig. 2A). As recently published 
for other tumor types (20–22), we also noted an increased density of 
tertiary lymphoid structures (TLSs) in the baseline tumor tissues 
of responders compared to nonresponders in patients with mUCC 
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(fig. S5, A to C). To identify genes in the 
baseline bladder tumor specimens of 
responders (R = 8) and nonresponders 
(NR = 13) that may correlate with differ-
ential immune infiltration and TLS, we 
performed targeted gene expression analy-
sis via a custom 739-gene NanoString 
panel (data file S2). We identified genes 
implicated in immune infiltration and TLSs (23), which included 
CXCL13, CXCL9, CCL19, and CCL5 (Fig. 2B and fig. S5D). Whereas 
CXCL9, CCL19, and CCL5 play a role in T cell infiltration, CXCL13 
plays a critical role in both T and B cell infiltration (24). Therefore, 
we chose to focus on CXCL13 as a potential immunologic biomarker 
for correlation with responses to ICT.

To test the role of CXCL13 in ICT-mediated antitumor immunity 
in bladder cancer, we used CXCL13 null (CXCL13−/−) mice bearing 
murine bladder tumors (MB49). We treated wild-type (WT) and 
CXCL13−/− MB49 tumor-bearing mice with anti–PD-1 therapy. 
Whereas WT-MB49 tumor-bearing mice responded to anti–PD-1 

therapy, CXCL13−/− mice did not respond to anti–PD-1 treatment 
(fig. S6A). In addition, we observed lower frequency of T cell in-
filtration in CXCL13−/− tumor-bearing mice as compared to WT 
tumor-bearing mice (fig. S6B). Further, CXCL13−/− tumor-bearing 
mice failed to have an increase in tumor-infiltrating T cells after 
treatment with anti–PD-1 as compared to WT mice (fig. S6B). To-
gether, the murine studies provided evidence for direct association 
between CXCL13 and anti–PD-1–mediated antitumor immunity.

Next, we tested the significance of CXCL13 as an immunological 
biomarker in our confirmatory cohorts (CheckMate275 and IMvigor210). 
We saw higher expression of CXCL13 in the responders as compared 

Fig. 1. ARID1A mutation in the baseline bladder 
tumor tissue correlates with favorable responses 
to ICT. (A) An “oncoplot” showing the 34 com-
monly mutated genes in bladder cancer. Each 
column represents a patient tumor sample, and 
each row represents a different gene. The num-
bers on the left side represent the percentages of 
mUCC samples carrying mutations in each spe-
cific gene. The top barplot indicates the frequency 
of mutations for each patient. ARID1A is the only 
gene that has significantly higher mutation fre-
quency in the responders (R) group (n = 11) than 
in the nonresponder (NR) group (n = 13) (*P = 0.031, 
Fisher’s exact test). (B) Representative plot of ARID1A 
gene expression in patients with no ARID1A mu-
tation (ARID1A-WT) (n = 20) and with ARID1A mu-
tation (ARID1A mutant) (n = 4). **P < 0.01. (C) Stack 
bar plot showing the frequencies of patients 
with no ARID1A mutation (WT) and with ARID1A 
mutation (mutant) in the R group (n = 57) and in 
the NR group (n = 61) in the CheckMate275 trial. 
P value from logistic regression with response 
groups (R versus NR) as the dependent variable 
and ARID1A mutation status as the independent 
variable. (D) Stack bar plot showing the frequen-
cies of patients with no ARID1A mutation (WT) and 
with ARID1A mutation (mutant) in the R group 
(n = 104) and in the NR group (n = 133) in the 
IMvigor210 trial. P value from logistic regression 
with response groups (R versus NR) as the de-
pendent variable and ARID1A mutation status as 
the independent variable. (E) Kaplan-Meier plot 
showing overall survival (OS) (P = 0.03) in patients 
with mUCC divided into ARID1A-WT (those with 
no ARID1A mutation) and ARID1A-mutant (those 
with ARID1A mutation) (n = 139, ARID1A-WT = 100, 
ARID1A-mutant = 39) in the CheckMate275 trial. 
(F) Kaplan-Meier plot showing OS (P = 0.03) in 
patients with mUCC divided into ARID1A-WT (those 
with no ARID1A mutation) and ARID1A-mutant 
(those with ARID1A mutation) (n = 275, ARID1A-WT = 
213, ARID1A-mutant = 62) in the IMvigor210 trial.
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to nonresponders in both CheckMate275 (n = 118) (P < 0.01) and 
IMvigor210 (n = 237) (P < 0.0001) (Fig. 2, C and D). Next, we divided 
the cohort of bladder cancer patients into high, medium, and low 
expression of CXCL13 based on tertiles. We observed that higher 
expression of CXCL13 correlated with improved OS (P = 0.007) in 
CheckMate275 (Fig. 2E). We noted median OS of 13.5 months 
(95% CI, 7.22 to NA) in the CXCL13-high cohort, 6.6 months (95% CI, 

4.6 to 11.4) in the CXCL13-medium co-
hort, and 5.7 (95% CI, 3.15 to 9.49) months 
in the CXCL13-low cohort. We also noted 
a significant association between higher 
CXCL13 expression and OS (P < 0.0001) 
in IMvigor210 (Fig. 2F). We noted me-
dian OS of 17.1 months (95% CI, 10.9 to 
NA) in the CXCL13-high cohort, 6.7 months 
(95% CI, 5.5 to 8.8) in the CXCL13-medium 
cohort, and 8.0 months (95% CI, 5.8 to 
10.8) in the CXCL13-low cohort. Together, 
we identified CXCL13 expression in pre-
treatment tumor tissue as an immuno-
logic biomarker of favorable responses 
to ICT in patients with mUCC.

Combination of ARID1A mutation 
and baseline expression of CXCL13 
in the tumor tissue predicts 
performance to ICT
In the confirmatory cohorts, both ARID1A 
mutation and higher CXCL13 expression 
in the baseline tumor samples were in-
dependently associated with improved OS. 
Further, reverse translational studies pro-
vided evidence of direct association of 
CXCL13 expression and ARID1A muta-
tion with anti–PD-1–mediated antitumor 
immunity. However, based on previous 
biomarker studies, we have learned that 
single genomic or immunological bio-
marker could not reproducibly predict 
responses to ICT because of dynamic 
interactions between tumor cells and im-
mune cells. Therefore, we tested whether 
combination of ARID1A mutation and 
CXCL13 expression have improved pre-
dictive capacity compared to either single 
biomarker. In CheckMate275, we observed 
a median PFS of 3.7 months (95% CI, 1.8 
to NA) in patients with ARID1A mutation 
and high CXCL13, 1.7 months (95% CI, 
0.8 to 5.5) in patients with ARID1A mu-
tation and low CXCL13, 1.9 months 
(95% CI, 1.7 to 3.2) in patients with no 
ARID1A mutation and high CXCL13, 
and 1.9 months (95% CI, 1.7 to 2.0) in 
patients with no ARID1A mutation and 
low CXCL13 (P = 0.02) (Fig. 3A). We 
observed a median OS of 19.1 months 
(95% CI, 6.1 to NA) in patients with 
ARID1A mutation and high CXCL13, 

5.7 months (95% CI, 1.5 to 14.0) in patients with ARID1A mutation 
and low CXCL13, 9.5 months (95% CI, 4.5 to 13.5) in patients with 
no ARID1A mutation and high CXCL13, and 5.3 months (95% CI, 
3.6 to 11.4) in patients with no ARID1A mutation and low CXCL13 
(P = ns) (Fig. 3B). In addition, analysis of the hazard curves for 
CXCL13 by ARID1A mutation status suggested that positive asso-
ciation of ARID1A mutation with PFS and OS increased in magnitude 

Fig. 2. High baseline CXCL13 expression in tumor tissues confers sensitivity to ICT. (A) Quantification of expression 
of indicated markers via IHC analysis on patient tumor samples (n = 31) with R =11 and NR = 20. IM, margin; CT, center. 
(B) Top: Representative heat map of the 12 TLS signature genes using GEP of baseline mUCC tumor specimens 
(n = 21; R = 8, NR = 13) using customized 739-gene NanoString panel. Bottom: Bar graph showing the fold difference 
of 12 TLS signature genes between R and NR baseline mUCC tumor specimens. Bars are ordered by fold change. 
*P < 0.05, **P < 0.01. (C) Representative box plot of CXCL13 gene expression in patients in the R group and in the NR 
group in the CheckMate275 trial. **P < 0.01. (D) Representative box plot of CXCL13 gene expression in patients in the 
R group (n = 104) and in the NR group (n = 133) in the IMvigor210 trial. ****P < 0.0001. (E) Kaplan-Meier estimates of 
OS in patients in the CheckMate275 trial, stratified according to the 33rd and 66th percentile of CXCL13 expression 
values (P = 0.007). (F) Kaplan-Meier estimates of OS in patients in the IMvigor210 trial, stratified according to the 33rd 
and 66th percentile of CXCL13 expression values (P < 0.0001).
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as CXCL13 gene expression increased (Fig. 3, C and D). The asso-
ciation between CXCL13 expression and response was stronger in 
patients harboring ARID1A mutation compared to patients without 
ARID1A mutation. Further, in IMvigor210, we noted a significant 
correlation of improved OS with combination of mutation in ARID1A 

plus baseline CXCL13 expression com-
pared to either single biomarker (P = 
0.006) (Fig. 3E). We observed a median 
OS of 17.8 months (95% CI, 10.4 to NA) 
in patients with ARID1A mutation and 
high CXCL13, 10.5 months (95% CI, 
5.1 to NA) in patients with ARID1A mu-
tation and low CXCL13, 10.2 months 
(95% CI, 7.9 to 19.1) in patients with no 
ARID1A mutation and high CXCL13, 
and 7.1 months (95% CI, 5.5 to 9.9) in 
patients with no ARID1A mutation and 
low CXCL13 (Fig. 3E). Also, similar to 
CheckMate275, analysis of the hazard 
curves for CXCL13 by ARID1A muta-
tion status showed positive association 
of ARID1A mutation with OS with in-
crease in CXCL13 gene expression (fig. 
S7). Together, we showed that ARID1A 
mutation plus baseline CXCL13 expres-
sion in the tumor tissues may act as a 
combination biomarker to help select 
patients with mUCC to receive ICT. 
Overall, our data suggest that combina-
tion biomarker approaches may be more 
accurate than single biomarkers for pre-
dicting clinical responses.

DISCUSSION
It is increasingly clear that immune re-
sponses to ICT are influenced by both 
immune cells and tumor-associated fac-
tors. It was demonstrated that in patients 
with mUCC, high T cell infiltration, 
which is considered a good predictive 
marker, is associated with poor clinical 
outcome of ICT in the presence of a 
higher epithelial-mesenchymal transition– 
related stromal gene signature (25). Fur-
ther, stromal cell–derived TGF signaling 
was associated with lack of response to 
ICT (16, 26), thereby highlighting the 
interaction of tumors and their immune 
ecosystem. Therefore, composite bio-
markers identified through interrogation 
of the tumor-immune ecosystem are 
needed to guide treatment decisions. A 
recent report showed that patients with 
high TMB plus high T cell GEP have 
better responses to ICT than TMB-high 
or GEP-high signature alone (27). GEP 
was obtained using an 18-gene signature. 
Although GEP and TMB have been cor-

related with response to ICT and improved PFS, they will need op-
timization in terms of GEP calculations in individual patients to 
incorporate into clinical practice. Further, the sets of genes used to 
calculate GEP differ markedly in different trials (5, 16, 27, 28). In 
addition, unlike for non–small cell lung cancer, there is no validated 

Fig. 3. Combination of ARID1A mutation and baseline expression of CXCL13 has improved predictiveness 
compared to single biomarkers. (A and B) Kaplan-Meier estimates of PFS (P = 0.02) (A) and OS (B) stratified according 
to ARID1A mutation status and 50th percentile of CXCL13 expression values in the CheckMate275 trial. (C) Hazard ratio 
(HR) estimates for PFS and OS in CheckMate275 subjects. Plotting symbols give point estimates of HR; horizontal bars 
give 95% CIs. HRs compare ARID1A WT and mutant status at different CXCL13 expression values. (D) Predicted log 
hazard curves demonstrating associations of CXCL13 expression at different ARID1A mutation statuses with PFS and 
OS. Hazard curve estimates are from the Cox PH model with linear predictors CXCL13 and ARID1A mutation status and 
CXCL13:ARID1A mutation status interaction. Shaded areas give 95% pointwise CIs for the hazard curves. Hazard curve 
estimates were scaled to be zero at the median of CXCL13 score. (E) Kaplan-Meier estimates of OS in patients in the 
IMvigor210 trial, stratified according to ARID1A mutation status and 50th percentile of CXCL13 expression values (P = 0.006).
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cutoff for TMB in urothelial cancer. Therefore, identification of a 
single commonly mutated gene in urothelial cancer, as well as 
baseline expression of a single gene assessed by currently available 
methods, would have immediate translational potential.

Cancer Genome Atlas Project identified ARID1A as one of the 
recurrent mutations in patients with mUCC (29), underscoring the 
importance of evaluating the impact of ARID1A mutation on ICT. 
ARID1A (also known as BAF250a) is a component of the SWI/SNF 
complex and is a tumor suppressor. ARID1A has roles in regulation 
of the cell cycle, DNA damage checkpoint, P53 targets, and telomerase 
activity (30). A recent study demonstrated that ARID1A interacts with 
mismatch repair protein MutS homolog 2 (MSH2) and regulates 
mutagenesis, which could be another aspect of its tumor-suppressive 
role (19). Similar to previous reports, we noted that patients harboring 
ARID1A mutations have higher TMB compared to patients without 
the mutation. In addition, we noted that patients with ARID1A mu-
tation also have lower expression of TGF1. It was shown that TGF1 
can attenuate the response to anti–PD-L1 therapy by excluding T cells 
from the tumor microenvironment (16). Collectively, these data 
suggested that mutation of ARID1A can modify the tumor immune 
microenvironment via multiple pathways, conferring sensitivity to 
ICT. However, a recent preclinical study showed that aberrations in 
ARID1A can reduce sensitivity to ICT via an EZH2-mediated path-
way (31). ARID1A is a chromatin remodeler that interacts with 
multiple proteins and could affect the function of interacting 
proteins in a context-dependent manner. Overall, based on our pre-
clinical data and findings from two independent large clinical co-
horts, our data demonstrated that ARID1A mutation likely confers 
sensitivity to ICT rather than resistance. Future preclinical and 
clinical studies should explore how specific ARID1A mutations 
affect the tumor immune microenvironment.

CXCL13 plays a critical role in lymphocyte infiltration as well 
as TLS formation (24). We did not note any difference in CXCL13 
expression between ARID1A-WT and ARID1A-mutant patients, 
suggesting that ARID1A mutation and expression of CXCL13 might 
not be directly linked, but they may act together to modulate the 
tumor immune microenvironment, which will need to be evaluated 
in future studies. Further, this is a retrospective analysis of two 
clinical trials correlating ARID1A mutation, baseline expression of 
CXCL13, and their combination with OS in patients with mUCC 
receiving ICT. Combination of the two biomarkers in baseline 
tumor tissues suggested improved prediction of responses to ICT 
compared to either single biomarker, which will need to be tested 
prospectively. Cumulatively, this study provides insight into the 
importance of linking tumor cell status with immune responses for 
identification of relevant biomarkers that can predict clinical out-
comes for patients receiving ICT and enable patient selection for 
future clinical trials.

MATERIALS AND METHODS
Study design
The overall objective of this study was to identify predictive combi-
natorial biomarkers in patients with mUCC receiving ICT to enable 
better patient selection for ICT. We performed our initial analysis 
in an MD Anderson discovery cohort (n = 31) using multiple 
approaches such as whole-exome sequencing, NanoString, and IHC 
assays. We identified ARID1A mutation in the tumor and CXCL13 
expression in the baseline tumor tissues as predictors of response to 

ICT in patients with mUCC. Next, we performed reverse transla-
tional studies to gain mechanistic insights into the roles of CXCL13 
and ARID1A. Murine bladder cancer tumor cell line MB49 was im-
planted in WT C57BL/6 and CXCL13−/− mice, and tumor-bearing 
mice were randomized to untreated and anti–PD-1 treatment groups. 
The tumor growth was assessed, and tumor volumes were measured 
on day 14  in all groups for antitumor efficacy. Mass cytometry 
(cytometry by time of flight/CyTOF) and FLOWSOM analysis were 
performed to phenotype tumor-infiltrating immune cells. We per-
formed RNA-seq of ARID1A- knockdown MB49 cells to evaluate path-
ways affected by ARID1A. The investigators were not blinded to the 
experimental groups. Next, we confirmed our findings from the discov-
ery cohort and reverse translational studies using two confirmatory 
cohorts, CheckMate275 (NCT02387996) and IMvigor210 (NCT02108652, 
NCT02951767). The objective responses were determined on the 
basis of a blinded independent review committee assessment. In 
CheckMate275, we used whole-exome sequencing and gene expres-
sion data to correlate with response, OS, and PFS. For IMvigor210, 
we used a publicly available database to correlate responses with 
ARID1A mutation and CXCL13 expression (16). Last, we assessed the 
predictive capability of ARID1A mutation and CXCL13 expression as 
a combinatorial biomarker in our confirmatory cohorts.

Patients and samples
mUCC discovery cohort: Samples were collected as a part of (i) a 
phase 2 study assessing the safety and efficacy of nivolumab in meta-
static or surgically unresectable urothelial carcinoma whose disease 
progressed or recurred despite previous treatment with at least one 
platinum-based chemotherapy regimen (NCT02387996) and (ii) a 
phase 1/2, open-label study of nivolumab monotherapy or nivolumab 
combined with ipilimumab in subjects with advanced or metastatic 
solid tumors (NCT01928394). Patient samples were collected after 
appropriate informed consent was obtained on MD Anderson 
Institutional Review Board (IRB)–approved protocol PA13-0291.

For the confirmatory cohort, we used The CheckMate275 
(NCT02387996) dataset consisting of 270 patients with platinum- 
resistant mUCC treated with nivolumab on a phase 2 clinical trial 
that has been described previously (15, 25). The response assess-
ments and survival follow-up of this cohort have previously been 
described (15). Archival formalin-fixed paraffin-embedded (FFPE) 
mUCC tumor specimens were submitted for each patient before 
initiation of nivolumab. Gene expression was measured using the 
HTG EdgeSeq System (HTG Molecular) Oncology and Immuno- 
Oncology Biomarker Panels. Data were transformed into log2 trimmed 
mean of M-values (TMM), normalized counts per million (CPM) 
before analysis based on the manufacturer’s instructions.

IMvigor210 was a single-arm phase 2 study to investigate 
atezolizumab in patients with mUCC (NCT02108652, NCT02951767). 
RECIST v1.1 was used to assess response to therapy, as described 
previously (3, 4). All the data of IMvigor210 trial were accessed 
through the IMvigor210CoreBiologies R package downloaded from 
http://research-pub.gene.com/IMvigor210CoreBiologies. The RNA-
seq count data were normalized using TMM and transformed with 
voom to log2-CPM with associated precision weights as mentioned 
in a previous publication (16).

Mice
C57BL/6 mice (5 to 7 weeks) were purchased from the National 
Cancer Institute (NCI) (Frederick, MD), and CXCL13 null (CXCL13−/−) 
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mice in the C57BL/6 background (stock no. 005626; 5 to 7 weeks) 
were purchased from The Jackson Laboratory. All mice were kept in 
specific pathogen–free conditions in the Animal Resource Center at 
The University of Texas MD Anderson Cancer Center. Animal pro-
tocols were approved by the Institutional Animal Care and Use 
Committee (IACUC) of The University of Texas MD Anderson 
Cancer Center.

Cell lines and tumor model
Murine bladder cancer cell line (MB49) was provided by J.P.A. MB49 
cells (2 × 105) were injected subcutaneously in the right flank of 
C57BL/6 mice (5 to 10 mice per group). Anti–PD-1 (clone RMP1-14) 
antibody was purchased from Bio X Cell. Mice were intraperitoneally 
injected with anti–PD-1 on days 3 (200 g per mouse), 6 (100 g per 
mouse), and 9 (100 g per mouse) after tumor inoculation. Tumors 
were then harvested on day 14 for immune cell analysis.

Whole-exome sequencing data analysis
DNA from FFPE tissues and peripheral blood was obtained using 
the QIAamp DNA FFPE Tissue Kit and QIAamp DNA Mini Kit, 
respectively (Qiagen). Whole-exome sequencing experiments were 
performed on tumor tissues from 68 patients (37 responders and 31 
nonresponders). DNA isolated from peripheral blood was used as 
control. Genomic DNA (250 ng) was sheared using low tris-EDTA 
buffer. KAPA HyperPrep Kit (#KK8504) was used for end repair, 
A-base addition, adaptor ligation, and library enrichment polymerase 
chain reaction. Library construction was performed following the 
manufacturer’s instructions. Sample concentrations were measured 
after library construction using the Agilent Bioanalyzer. Hybridization 
reaction and target capture were performed (Agilent SureSelectXT 
Target Enrichment, #5190-8646) as per the manufacturer’s instruc-
tions. The libraries were then normalized to equal concentrations 
using an Eppendorf Mastercycler EP Gradient instrument and pooled 
to equimolar amounts on the Agilent Bravo B platform. Libraries 
were quantified using the KAPA Library Quantification Kit (#KK4824). 
The BWA aligner (bwa-0.7.5a) was applied to map the raw reads to 
the human hg19 reference genome (UCSC genome browser: genome.
ucsc.edu). The average exome-wide coverage ranges were 75.6- to 
294.9-fold (median, 182.6) in tumor samples and 47.2- to 140.4-fold 
(median, 91.56) in the matched normal samples. The Picard (v1.112, 
http://broadinstitute.github.io/picard/) module “MarkDuplicates” was 
applied to mark the duplicate reads. Then, the “IndelRealigner” and 
“BaseRecalibrator” modules of the Genome Analysis Toolkit were 
applied to perform indel realignment and base quality recalibration. 
MuTect (v1.1.4) and Pindel (v0.2.4 t) were applied to each tumor and 
matched normal PBMC sample to detect somatic single-nucleotide 
variants (SNVs) and small insertions/deletions. To ensure specificity, 
the following criteria were applied to filter the detected somatic SNVs 
and indels: The average is at least 20 reads for the tumor and 10 for 
the normal; the total number of reads supporting the variant is at 
least 4 and the tumor alternate allele frequency (AF) is at least 5%; the 
MuTect logarithm of the odds (LOD) score is at least 9.0. To avoid 
including germline mutations, we further required the AF < 0.01 from 
the ESP6500, 1000 genome, and EXAC databases. If repetitive 
sequences were detected within 25 base pairs (bp) in the down-
stream regions of an indel, that indel was discarded. Only missense, 
nonsense, and frame-shifting indels in the exonic regions and 
mutations at splice sites and untranslated regions were included 
in the downstream analysis. There are 24 samples that passed the 

quality control (QC) steps with meaningful overall response calls: 
11 from responders and 13 from nonresponders. The filtered mu-
tation data were analyzed using the R package maftools (32).

TCGA analysis
The RNA-seq expression data of TCGA Bladder Cancer (BLCA) were 
downloaded from NCI Genomic Data Commons (GDC; https://
portal.gdc.cancer.gov). The information on ARID1A mutation status 
and TMB was obtained from the TCGA-BLCA study (17), and the 
relevant clinical outcome data were described by the recent TCGA 
PanCancer clinical data study (33). The normalized RNA-seq ex-
pression matrix was transformed as log2 (FPKM + 1) for down-
stream analysis.

Mass cytometry (CyTOF)
Freshly collected MB49 tumors from the mice were dissociated with 
Liberase/deoxyribonuclease (DNase) solution and incubated for 30 min 
at 37°C, and then single-cell suspensions were made. Around 3 million 
cells per sample were taken for CyTOF staining. Antibodies were 
either purchased preconjugated from Fluidigm or purchased purified 
and conjugated in-house using MaxPar X8 Polymer kits (Fluidigm) 
according to the manufacturer’s instructions (data file S3). Briefly, 
samples were stained with cell surface antibodies for 30 min at 4°C 
and then stained for viability with 5 M cisplatin in 5% fluorescence- 
activated cell sorting (FACS) buffer for 1 min at room temperature. 
Samples were then washed, fixed and permeabilized (eBioscience), 
and stained with intracellular antibodies for 30 min at 4°C. After 
staining, the samples were washed and barcoded using the manu-
facturer’s protocol (Fluidigm), then incubated with 125 M Ir inter-
calator (Fluidigm) in 1.6% paraformaldehyde (PFA)/phosphate-buffered 
saline (PBS), and stored at 4°C overnight. The cells were then washed 
with PBS the next day and stored until acquisition. Right before ac-
quisition, samples were washed twice with Milli-Q water, resuspended 
in water containing EQ 4 element beads (Fluidigm), and run on a 
Helios mass cytometer (Fluidigm).

Mass cytometry analysis
Files were manually gated in FlowJo by event length for singlets and 
live/dead discrimination and using CD45 lineage marker for immune 
cells. Fcs files were then loaded into R using the flowCore package 
as a flowset for downstream analysis. Data were arcsinh-transformed 
using a coefficient of 5 (x_transformed = asinh(x/5)). Clustering analy-
sis was performed using the FlowSOM and the ConsensusClusterPlus 
packages as previously described (34). Clusters were identified using 
PhenoGraph on a per-sample basis in the space formed by these 
principal components, and cluster frequency plots were generated.

NanoString
RNA was isolated from FFPE tumor sections by dewaxing using 
deparaffinization solution (Qiagen), and total RNA was extracted 
using the RecoverAll Total Nucleic Acid Isolation Kit (Ambion) 
according to the manufacturer’s instructions. The RNA purity was 
assessed on an ND-Nanodrop1000 spectrometer (Thermo Fisher 
Scientific). For the NanoString platform, 100 ng of RNA was used to 
detect immune gene expression using nCounter PanCancer Immune 
Profiling panel along with custom CodeSet (used by NanoString to 
designate the custom genes included in this study). Counts of the 
reporter probes were tabulated for each sample by the nCounter 
Digital Analyzer, and raw data output was imported into nSolver 

 by guest on June 23, 2020
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

http://genome.ucsc.edu
http://genome.ucsc.edu
http://broadinstitute.github.io/picard/
https://portal.gdc.cancer.gov
https://portal.gdc.cancer.gov
http://stm.sciencemag.org/


Goswami et al., Sci. Transl. Med. 12, eabc4220 (2020)     17 June 2020

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

8 of 10

(www.nanostring.com/products/nSolver). nSolver data analysis 
package was used for normalization, and hierarchical clustering 
heatmap analysis was performed with Qlucore Omics Explorer 
version 3.5 software (Qlucore).

Immunohistochemistry
Hematoxylin and eosin (H&E) and IHC staining was performed on 
FFPE tumor tissue sections. The tumor tissues were fixed in 10% 
formalin, embedded in paraffin, and transversely sectioned. Four- 
micrometer sections were used for the histopathological studies. 
Sections were stained with mouse or rabbit anti-human monoclonal 
antibodies against CD3 (Dako, catalog no. A0452), CD4 (Novocastra, 
CD4-368-L-A), CD8 (Thermo Fisher Scientific, MS-457-S), CD45RO 
(Novocastra, PA0146), GzmB (Leica Microsystems, PA0291), CD68 
(Dako, M0876), and CD20 (DAKO, M0755). All sections were counter-
stained with H&E, dehydrated, and mounted. All sections were 
processed with peroxidase-conjugated avidin/biotin and 3′-3- 
diaminobenzidine (DAB) substrate (Leica Microsystems), and slides 
were scanned and digitalized using the scanscope system from 
ScanScope XT, Aperio/Leica Technologies. Quantitative analysis 
of IHC staining was conducted using the image analysis software 
ImageScope-Aperio/Leica. Five random areas (1 mm2 each) were 
selected using the Aperio Membrane Algorithm and the Aperio 
Nuclear Algorithm (www.leicabiosystems.com/digital-pathology/
analyze/ihc/) for each marker to determine the number of positive 
cells at high-power field. The data are expressed as a density (total 
number of positive cells/mm2 area). IHC staining was interpreted in 
conjunction with H&E-stained sections.
Multiplex immunofluorescence assay and analysis
For multiplex immunofluorescence staining, the Opal protocol 
staining method (35) was used, and the slides were stained and 
analyzed for the following markers: CD20 (Dako, catalog no. M0755) 
with subsequent visualization using fluorescein Cy5, CD4 (CM153BK, 
Biocare) with subsequent visualization using fluorescein Cy3, and 
CD8 (M7103, Dako) with subsequent visualization using fluorescein 
Cy5.5, and nuclei were visualized with 4′,6-diamidino-2-phenylindole 
(DAPI). All of the sections were mounted using VECTASHIELD 
HardSet 895 mounting medium.

Slides were scanned using a Vectra slide scanner (PerkinElmer). 
For each marker, the mean fluorescent intensity per case was then 
determined as a base point from which positive calls could be estab-
lished. For multispectral analysis, each of the individually stained 
sections was used to establish the spectral library of the fluorophores. 
Five random areas on each sample were analyzed.
TLS quantification
TLSs were qualified and quantified using both H&E and CD20 IHC 
staining. Structures were identified as aggregates of lymphocytes 
having histologic features with analogous structures to those of 
lymphoid tissue with follicles, appearing in the tumor area. For the 
current study, criteria used for the quantification of TLSs included 
(i) the total number of structures identified either within the tumoral 
area or in direct contact with the tumoral cells on the margin of the 
tumors (numbers of TLSs/1 mm2 area) and (ii) a normalization of 
the total area occupied by the TLSs in relation to the total area of the 
tumor analyzed (ratio: area of TLSs/area of tumor + TLSs).

Statistics
Cox proportional hazards (PH) regression models were used to assess 
the dependence of OS on gene expression score. PH assumptions 

were assessed by examination of scaled Schoenfeld residuals. For 
all Cox PH models, the PH assumption appeared reasonable. The 
magnitudes of associations were summarized by hazard ratios (HRs). 
Reported HRs were scaled to z score of the biomarker scores. Because 
the effects of the biomarkers were constrained to be linear in these 
models, the HR estimates depended only on SD of the gene expression 
score, not on the individual values. Two-sided 95% CIs for HRs were 
based on Wald test statistics. Kaplan-Meier plots based on categori-
zation of the biomarker scores were used to illustrate associations 
with OS. The magnitudes of associations were summarized by odds 
ratios (ORs), scaled in the same way as the reported HRs. Two-sided 
95% CIs for ORs were based on Wald test statistics. Two-sided 95% 
CIs for objective response rate were estimated by the Clopper-Pearson 
exact method. Likelihood ratio tests were used to test overall bio-
marker effects. Kaplan-Meier plots based on categorization of the 
biomarker scores were used to illustrate associations with OS. All 
data analyses were performed with R 3.4.1 for Linux and R 3.5.2 
for Windows.

For murine experiments, all data are representative of at least 
two to three independent experiments with 5 to 10 mice in each 
in vivo experiment. The data are expressed as mean ± SEM and were 
analyzed using Prism 7.0 statistical analysis software (GraphPad 
Software). Student’s t tests (two-tailed), analysis of variance (ANOVA), 
and Bonferroni multiple-comparison tests were used to identify sig-
nificant differences (P < 0.05) between treatment groups.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/12/548/eabc4220/DC1
Fig. S1. CONSORT diagram for CheckMate275 and IMvigor210.
Fig. S2. Loss of ARID1A enhances the immunogenicity of bladder tumor cells.
Fig. S3. Patients harboring ARID1A gene mutation have higher TMB.
Fig. S4. Analysis of TGF1 and PD-L1 expression in patients with and without ARID1A 
mutations.
Fig. S5. TLS in baseline tumor tissues correlated with improved response in the discovery 
cohort.
Fig. S6. CXCL13−/− mice are resistant to anti–PD-1 therapy.
Fig. S7. Combination of ARID1A mutation and baseline expression of CXCL13 in the tumor 
tissue predicts performance of ICT.
Data file S1. Patient characteristics with correlative assays performed.
Data file S2. Expression data of NanoString Gene Panel.
Data file S3. Antibodies used for murine CyTOF analysis.
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cohorts of patients with metastatic urothelial carcinoma.
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