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Supplementary Analyses
Mutation calls, TCR sequencing and RNA sequencing data, as well as all analysis code,
will be reposited at: https://github.com/hammerlab/multi-omic-urothelial-anti-pdl1 for open
access by readers.
Mutation loads calculated using the filters from (10) without Base Quality Score
Recalibration (BQSR), or using no filters and no BQSR, demonstrated the highest AUC for
outcome (0.72, 95% CI (0.51, 0.90) and 0.72, 95% CI (0.48, 0.90), respectively, Supplementary
Table S1). Ultimately, we optimized for precision with respect to variants found on the MSKIMPACT targeted sequencing panel and chose to use the filters from (10) with BQSR, which
demonstrated a lower AUC for association between mutation load and outcome (0.65, 95% CI
(0.43, 0.85)).
While the main purpose of this study was to improve our understanding of the
interactions between somatic alterations, tumor microenvironment and peripheral TCR
repertoire, we also note that the present study represents another in the litany of studies
exploring biomarkers of response. As such, we recognize that non-invasive and standard-ofcare measures represent the ideal biomarkers. Therefore, we examined our cohort with respect
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to clinical factors known to impact prognosis. When stratified by 5-factor score, patients in the
lowest score group (0-1) did not experience a significant improvement in overall survival (n=26,
log-rank p=0.13, Supplementary Fig S3A). As in the overall study (2), the presence of liver
metastases was associated with worse overall survival (n=29, log-rank p=0.018, Supplementary
Fig S3B).
When we examined only the genes featured in our institution’s next generation
sequencing panel, MSK-IMPACT, we did not find an association with DCB (n=25, MannWhitney p=0.42) or OS (n=25, Mann-Whitney p=0.78) (Supplementary Fig S6A, S6B). There
was no association between the APOBEC signature (a vector sum of COSMIC Signatures 2
and 13 (22,23)) (n=25, Mann-Whitney p=0.23) (Supplementary Fig S6C), signature 5 (n=25,
Pearson r=-0.28 p=0.17) or the ratio of transitions to transversions and DCB. While there was a

significant correlation between the APOBEC Signature and missense SNV count (n=25,
Pearson r=0.40 p=0.048, Supplementary Fig S6D), the borderline-significant p-value suggests
that this metric merits exploration in a larger dataset. When examining mutations in specific
cancer related genes, in addition to variants identified through whole exome sequencing, we
also included variants identified using a targeted sequencing panel (MSK-IMPACT, Methods) if
available. No tumors exhibited deleterious mutations in PTEN; when examined by expression,
PTEN loss was not associated with DCB; FGFR3, MYC and WNT7B were also not differentially
expressed in patients with DCB versus no DCB, though 4 patients did have FGFR3 mutations
including a frameshift mutation (D785fs) in 9517 (Supplementary Figs 6E, 6F). There was only a
single tumor (6229) that harbored an ERCC2 (I80T) mutation.
Given that mutations in the DNA damage response (DDR) pathway could potentially
enhance the development of a large number of mutations, we evaluated putatively deleterious
DDR mutations based on known or predicted functional impact and found that their occurrence
was not associated with DCB (n=25, Mann-Whitney p=0.20, Supplementary Fig S6G). It is
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interesting to note that a single patient with a known germline BRCA2 mutation experienced a
complete response to therapy. A recent report suggested that mutations in JAK1 or JAK2, or
dysfunction of beta-2 microglobulin (B2M) could lead to immunotherapy resistance (Zaretsky
NEJM 2016). There were no mutations in JAK1, JAK2 or B2M identified in this dataset, and
there were no significant differences in expression of JAK1 (n=26, Mann-Whitney p=0.83), JAK2
(n=26, Mann-Whitney p=0.83) or B2M (n=26, Mann-Whitney p=0.39) in the DCB versus no DCB
groups as measured by PFS.
We examined whether taking expression into account altered the lack of association
between mutations, neoantigens, and clinical outcomes. For both missense SNV count and
number of predicted neoantigens, we evaluated the association with DCB and with OS greater
than 12 months using (a) the total number of variants per megabase, and (b) the number of
expressed variants per megabase. In these analyses, the estimated odds ratios for total and
expressed variants per megabase were similar to one another irrespective of the metric used
(median OR of 1.38 vs. 1.34 for expressed versus total missense SNV, and median OR of 1.26
vs. 1.20 for expressed versus total predicted neoantigens when analyzed for association with
DCB, with similar results in analysis for association with OS; Supplementary Figs 6H, 6I).
Although we found some degree of differential association with disease progression or mortality
in a survival model according to whether the metric was filtered for expressed variants
(Supplementary Fig S6J), the results were not observed in a survival model for mortality
(Supplementary Fig S6K) and so we considered these findings to be inconclusive. This is
corroborated by further analysis looking at whether the rate of expressed to total variants is
associated with improved DCB. Given the small size of this cohort, we were not surprised to find
inconclusive results (OR=1.96, 95% CI (0.22, 7.76) and OR=2.34, 95% CI (0.25, 9.34) for
missense SNV count and predicted neoantigen counts, respectively; Supplementary Figs 6L,
6M).
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The goal of this analysis is to examine whether taking expression into account altered
the lack of association between mutations, neoantigens and clinical outcomes. In total, we
considered three metrics that each summarize the mutation burden: number of exonic SNVs per
megabase, number of missense SNVs per megabase, and number of predicted neoantigens
per megabase. Each of these metrics was evaluated twice, once at face value and then again
looking only at the number of variants (total SNV, missense SNV, and predicted neoantigens)
that are expressed. When each metric was evaluated for univariate association with (a) DCB
and (b) OS greater than 12 months in a logistic regression model, the estimated odds ratios for
total and expressed variants per megabase were similar to one another irrespective of the
metric used (Supplementary Figs 6H, 6I). In contrast, when the same data are analyzed using a
survival model for time to disease progression or mortality (PFS), we see a greater decrease in
hazard with each expressed missense SNV, predicted neoantigens or exonic SNV per
megabase compared to that observed in similar analysis of the variants alone (Supplementary
Fig S6J). However, these findings are less evident in the model for mortality alone
(Supplementary Fig S6K). Although these findings, and particularly those suggesting a
correlation of increased expression with PFS, are interesting and may be useful for hypothesis
generation, the results are inconsistent depending on how the model is specified and so should
be interpreted with caution.
In an attempt to corroborate the above findings, we performed an analysis of the
expression rate (expressed/total ratio) of missense SNV, predicted neoantigens and exonic
SNV variants using both logistic regression and survival analysis. The results were similar to
those described above. None of the rates demonstrated an association with DCB or OS greater
than 12 months (Supplementary Fig S6N, S6O), however there is evidence that expression
rates of missense SNV and predicted neoantigens are correlated with a reduction in hazard in
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the model for PFS (Supplementary Fig S6L) but not in the model for OS (Supplementary Fig
S6M).
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Supplementary Table S1
DCB AUC

0.65, 95% CI (0.43, 0.85)

0.61, 95% CI (0.35, 0.85)

0.63, 95% CI (0.36, 0.86)

p-value

Filters

n=25, Mann-Whitney

Tumor/Normal Depth ≥ 7, Tumor VAF >

p=0.22

0.1, Normal VAF < 0.03

n=25, Mann-Whitney

Tumor/Normal Depth ≥ 30, Tumor Alt

p=0.41

Depth ≥ 5

n=25, Mann-Whitney

With

IMPACT

IMPACT

BQSR?

Precision

Recall

Yes

0.72

0.49

Yes

0.68

0.52

No Depth/VAF Filters

Yes

0.68

0.63

n=25, Mann-Whitney

Tumor/Normal Depth ≥ 7, Tumor VAF >

No

0.63

0.5

p=0.075

0.1, Normal VAF < 0.03

n=25, Mann-Whitney

Tumor/Normal Depth ≥ 30, Tumor Alt

No

0.68

0.52

p=0.29

Depth ≥ 5

n=25, Mann-Whitney

No Depth/VAF Filters

No

0.53

0.65

p=0.29
0.72, 95% CI (0.51, 0.90)

0.63, 95% CI (0.38, 0.86)

0.72, 95% CI (0.48, 0.90)

p=0.084

Choice of depth and VAF filtering, as well as whether or not to run Base Quality Score
Recalibration (BQSR), resulted in differences in predictive value for mutation load. We chose to
optimize for precision, choosing the highlighted set of filters/BQSR. Precision is defined as the
fraction of filtered missense mutations in IMPACT genes that were actual IMPACT panel
variants. Recall is defined as the fraction of actual IMPACT panel variants that were found in the
filtered missense results.
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Supplementary Table S2
Metric

PD-L1 Expression

HR for Progression or Mortality

HR for Mortality

IC0

(base group)

(base group)

IC1

HR=0.29, 95% CI (0.079, 1.36)

HR=0.23, 95% CI (0.054, 1.10)

IC2

HR=0.083, 95% CI (0.0087, 0.55)

HR=0.023, 95% CI (0.00047, 0.30)

IC0

HR=4.17, 95% CI (0.53, 33.98)

HR=4.78, 95% CI (0.58, 53.10)

IC1

HR=4.27, 95% CI (1.15, 15.08)

HR=4.11, 95% CI (0.91, 16.01)

IC2

HR=3.80, 95% CI (0.79, 22.70)

HR=3.73, 95% CI (0.61, 24.52)

IC0

HR=1.00, 95% CI (0.49, 2.37)

HR=1.26, 95% CI (0.60, 3.19)

IC1

HR=0.76, 95% CI (0.50, 1.16)

HR=0.83, 95% CI (0.50, 1.28)

IC2

HR=0.53, 95% CI (0.33, 0.83)

HR=0.56, 95% CI (0.33, 1.00)

IC0

HR=1.51, 95% CI (0.32, 7.22)

HR=1.08, 95% CI (0.21, 4.15)

IC1

HR=1.09, 95% CI (0.32, 3.46)

HR=1.09, 95% CI (0.33, 3.81)

IC2

HR=50.87, 95% CI (2.99, 1486.55)

HR=4895.08, 95% CI (80.81,

(IC group)

Intercept

Liver Metastasis

log(# Missense SNV / MB)

log(Pre-Treatment TCR Clonality)

10374151.41)
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log(TIL Proportion)
IC0

HR=0.12, 95% CI (0.0028, 3.46)

HR=0.053, 95% CI (0.00053, 11.87)

IC1

HR=0.11, 95% CI (0.0077, 1.20)

HR=0.047, 95% CI (0.0018, 0.68)

IC2

HR=0.078, 95% CI (0.0051, 1.07)

HR=0.026, 95% CI (0.00093, 0.40)

Summary of results from multivariate survival analysis of various clinical, peripheral and
intratumoral factors to estimate their independent association with hazard for disease
progression or mortality (PFS) and for mortality (OS) according to level of intratumoral PD-L1
expression (IC grade). Results are summarized as median and 95% posterior intervals.
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Supplementary Fig S1
Supplementary Fig S1A

Tumors with less than the median TIL proportion or clonality were less likely to display DCB (25%,
versus no DCB: 81%, n=24, Fisher's Exact p=0.021).
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Supplementary Fig S1B

TCR overlap between the pre-treatment and 3-week posttreatment peripheral blood in one
patient with limited clinical benefit (PFS=37 days) and one patient with durable clinical benefit
(CR at 630 days after starting treatment). The association between pre-treatment peripheral
blood TCR sequences (x axis) and posttreatment peripheral blood TCR sequences (y axis) is
overlaid with the presence of tumor associated T cell clones. Gray indicates TCRs present only
in the peripheral blood; blue indicates TCRs present in the tumor and blood; orange indicates
TCRs present in the tumor and expanded in the blood with treatment.
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Supplementary Fig S1C

There was no significant expansion of TIL-associated TCR clones between pre-treatment (3.00
(range 1.00-9.00)) and 6 weeks post-treatment (2.00 (range 1.00-8.00)), n=20, Mann-Whitney
p=0.17.
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Supplementary Fig S1D
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The combination of high pre-treatment TIL and low pre-treatment peripheral blood TCR clonality
were predictive of DCB (n=24, Fisher's Exact p=0.0069) and DCB-OS (n=24, Fisher's Exact
p=0.014). For DCB, a logit model combining both was more predictive than peripheral blood

(n=24, log-likelihood p=0.00029) or TIL (n=24, log-likelihood p=0.00051) clonality alone. For DCBOS, both combined were more predictive than TIL (n=24, log-likelihood p=0.0029) clonality alone.
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Supplementary Fig S2
Supplementary Fig S2A

No significant association between the number of missense SNV per megabase and overall
survival, with 2.13 (range 0.038-11.46) in tumors from those patients who survived greater than
12 months, versus 0.48 (range 0.019-9.90) in those who did not (n=25, Mann-Whitney p=0.37).
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Supplementary Fig S2B

No significant difference between median expressed neoantigens in tumors from patients who
survived greater than or equal to 12 months: was 1.31 (range 0.00-6.06), versus 0.35 (range
0.00-5.30) in those who survived less than 12 months (n=25, Mann-Whitney p=0.36).
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Supplementary Fig S2C

No significant difference between median predicted neoantigens per megabase: 4.58 (range
0.037-39.48) in tumors from patients with DCB, as compared to 1.35 (range 0.00-20.22) in
those who progressed in less than 6 months (no DCB) (n=25, Mann-Whitney p=0.55).
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Supplementary Fig S2D

No significant difference between median predicted neoantigens per megabase in tumors from
those patients who survived greater than 12 months (here used to define OS DCB) was 3.56
(range 0.037-39.48) as compared to 1.37 (range 0.00-20.22) in those who did not (no DCB)
(n=25, Mann-Whitney p=0.81).
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Supplementary Fig S3
Supplementary Fig S3A

Patients who survived less than 3 months (red box) exhibited a significantly higher 5-factor
score (3.00 (range 2.00-4.00), as compared to 1.50 (range 0.00-4.00) in patients who survived
>3mo (blue box) (n=26, Mann-Whitney p=0.018).
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Supplementary Fig S3B

Patients who survived less than or equal to 3 months (red box) were more likely to have liver
metastases (100% in patients who survived less than or equal to 3 months and 22% in patients
who survived longer than 3 months, n=29, Fisher's Exact p=0.00097).
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Supplementary Fig S4
Supplementary Fig S4A

PD-L1 IC staining as reported by the sponsor in the published study (2) and outcome in our
cohort were significantly associated in this sub-study (n=29, Spearman rho=0.48 p=0.0083).
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Supplementary Fig S4B

ImmuneScore was associated with TIL proportion (n=24, Spearman rho=0.47 p=0.022).
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Supplementary Fig S4C

There was no association between ImmuneScore and DCB (DCB, 764.37 (range -1195.081509.65); no DCB 263.49 (range -1100.78-1734.28) (n=26, Mann-Whitney p=0.33).
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Supplementary Fig S4D

PD-L1 expression as measured by RNA-seq was not associated with PD-L1 IC level (n=26,
Spearman rho=0.045 p=0.83). Tumor cell PD-L1 staining was not available.
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Supplementary Fig S4E

HLA Class I expression was not associated with DCB (HLA-A: n=26, Mann-Whitney p=0.26,
HLA-B: n=26, Mann-Whitney p=0.36, HLA-C: n=26, Mann-Whitney p=0.24).
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Supplementary Fig S4F

Expression of other inhibitory markers, in particular HAVCR2 (also known as TIM-3) was higher
in DCB patients in the IC2 group.
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Supplementary Fig S4G

No association was found between TCGA RNA Subtype and response in this sub-study (n=20,
Fisher's Exact p=0.36).
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Supplementary Fig S5
Supplementary Fig S5A

Hazard associated with log(missense SNV count per megabase) by level of immune cell (IC0,
IC1 or IC2) PD-L1 expression.
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Supplementary Fig S5B

Hazard associated with log(missense SNV count per megabase) by presence or absence of
liver metastasis at enrollment.
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Supplementary Fig S5C

Association of peripheral TCR clonality prior to treatment with time to mortality (OS) varies
according to immune cell (IC0, IC1 or IC2) PD-L1 expression.

34

Supplementary Fig S5D

Association of peripheral TCR clonality prior to treatment with DCB varies according to immune
cell (IC0, IC1 or IC2) PD-L1 expression.
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Supplementary Fig S5E

Association of peripheral TCR clonality prior to treatment with DCB (OS) varies according to
immune cell (IC0, IC1 or IC2) PD-L1 expression.
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Supplementary Fig S5F

There was no significant relationship between 5-Factor score and pre-treatment TCR clonality (n=26,
Spearman rho=0.25 p=0.22).
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Supplementary Fig S5G

Multivariate survival analysis of various clinical, peripheral and intratumoral biomarkers for
association with time to mortality (OS), utilizing a varying-coefficient model which allows the
hazard associated with a one-unit increase in a biomarker’s value to vary according to level of
intratumoral PD-L1 expression (IC score). Note that the x-axis has been truncated at a value of
10 for clarity even though this results in the exclusion of some estimated HR values (specifically
that for pre-treatment peripheral TCR clonality among IC2 patients).
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Supplementary Fig S6
Supplementary Fig S6A

No significant association between the number of missense SNV found on MSK-IMPACT and
DCB (DCB 0.13 (range 0.00-0.31) versus no DCB 0.046 (range 0.00-0.37)
(n=25, Mann-Whitney p=0.42).
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Supplementary Fig S6B

No significant association between the number of missense SNV found on MSK-IMPACT and
overall survival (survival greater than 12 months 0.093 (range 0.00-0.31), versus less than 12
months 0.074 (range 0.00-0.37) (n=25, Mann-Whitney p=0.78).
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Supplementary Fig S6C

There was no significant difference in APOBEC signature found in tumors from patients with
PFS DCB (0.19 (range 0.00-0.56)) as compared to no DCB (0.00 (range 0.00-0.46)) (n=25,
Mann-Whitney p=0.23).
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Supplementary Fig S6D

There was a significant correlation between missense SNV count and APOBEC signature
mutations (n=25, Pearson r=0.40 p=0.048).
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Supplementary Fig S6E

There was no significant association between FGFR3 mutations or expression (n=26, MannWhitney p=0.39).
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Supplementary Fig S6F

There was no significant association between MYC expression and outcome measured by PFS
DCB (n=26, Mann-Whitney p=0.87).
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Supplementary Fig S6G

There was no significant association between DNA damage response (DDR) mutations rated as
“possible” by PolyPhen and DCB (n=25, Mann-Whitney p=0.20).
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Supplementary Fig S6H

Univariate association of exonic SNV, missense SNV and neoepitope load with DCB, with (blue
bars) and without (red bars) filtering by expression.
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Supplementary Fig S6I

Univariate association of exonic SNV, missense SNV and neoepitope load with OS greater than
12 months, with (blue bars) and without (red bars) filtering by expression.

48

Supplementary Fig S6J

Univariate association of exonic SNV, missense SNV and neoepitope load with PFS, showing
results with (blue bars) and without (red bars) filtering by expression.
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Supplementary Fig S6K

Univariate association of exonic SNV, missense SNV and neoepitope load with OS, showing
results with (blue bars) and without (red bars) filtering by expression.
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Supplementary Fig S6L

Univariate association of expressed/total ratio for exonic SNV, missense SNV, and neoantigen
loads with PFS.
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Supplementary Fig S6M

Univariate association of expressed/total ratio for exonic SNV, missense SNV, and neoantigen
loads with OS.
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Supplementary Fig S6N

Univariate association of expressed/total ratio for exonic SNV, missense SNV, and neoantigen
loads with DCB (PFS greater than 12 months).
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Supplementary Fig S6O

Univariate association of expressed/total ratio for exonic SNV, missense SNV, and neoantigen
loads with OS greater than 12 months.
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Supplementary Fig S6P

There was no significant association between pack years of reported smoking history and DCB
(n=29, Mann-Whitney p=0.87).

55

Supplementary Fig S6Q

There were significant associations between PFS (n=29, log-rank p=0.024) and OS (n=29, logrank p=0.018) and the presence of liver metastasis.
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Supplementary Fig S6R

There was a significant association between the presence of visceral metastases and poor
overall survival (n=29, log-rank p=0.020).
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Supplementary Fig S6S

There was not a significant association between 5-factor score and OS (n=26, log-rank p=0.13).
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Supplementary Fig S6T

No significant association between the number of expressed missense SNV per megabase and
DCB (DCB 0.79 (range 0.00-3.36), versus no DCB: 0.16 (range 0.00-3.34)), n=25, Mann-Whitney
p=0.26.

