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ABSTRACT
Cisplatin-based chemotherapy has been associated with 
durable disease control in a small subset of patients with 
metastatic urothelial cancer. However, the mechanistic 
basis for this phenomenon has remained elusive. 
Antitumor immunity may underlie these exceptional 
responders. In a phase II trial evaluating a phased schedule 
of gemcitabine and cisplatin followed by gemcitabine and 
cisplatin with ipilimumab for metastatic urothelial cancer, 
4 of 36 patients achieved durable disease-free treatment-
free survival (DDFTFS) and remain in remission over 5 
years after enrolment on the study. We sought to identify 
the genomic and immunological mechanisms associated 
with functional cures of such patients. Whole exome 
sequencing was performed on pretreatment archival tumor 
tissue. Neoantigen prediction and ranking were performed 
using a novel pipeline. For a subset of patients with 
available biospecimens, selected peptides were tested for 
neoantigen-specific T cell reactivity in peripheral blood 
CD4+ and CD8+ T cells cultured with autologous antigen-
presenting cells at baseline, postchemotherapy, and 
postchemotherapy and ipilimumab timepoints. Multiplex 
assays of serum protein analytes were also assessed at 
each time point. Serum proteomic analysis revealed that 
pretreatment, patients achieving DDFTFS demonstrated 
an immune activated phenotype with elevations in TH1 
adaptive immunity, costimulatory molecules, and immune 
checkpoint markers. After combination cisplatin-based 
chemotherapy and ipilimumab treatment, DDFTFS patients 
again displayed enrichment for markers of adaptive 
immunity, as well as T cell cytotoxicity. CD27 was uniquely 
enriched in DDFTFS patients at all timepoints. Neoantigen 
reactivity was not detected in any patient at baseline or 
post two cycles of chemotherapy. Both CD4+ and CD8+ 
neoantigen-specific T cell reactivity was detected in two 
of two DDFTFS patients in comparison to zero of five 
non-DDFTFS patients after combination cisplatin-based 
chemotherapy and ipilimumab treatment. Antitumor 
immunity may underlie functional cures achieved in 
patients with metastatic urothelial cancer treated with 
cisplatin-based chemotherapy and immune checkpoint 
blockade. Probing the mechanistic basis for DDFTFS may 
facilitate the identification of biomarkers, therapeutic 

components, and optimal treatment sequences necessary 
to extend this ultimate goal to a larger subset of patients.

BACKGROUND
Metastatic urothelial cancer (mUC) is gener-
ally considered an incurable illness. Cisplatin-
based chemotherapy has been standard 
first-line treatment for mUC for decades, 
and while objective responses are observed 
in 40%–60% of patients, most responses 
are short-lived with a median survival of 
~13–15 months.1 Despite poor outcomes in 
the majority of patients, a ‘tail’ exists on the 
progression-free survival curves in most trials 
of cisplatin-based chemotherapy for mUC 
and ~10%–20% of patients are progression-
free at 5 years.2 3 Dissecting the underpin-
nings of durable disease control achieved in 
this subset of patients with mUC treated with 
cisplatin-based chemotherapy has the poten-
tial to identify biomarkers, or mechanisms, 
which can be exploited to extend such bene-
fits to a larger subset of patients.

Features associated with durable disease 
control achieved with cisplatin-based chemo-
therapy in mUC are understudied, at least 
in part related to a paucity of cohorts with 
long-term follow-up with associated detailed 
clinical annotation and linked biospeci-
mens. Though cancer cell-intrinsic molecular 
vulnerabilities to cisplatin have been iden-
tified,4–6 measures of adaptive immunity in 
pretreatment tumors have also been linked to 
improved long-term outcomes in patients with 
advanced UC.7 Cisplatin-based chemotherapy 
has been associated with favorable immuno-
modulatory effects in model systems,8 raising 
the possibility that anti-tumor immunity may 
play a role in durable disease control with 
chemotherapy in mUC. To better understand 
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durable disease control achieved with cisplatin-based 
chemotherapy in mUC, and to potentially increase the 
subset of patients achieving this outcome, in 2010 we 
designed a phase II clinical trial (NCT01524991) eval-
uating a phased schedule of gemcitabine and cisplatin 
chemotherapy (GC) followed by GC in combination 
with the CTLA-4-targeting immune checkpoint inhibitor 
(ICI) ipilimumab (Ipi).9 Remarkably, extended follow-up 
reveals 4/36 patients who remain disease-free and 
treatment-free 5+ years after the initiation of treatment 
(hereafter referred to as durable disease-free treatment-
free survival (DDFTFS)]). Here, we sought to identify 
genomic and immunological features associated with 
‘functional cures’ of mUC.

METHODS
Clinical classification
Patients were characterized as having achieved DDFTFS 
(no evidence of disease and >2 years off all treatment 
at the time of last follow-up) or non-DDFTFS, which 
included patients achieving transient objective responses 
(short responders) as well as patients with best response 
of stable disease or progressive disease (PD) (non-
responders), as outlined in online supplemental table S1.

Plasma proteomic analysis
Multiplex proteomic assays were performed at baseline 
(cycle 1 day 1) and on-treatment (cycle 3 day 1 and cycle 
6 day 1) using the Olink Target 96 Immuno-Oncology 
Panel (Olink Proteomics) and Milliplex MAP Human 
Cytokine/Chemokine Magnetic Bead Panel—Premixed 
41 Plex—Immunology Multiplex Assay (Millipore Sigma) 
per manufacturer instructions. Quality control measures 
included exclusion of samples (N=2) that failed quality 
analysis and Olink targets (N=9) with >75% of samples 
below the lower limit of detection. Olink data, extracted 
in normalized protein expression (NPX) units, were 
transformed to a linear scale (2NPX). An area-proportional 
Venn diagram was created using BioVenn.10

Neoantigen prediction pipeline
Whole exome sequencing was completed as previously 
reported.9 Neoantigen prediction was performed using 
a combination of a major histocompatibility complex 
binding affinity score from previously described method-
ology11 and a novel composite score. Full details of the 
novel composite score, human leukocyte antigen typing, 
and peptide selection and synthesis are provided in 
online supplemental methods.

ELISpot
Autologous peripheral blood mononuclear cells 
(PBMCs) were pulsed with polypeptide pools as previ-
ously described.12 Full details on the ELISpot method-
ology are provided in online supplemental methods.

Flow cytometry
Flow cytometry was performed on PBMCs collected at 
baseline, cycle 3 day 1, and cycle 6 day 1, as previously 

described.9 Samples were considered positive for neoan-
tigen reactivity if there was both ≥0.5% IFNγ positivity 
and ≥2 fold increase positivity compared with that of 
the respective negative control. Data acquisition was 
performed on a BD LSR Fortessa flow cytometer and 
analyzed using TreeStar Flowjo software.

Statistical analyses
Statistical analyses were performed in GraphPad Prism 
V.9 software. Volcano plots were analyzed using a false 
discovery rate Q value of 10% corrected for multiple 
comparisons via the two-stage set-up method of Benja-
mini, Krieger, and Yekutieli. Means were analyzed 
using Kruskal-Wallis testing with multiple comparisons 
performed by Dunn’s test. Data are presented as mean±SE 
of the mean unless otherwise indicated. All data were 
included, no outliers were excluded. Results were consid-
ered significant with p<0.05; *p<0.05, **p<0.01.

RESULTS
Among the 36 patients enrolled, 4 patients achieved 
DDFTFS and remain disease-free and treatment-free 5+ 
years after the initiation of treatment (figure  1). The 
clinical characteristics of patients achieving, and not 
achieving, DDFTFS are outlined in online supplemental 
table S9. To determine baseline immune characteristics 
unique to DDFTFS patients, we performed multiplex 
analysis of serum analytes pretreatment. Multiple analytes 
were significantly enriched in DDFTFS patients compared 
with all non-DDFTFS patients, including markers of adap-
tive TH1 T cell activity (CD8, CD4, IL-12Rβ1, IFNγ, CXCL9, 
CXCL10), costimulatory molecules (4-1BB, CD27, CD70, 
LIGHT), and immune checkpoints (PD-1, GAL-9, 
PD-L2). Hierarchical clustering revealed similar patterns 
of analyte elevations differential to the DDFTFS patients 
(figure  2A, online supplemental figure S1A). Many of 
these analytes were significantly elevated in DDFTFS 
patients compared with short responders (figure 2A), and 
normalizing both DDFTFS patients and short responders 
to non-responders further highlighted similar patterns of 
immune enrichment unique to DDFTFS patients (online 
supplemental figure S2A).

Analysis post-GC revealed an overall dampening of 
the differential immunophenotype of DDFTFS patients. 
While clustering identified increased analytes (including 
CD8, CD27, IL-12Rβ1, IL-12p70, CXCL10) and decreased 
analytes (including various chemokines, ARG-1, VEGF-C, 
IL-8) in DDFTFS patients versus patients not achieving 
DDFTFS, CD27 was the only significantly increased 
analyte in DDFTFS patients. Individually, post-GC time-
point values for IL-12Rβ1, CD27, and CCL23 were signifi-
cantly increased and CD40L, CCL13, PDGF-BB, and 
CCL17 were significantly decreased in DDFTFS patients in 
comparison to either short responders or non-responders 
(figure 2B, online supplemental figures S1B and S2B).

To assess the immunomodulatory impact of ICI, we 
repeated the analysis post-GC+Ipi. Several patterns 
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of analyte enrichment were again observed specific 
to DDFTFS patients, including elevations in analytes 
also observed at baseline (CD4, IL-12Rβ1, PD-1, CD27, 
4-1BB). Also increased were markers of cytotoxicity 
(FAS-L, TRAIL), costimulation (CD28, OX40L), chemo-
kines (CX3CL1, CCL4), and NK cell activity (NCR1). 
These findings were overall absent from short responders, 
including a significant elevation in IFNγ in DDFTFS 
patients compared with non-responders (figure  2C, 
online supplemental figure S1C). IL-1α was the most 
downregulated marker in DDFTFS patients compared 
with non-responders, which was consistent at all time 
points and was not observed among short responders 
(online supplemental figure S2A–C).

Evaluation of immunomodulatory changes over 
sequential timepoints within DDFTFS patients identified 
a significant increase post-GC+Ipi in DC-LAMP, a marker 
of mature dendritic cells (DCs) enriched in immunoreg-
ulatory molecules (mregDCs),13 soluble PD-1, and CD28 
(online supplemental figure S3).

Non-self antigens encoded by somatic mutations 
arising in cancer cells, termed neoantigens, can stimulate 
anti-tumor immunity.14 Given the profile of circulating 
analytes reminiscent of heightened adaptive cytotoxic 
immunity among DDFTFS patients post-GC+Ipi, we eval-
uated whether neoantigen-driven immunity could be 
playing a role in these long-term remissions. We utilized a 
unique prediction pipeline to rank candidate neoantigen 
peptide immunogenicity for a subset of patients (N=7) 
with sufficient available biospecimens that encompassed 
DDFTFS patients, short responders, and non-responders 
with high and low tumor mutational burdens and present 
and absent somatic DNA damage response (DDR) 
alterations (figure  3A). No neoantigen-specific T cell 

responses were detected in any patients at baseline and 
post-GC. However, post-GC+Ipi, neoantigen-specific T 
cell reactivity was detected in two of two DDFTFS patients, 
while zero of five non-DDFTFS patients demonstrated 
neoantigen-specific reactivity (figure  3A,B). This reac-
tivity was specific to neoantigens generated from a frame-
shift in TP53 in patient MG25 and substitutions in DHX9 
and ZFHX3 in patient MG35, and both DDFTFS patients 
exhibited CD4+ and CD8+ T cell reactivity (figure 3A,C).

DISCUSSION
A ‘tail’ on the survival curve in studies of patients with 
mUC treated with cisplatin-based chemotherapy has 
been demonstrated across multiple datasets over the last 
several decades.2 3 However, the mechanistic basis under-
lying this observation has been elusive. While ‘functional 
cures’ of mUC only occur in a small subset of patients, 
probing the features associated with such outcomes can 
uncover therapeutic targets, and/or biomarkers, with the 
potential to extend such benefits to an even larger subset 
of patients.

Here, we sought to understand the genomic and 
immunological features associated with DDFTFS from a 
phase II study of gemcitabine, cisplatin, and ipilimumab 
in which 4/36 patients were alive and disease-free and 
treatment-free at 5+ years after enrolment on the study. 
Our results demonstrate that patients achieving DDFTFS 
had a unique immune phenotype at baseline, character-
ized by increased markers of adaptive TH1 T cell activity, 
costimulatory molecules, and immune checkpoints. 
Interestingly, post-GC, peripheral blood analytes reminis-
cent of TH1 immunity were dampened, even in patients 
achieving DDFTFS, though levels of CD27 remained 

Figure 1  Long-term follow-up reveals a subset of extraordinary responders after treatment with cisplatin-based chemotherapy 
and ipilimumab. (A) Kaplan-Meier survival curve with the four DDFTFS patients labeled (MG36, MG08, MG35, MG25). 
(B) Swimmer plot indicating the duration of treatment, clinical response, and time of progression, death/censor, or ongoing 
response, with DDFTFS patients bolded. CR, complete response; DDFTFS, durable disease-free treatment-free survival; PD, 
progressive disease; PR, partial response; SD, stable disease.
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Figure 2  DDFTFS patients demonstrate a unique immunophenotype at baseline and after treatment with cisplatin-based 
chemotherapy and ipilimumab. Analysis was performed at (A) baseline, (B) post-GC, and (C) post-GC+Ipi. Top, volcano plot 
represents all Olink analytes comparing DDFTFS patients with all non-DDFTFS patients, significant analytes labeled with red 
datapoints, horizontal line indicates the threshold for significant discovery, vertical line separates relative increased (right) or 
decreased (left) protein level, with an area-proportional Venn diagram of significant analytes. Bottom left, scatter bar plots of 
individual analytes with significantly altered levels when comparing DDFTFS patients to non-responders or short responders, 
with data displayed as mean±SEM, y-axis is transformed NPX values. Bottom right, heatmaps of average z-scores per 
response grouping with the Olink assay, columns indicate patient grouping by response, rows indicate individual analytes, with 
unsupervised hierarchical clustering performed on rows. *P<0.05, **p<0.01, and p values<0.1 and >0.05 are reported. DDFTFS, 
durable disease-free treatment-free survival; GC, gemcitabine and cisplatin; Ipi, ipilimumab; NR, non-responder; SR, short 
responder.
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significantly increased compared with non-DDFTFS 
patients. Post-GC+Ipi, patients experiencing DDFTFS 
demonstrated elevated analytes associated with T cell 
cytotoxicity, costimulation, chemokines, and NK cell 
activity, which were absent from short responders. Impor-
tantly, neoantigen-specific T cell reactivity was detected 
post-GC+Ipi in two of two patients achieving DDFTFS but 
not in any non-DDFTFS patients. Together, our findings 
suggest that patients with mUC achieving DDFTFS exhib-
ited evidence of a pre-existing adaptive immune response 
which was enhanced with cisplatin-based chemotherapy 
and/or ipilimumab. The detection of neoantigen-specific 
T cell reactivity in patients achieving DDFTFS post-GC+Ipi 
provides, to our knowledge, among the first reported 

associations between neoantigen-specific immunity and 
functional cure of mUC.

Key strengths of our study include the very long dura-
tion of follow-up, multiplex analyses, novel neoantigen 
prediction pipeline with functional T cell assays, and 
both pretreatment and on-treatment sequential analyses, 
allowing for the identification of both differential and 
consistent immune-related patterns specific to DDFTFS 
patients. Limitations to our study include the relatively 
small sample size and the difficulty delineating the poten-
tial contribution of cisplatin-based chemotherapy versus 
ipilimumab versus combination therapy to these observa-
tions. The rate of durable disease control is similar to what 
has been reported in prior studies with cisplatin-based 

Figure 3  Neoantigen-specific CD4+ and CD8+ T cell reactivity is only detectable in DDFTFS patients after treatment with 
cisplatin-based chemotherapy and ipilimumab. (A) Table of the patient subset for which neoantigen prediction, peptide 
synthesis, and T cell reactivity assays were performed. The presence of DDR alterations is indicated with +. Positive T cell 
responses are indicated with + in red cells. (B) IFNγ ELISpot values per patient at each time point, performed with pooled 
peptides. Positive detections are highlighted in dotted red boxes. (C) CD4+ and CD8+ T cell ELISpots (MG25) and flow 
cytometry (MG35) of individual peptides for patients and matching peptide pools with positive detections. The y-axis represents 
individually tested peptides with positive detected neoantigen variants reported. CR, complete response; DDFTFS, durable 
disease-free treatment-free survival; DDR, DNA damage response; GC, gemcitabine and cisplatin; Ipi, ipilimumab; NR, non-
responder; PD, progressive disease; PR, partial response; SD, stable disease; SR, short responder; TMB, total mutational 
burden.
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chemotherapy.2 3 Cisplatin-based chemotherapy has been 
shown to exert distinct immunomodulatory effects in 
patients with mUC,8 and a recent study demonstrated that 
measures of pretreatment adaptive immunity, specifically 
PD-L1 expression on immune cells in the tumor micro-
environment, was associated with a higher likelihood of 
durable disease control.15 Somatic mutations in DDR 
genes have also been associated with increased sensitivity 
to cisplatin-based chemotherapy, as they induce DNA 
damage which is repaired primarily by the nucleotide exci-
sion repair pathway.16 DDR alterations, specifically those 
causing deficiencies in the mismatch repair pathway, are 
also linked to response to ICIs across multiple cancer 
types,17 thought to be driven by enhanced mutagenicity 
and neoantigen exposure. In this study, while pretreat-
ment somatic mutations in DDR genes were observed in 
two of three patients achieving DDFTFS (online supple-
mental figure S4), this was similar to the 57% DDR alter-
ation rate observed among the entire cohort,9 suggesting 
that DDR deficiencies may play a role but other mecha-
nisms are likely involved. Single-agent CTLA-4 blockade 
has been understudied in patients with mUC, though one 
small phase II study reported an objective response rate 
of ~19%.18 Though peripheral blood analytes reminis-
cent of adaptive immunity were dampened from baseline 
to cycle 3 with chemotherapy alone in patients achieving 
DDFTFS, and neoantigen specific T cell reactivity did not 
emerge until post-GC+Ipi, whether this is related to the 
addition of Ipi versus simply a longer treatment dura-
tion cannot be determined. Whether CTLA-4 blockade 
improves outcomes when added to platinum-based 
chemotherapy (plus PD-L1 blockade) in patients with 
mUC is currently being tested in the large international 
phase 3 NILE study (NCT03682068).19 While combina-
tion trials with platinum-based chemotherapy plus PD-1/
PD-L1 blockade in patients with mUC have not demon-
strated significant improvements in overall survival, these 
trials included patients receiving both cisplatin-based and 
carboplatin-based chemotherapy which may be associ-
ated with different immunomodulatory effects.15 Analyses 
of ongoing randomized studies will be needed to better 
understand the contribution of individual treatment 
components.

Our analysis might facilitate the identification of thera-
peutic targets on which to build additional combination 
regimens to further enhance the likelihood of achieving 
DDFTFS in patients with mUC. For example, CD27 was the 
most consistently elevated analyte, increased in DDFTFS 
patients at each timepoint, and its binding partner, CD70, 
was also elevated at baseline. CD27 is a T cell costimulatory 
molecule that promotes CXCL10 and IFNγ production, 
T cell cytotoxicity, and maintains memory CD8+ T cells. 
Experimental agonistic agents are currently under evalua-
tion targeting CD27 and CD70, including in combination 
with CTLA-4 blockade and OX40 agonism.20 Conversely, 
features associated with a lower likelihood of achieving 
DDFTFS may also facilitate identification of therapeutic 
targets. A recent study identified poor outcomes with 

PD-1/PD-L1 ICI in UC patients with pretreatment enrich-
ment for pro-tumorigenic monocyte-macrophages with 
increased IL1B and CXCL8 (encodes IL-8) and decreased 
CXCL9, CXCL10, and antigen-presenting cell-related 
genes, a transcriptional program that was inferred to be 
regulated by IL-1α and IL-1β.21 Consistent with those 
findings, at baseline, we identified increased CXCL9 and 
CXCL10 and decreased IL-1α and IL-8 in the peripheral 
blood of patients achieving, vs not achieving, DDFTFS.

Our results suggest that neoantigen-specific immunity 
may be associated with DDFTFS in patients with mUC. 
Prior studies in UC identified neoantigen-specific CD4+ 
TILs,22 and, in a cohort of patients with mUC treated with 
PD-L1 blockade, neoantigen-specific CD8+ T cells on-treat-
ment were associated with improved outcomes.23 A phase 
1b trial of a personalized neoantigen peptide vaccine with 
ICI reported de novo CD4+ and CD8+ T cell responses 
with a 27% response rate, increased circulating memory 
CD8+ T cells, and epitope spreading.24 Here, we detected 
neoantigen-specific CD4+ and CD8+ T cell responses in 
two of two analyzed DDFTFS patients, in comparison 
to zero of five non-DDFTFS patients (including short 
responders). These T cell clones were not detectable 
pretreatment, suggesting a role for GC and/or Ipi in the 
expansion of neoantigen-specific T cell clones in patients 
achieving DDFTFS.

In conclusion, the results of this study provide insights 
into the immunobiology of DDFTFS in mUC patients 
treated with cisplatin-based chemotherapy and ipilim-
umab. These findings suggest that a pre-existing adaptive 
immune response, enhanced by treatment with cisplatin-
based chemotherapy and ipilimumab, may be responsible 
for long-term remission. Neoantigen-specific T cells may 
play a critical role in this response. The identification of 
markers of response may help identify patients most likely 
to benefit from chemotherapy plus ICI-based therapy.
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