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C A N C E R

Neoantigen responses, immune correlates, 
and favorable outcomes after ipilimumab treatment 
of patients with prostate cancer
Sumit K. Subudhi1, Luis Vence2, Hao Zhao2, Jorge Blando2, Shalini S. Yadav2, Qing Xiong2, 
Alexandre Reuben3, Ana Aparicio1, Paul G. Corn1, Brian F. Chapin4, Louis L. Pisters4, 
Patricia Troncoso5, Rebecca Slack Tidwell6, Peter Thall6, Chang-Jiun Wu7, Jianhua Zhang7, 
Christopher L. Logothetis1, Andrew Futreal7, James P. Allison2,8†, Padmanee Sharma1,2,8*†

Tumors with high mutational burden (TMB) tend to be responsive to immune checkpoint blockade (ICB) because 
there are neoantigens available for targeting by reinvigorated T cells, whereas those with low TMB demonstrate 
limited clinical responses. To determine whether antigen-specific T cell responses can be elicited after treatment 
with ICB in cancers that have a low TMB, we conducted a clinical trial with ipilimumab in 30 patients with metastatic 
castration-resistant prostate cancer. We identified two distinct cohorts by survival and progression times: “favorable” 
(n = 9) and “unfavorable” (n = 10). Patients in the favorable cohort had high intratumoral CD8 T cell density and 
IFN- response gene signature and/or antigen-specific T cell responses. Two patients with a relatively low TMB 
had T cell responses against unique neoantigens. Moreover, six of nine patients in the favorable group are still 
alive at the time of analysis, with survival ranging from 33 to 54 months after treatment. All 10 patients in the 
unfavorable cohort have succumbed to their disease and had survival ranging from 0.6 to 10.3 months. Collectively, 
our data indicate that immunological correlates associated with effector T cell responses are observed in patients 
with metastatic prostate cancer who benefit from ICB.

INTRODUCTION
Immune checkpoint blockade (ICB) has revolutionized the therapeutic 
landscape of clinical oncology by inducing durable T cell–mediated 
antitumor responses in patients with advanced malignancies. Despite 
the unprecedented successes of ICB, only a subset of patients with 
cancer derives clinical benefit. Some of the highest objective response 
rates to ICB are observed in patients with melanoma and non–small 
cell lung cancer (NSCLC), tumors that have high tumor mutational 
burden (TMB) and neoantigen frequency (1), both of which have 
been associated with clinical responses to ICB (2–5). Because tumor 
neoantigens can be recognized by the immune system (6), it is 
expected that the presence of preexisting immune infiltrates within 
the tumor microenvironment is also associated with clinical benefit 
to ICB (7, 8). In comparison to melanoma and NSCLC, prostate 
cancers have a substantially lower prevalence of somatic mutations 
and frequency of mutant neoantigens (1). Although targeting the 
immune checkpoint molecule cytotoxic T lymphocyte–associated 
antigen 4 (CTLA-4) with ipilimumab in patients with metastatic 
castration-resistant prostate cancer (mCRPC) failed to demonstrate 
a survival benefit in two phase 3 clinical trials (9, 10), there was a 
subset of men who derived significant durable clinical responses 

after treatment with ipilimumab (10, 11). Here, we report clinical 
outcomes from a trial designed to test the hypothesis that induction 
of an effective antitumor response by ipilimumab may be mediated, 
at least in part, by T cell responses to cancer neoantigens in patients 
with mCRPC.

RESULTS
Phase 2 clinical trial of ipilimumab in mCRPC
To evaluate systemic T cell responses against cancer neoantigens 
after treatment with ipilimumab, 30 patients with mCRPC were 
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Fig. 1. Clinical trial schema. IPI, ipilimumab; WES, whole-exome sequencing; 
RNA-seq, RNA sequencing.
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Fig. 2. Clinical outcomes of patients with metastatic prostate cancer treated with ipilimumab. (A) Patients were stratified into response cohorts based on composite 
of radiographic/clinical progression-free survival (rcPFS) and overall survival (OS). PSA PFS for total cohort (top; n = 26) and favorable (n = 9) and unfavorable (n = 8) 
cohorts (bottom) were estimated by the Kaplan-Meier method. (B) Radiographic PFS for total cohort (top; n = 27) and favorable (n = 9) and unfavorable (n = 10) cohorts 
(bottom) were estimated by the Kaplan-Meier method. (C) OS for total cohort (top; n = 29) and favorable (n = 9) and unfavorable (n = 10) cohorts (bottom) were estimated 
by the Kaplan-Meier method. (D) Composite of rcPFS. Each bar represents an individual patient (n = 27). Black arrows denote patients who are having ongoing responses. 
The favorable cohort is depicted by green bars (n = 9), the unfavorable cohort is depicted by purple bars (n = 10), and the remaining patients are depicted by gray bars 
(n = 8). (E) The favorable cohort is represented by green closed circles (n = 9), the unfavorable cohort is represented by purple open squares (n = 10), and the remaining 
patients are represented by gray closed triangles (n = 8). Black dots represent patients who are still alive.
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enrolled into a single center study (NCT02113657) from January 2015 
to May 2018 (Fig. 1). Twenty-nine (97%) patients received at least 
one dose of ipilimumab (3 mg/kg per dose, every 3 weeks for up to 
four doses), and they were evaluated for safety and efficacy; however, 
two patients withdrew consent after initiating treatment and were 
not included in the correlative analyses. The baseline characteristics, 
metastatic distribution, and prior systemic therapies for mCRPC of 
the 29 patients are described in tables S1, S2, and S3, respectively.

Safety and efficacy
Evaluation of clinical safety, tolerability, and serum prostate-specific 
antigen (PSA) kinetics after treatment with ipilimumab were some 
of the key clinical objectives of this trial. Median follow-up time 
from the administration of the first dose of ipilimumab was 45.5 months. 
Eleven (38%) of 29 patients received all four doses of ipilimumab, 
and the median number of doses received was three (interquartile 
range, 2 to 4). Eight (28%) patients developed grade 3 toxicities 
attributed to treatment. Similar to other prostate cancer trials with 
ipilimumab (9–15), the most common grade 3 immune-related 

adverse events (irAEs) were dermatitis (10%) and diarrhea (10%; 
table S4). No grade 4 or 5 toxicities were observed.

The median PSA progression-free survival (PFS) time was 1.7 months 
[95% confidence interval (CI) (0.7, 8.2 months); Fig. 2A], median 
radiographic PFS was 3.0 months [95% CI (2.5, 11.2 months); 
Fig. 2B], and median overall survival (OS) time was 24.3 months 
[95% CI (8.5, 33.9 months); Fig. 2C] with 22 (76%) patients having 
succumbed to their disease. The best overall radiographic response 
observed in this study was stable disease, and the disease control 
rate (DCR) was 37% for this cohort of patients.

There were two predominant categories of radiographic and/or 
clinical PFS (rcPFS; whichever occurred first): (i) those with rcPFS 
>6 months (n = 9) and (ii) those with rcPFS <6 months (n = 18; 
Fig. 2D). All patients with rcPFS >6 months also had an OS 
>12 months, which we characterized as clinical benefit, and they were 
deemed the “favorable” cohort (n = 9) for subsequent correlative 
studies. The remaining 18 patients had rcPFS <6 months, which 
were further segregated by OS [<12 months (n = 10); >12 months 
(n = 8); Fig. 2E]. Patients with PFS <6 months and OS <12 months 

Table 1. Clinical outcomes for the favorable cohort. Blue font indicates that the patients are having ongoing responses. SD, stable disease.  
NS, nonsynonymous. 

Patient # # NS mutations PSA PFS (months) Radiographic PFS 
(months) Best overall response OS (months)

1 41 15.2 15.2 SD 44.9

4 708 8.2 12.7 SD 42.2

5 24 19.5 20.6 SD 54.3

6 2 5.1* 51.1 SD 51.4

7 13 25.7* 25.1 SD 49.4

9 25 11.2 11.2 SD 42.8

15 104 30.6* 25.0 SD 45.5

20 31 26.2 26.2 SD 38.4

23 25 30.9 26.9 SD 33.0

 *The patient started abiraterone acetate before developing PSA progression.

Table 2. Clinical outcomes for the unfavorable cohort. na, not available. For patients na for PSA PFS, both patients had undetectable serum PSA levels before 
receiving ipilimumab. 

Patient # # NS
mutations PSA PFS (months) Radiographic PFS 

(months) Best overall response OS (months)

3 81 0.7 1.7 PD 2.0

10 49 na 2.1 PD 2.6

12 65 3.1 7.3* SD 8.5

13 2 2.2 3.4 PD 5.3

16 58 na 1.4 PD 5.7

19 49 0.6 3.0 PD 4.2

22 273 0.7 0.7 na 0.7

24 39 0.7 2.9 PD 10.3

25 47 0.7 3.0 PD 5.8

27 41 0.7 2.5 PD 3.4

 *The patient’s clinical PFS was 5.1 months.
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were designated as the “unfavorable” cohort (n = 10) for the correl-
ative studies. The clinical outcomes shown in Fig. 2 and the best 
overall response of the favorable and unfavorable cohorts are de-
scribed in Tables 1 and 2.

Interferon-–responsive gene signature and  
tumor-infiltrating lymphocytes are associated 
with favorable responses to ipilimumab
The presence of tumor-infiltrating lymphocytes and interferon- 
(IFN-)–responsive gene signatures have been shown to be predictive 
of responses to ICB (7, 8, 16, 17). Therefore, pretreatment tumor 
tissues were evaluated using RNA sequencing (RNA-seq). Gene set 
enrichment analysis (GSEA) of the pretreatment tumors revealed 
that the IFN- response pathway signature was higher in patients in 
the favorable cohort compared to the unfavorable cohort (Fig. 3A 
and Table 3). In addition, the favorable cohort had higher T cell 
gene signatures, including those of cytotoxic and memory T cells 
(Fig. 3B). These data were further supported by immunohistochemistry 
(IHC) staining for markers of T cells (e.g., CD3 and CD8), cyto-
toxicity (e.g., granzyme B), and T cell activation [e.g., programmed 
cell death–1 (PD-1)] (Fig. 3C). Although intratumoral CD8 density did 
not correlate with PD ligand 1 (PD-L1) 
expression on the tumor cells (Fig. 3C, 
fig. S1A, and Table 3), PD-L1 expression 
was detectable on the immune cells with-
in the tumor microenvironment in both 
patient cohorts (Fig. 3C, fig. S1B, and 
Table 3). Our results suggest that intra-
tumoral CD8 T cell density and an IFN- 
response gene signature may be predic-
tive of responses to ipilimumab and/or 
prognostic of OS. 

Detection of T cell responses 
to prostate tumor-associated 
antigens and neoantigens
Somatic mutations may represent cancer 
neoantigens capable of being recognized 
by T cells (6, 18–21). Consistent with this, 
neoantigen frequency has been associated 
with responsiveness to ICB in patients 
with melanoma treated with ipilimumab 
(2, 3). To identify potential prostate cancer 
neoantigens that could be correlated with 
clinical responses to ipilimumab, whole- 
exome sequencing (WES) of pretreatment 
tumor tissues and matched peripheral blood 
mononuclear cells (PBMCs) was used to 
detect all potential nonsynonymous muta-
tions (fig. S2). The median number of 
nonsynonymous somatic mutations was 
76 in the cohort of 27 patients (table S5), 
which was much lower compared to 
melanoma and NSCLC (median number 
of nonsynonymous somatic mutations 
about 200) (3, 22), but was consistent 
for prostate cancer (1, 23). There was 
no difference in the TMB from samples 
obtained from primary versus metastatic 

sites (fig. S3), and there was no difference in predicted neoantigen 
frequency (as determined by the in silico prediction algorithm 
NetMHCpan) between the primary and metastatic sites (fig. S4). 
Furthermore, TMB was not associated with improved clinical re-
sponses to ipilimumab because the median frequency of nonsynony-
mous mutations was similar between the favorable and unfavorable 
cohorts (fig. S5).

Next, RNA-seq of the pretreatment tumor tissues was used to 
identify which of these nonsynonymous mutations were expressed. 
The expressed mutations were used to develop 23-mer peptides that 
flanked the mutated amino acids. These peptides were applied to an 
ex vivo IFN- enzyme-linked immunospot (ELISpot) assay with 
PBMCs to determine which of the expressed mutations elicited T cell 
responses and thus represented cancer neoantigens. A similar ELISpot 
assay was used to identify T cell responses to conventional prostate 
tumor–associated antigens [e.g., prostate-specific membrane antigen 
(PSMA) and prostatic acid phosphatase (PAP)].

There were sufficient PBMCs to evaluate T cell responses to 
tumor-associated antigens and neoantigens in 17 of 27 (63%) patients, 
which accounted for 8 of the 9 patients in the favorable cohort and 
4 of the 10 patients in the unfavorable cohort. T cell responses to 

Fig. 3. Immune correlatives in pretreatment tissue associated with the favorable versus the unfavorable 
cohorts. (A) IFN- response pathway expression signature in the pretreatment prostate tumor tissues obtained 
from the favorable cohort (n = 8) versus the unfavorable cohort (n = 10) based on GSEA. (B) Intratumoral immune 
subpopulations in the favorable cohort (n = 8) versus the unfavorable cohort (n = 10) based on RNA-seq analyses. 
Unpaired t test was used to determine statistical significance. (C) T cell infiltration in the favorable cohort versus the 
unfavorable cohort based on representative IHC staining in pretreatment tissues. A 20× magnification for the large 
outer squares and a 40× magnification for the small inner squares were used. Treg, regulatory T cell; TH17, T helper 
17 cell; Gr-B, granzyme B.
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Table 3. Summary of immune correlatives associated with favorable and unfavorable clinical outcomes. na, not available because of insufficient amount 
of PBMCs. 

Pretreatment Posttreatment

Patient # # NS 
mutations

Genetic 
deficiency

CD8 density 
(cells/mm2)

PD-L1 
density 

(immune 
cells/mm2)

PD-L1 % on 
tumor cells

IFN- high 
(RNA-seq)

PSMA/PAP 
ELISpot

Neoantigen 
ELISpot

Favorable

1 41 No 3063 393 0 Yes Negative Negative

4 708 PSM2 393 14 0 Yes Negative Negative

5 24 No 282 128 0 No Negative Positive

6 2 No 655 na na No na na

7 13 No 606 52 0 No Positive Positive

9 25 No 290 na na Yes Positive Negative

15 104 FANCA 458 123 0 na Positive Negative

20 31 No 454 86 0 Yes Negative Negative

23 25 No 275 24 0 Yes Negative Negative

Unfavorable

3 81 No 197 137 0 No Negative Negative

10 49 No 43 4 0 No na na

12 65 No 118 186 0 No Negative Negative

13 2 No 331 96 0 No Negative Negative

16 58 No 387 1242 0 Yes na na

19 49 No 362 71 0 No na na

22 273 BRCA2 136 172 0 Yes na na

24 39 No 42 113 14 No Negative Negative

25 47 No 83 na na No na na

27 49 No na na na No na na

Fig. 4. T cell responses to prostate tumor–associated antigens. (A) Pie charts denoting the patients within the favorable cohort with T cell responses against 
prostate-specific membrane antigen (PSMA) and prostatic acid phosphatase (PAP). (B) Raw ELISpot data and graphical representation of T cell responses against PSMA 
in patient #7. Unpaired t test was used to determine statistical significance. **P ≤ 0.01. (C) Raw ELISpot data and graphical representation of T cell responses against 
PAP in patients #7, #9, and #15. Unpaired t test was used to determine statistical significance. *P ≤ 0.05, **P ≤ 0.01, and ****P ≤ 0.0001.

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversidade de Sao Paulo on A

pril 18, 2023



Subudhi et al., Sci. Transl. Med. 12, eaaz3577 (2020)     1 April 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

6 of 10

PSMA, PAP, and cancer neoantigens were only identified in patients 
within the favorable cohort (Fig. 4, A to C, and Table 3). Specifically, 
using this approach for mutant neoantigen detection, T cell responses 
against somatic mutations in PCMTD2 (protein-l-isoaspartate 
O-methyltransferase domain–containing protein 2 isoform 1; p.
V282A) for patient #5 and ARHGEF37 (rho guanine nucleotide 
exchange factor 37; p.R664W) and DPYS (dihydropyrimidinase; 
p.V364M) for patient #7 were identified (Fig. 5, A and B). T cell 
responses to all three of these cancer neoantigens were undetectable 
in pretreatment PBMCs but were enhanced after treatment with 
ipilimumab. Furthermore, all three neoantigens were likely major 
histocompatibility complex (MHC) class I restricted because deple-

tion of CD8 T cells, but not CD4 T cells, resulted in attenuation of 
T cell–mediated IFN- responses in ELISpot assays (Fig. 5, A and B). 
Clustering analyses confirmed that all three of the identified neo-
antigens were clonal, and they were present in all tumor cells. These 
neoantigens also were predicted by NetMHCpan (table S6).

Prostate cancers harboring mutations in mismatch repair (MMR) 
and DNA damage repair (DDR) genes or those with biallelic 
cyclin-dependent kinase 12 loss have high TMB and have been associ-
ated with increased responses to ICB (19, 24, 25). However, two of the 
patients in the favorable cohort and one patient in the unfavorable 
cohort had tumors with somatic missense mutations in an MMR 
gene, PSM2 (patient #4), and DDR genes, FANCA (patient #15) and 

Fig. 5. T cell responses to prostate cancer neoantigens. (A) T cell responses against protein-l-isoaspartate O-methyltransferase domain–containing protein 2 isoform 
1 in patient #5 before and after ipilimumab treatment. The table (top) demonstrates the amino acid change between the wild-type (WT) and mutant sequences. Raw 
ELISpot data (bottom left) and graphical representation of T cell responses (bottom middle) against the neoantigen are shown. Depletion of CD4 or CD8 T cells in ELISpot 
assays (bottom right) against the neoantigens is shown. Unpaired t test was used to determine statistical significance. **P ≤ 0.01. ns, not significant. (B) T cell responses 
against rho guanine nucleotide exchange factor 37 and dihydropyrimidinase in patient #7 before and after ipilimumab treatment. The tables (left) demonstrate the 
amino acid changes between the wild-type and mutant sequences. Raw ELISpot data (left middle) and graphical representation of T cell responses (right middle) against 
the neoantigens are shown. Depletion of CD4 or CD8 T cells in ELISpot assays (right) against the neoantigens is shown. Unpaired t test was used to determine statistical 
significance. *P ≤ 0.05 and ***P ≤ 0.001.
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BRCA2 (patient #22), which were associated with a relatively high 
TMB (>76, median number nonsynonymous mutations). Unexpectedly, 
for these three patients, there were no detectable T cell–mediated 
IFN- responses to cancer neoantigens (Table 3), which may be 
attributed to lack of detection by the ELISpot assay or inability to 
identify neoantigens that occur as a result of splice variants or 
indels, as opposed to single-nucleotide variants (SNVs).

DISCUSSION
Unlike melanoma or NSCLC (2-5), our data suggest that high 
TMB was not required for neoantigen detection, or for the selection 
of patients with mCRPC who were likely to benefit from ICB. Pre-
treatment tumor tissues from patients in the favorable cohort had 
relatively low TMB, but they were found to have (i) intratumoral 
CD8 density greater than 400 cells/mm2, (ii) high IFN- response 
gene signature, (iii) antigen-specific T cell responses, or (iv) a com-
bination of these immune correlatives. Six of nine (67%) patients in 
the favorable cohort currently are alive; whereas all 10 patients in 
the unfavorable cohort have succumbed to their disease. The hypothesis 
that the immunological correlatives listed above may reliably identify 
mCRPC patients who benefit from ICB will need to be tested in a 
much larger patient cohort.

We have shown that anti–CTLA-4 therapy significantly enhanced 
tumor-specific T cell responses in patients with mCRPC who have 
relatively low TMB because the frequency of nonsynonymous muta-
tions for patients #5 and #7 were 24 and 13, respectively. Note that 
we relied on an undirected approach to identify prostate cancer 
neoantigens. This strategy was optimized to detect neoantigens 
derived from SNVs, and there was a possibility that the frequency of 
neoantigens derived from insertion and deletion mutations (indels) 
was underestimated. Nevertheless, we confirmed that these neo-
antigens would have been predicted by the NetMHCpan algorithm, 
which provides credibility for using this in silico approach to rapid-
ly predict neoantigens for vaccine clinical trials. Moreover, on the 
basis of recent reports of neoantigen vaccines being developed for 
patients with melanoma and glioblastoma multiforme (20, 26), we 
propose that prostate cancer represents another tumor type where 
neoantigen vaccines can be considered, especially in combination 
strategies with ICB, as a potential therapy to improve clinical out-
comes. There are ongoing clinical trials evaluating vaccines plus ICB 
(ClinicalTrials.gov) in prostate cancer and other malignancies, and 
the results are pending.

These data with ipilimumab in our small cohort of patients are 
comparable to the data with pembrolizumab monotherapy in treatment- 
refractory mCRPC, which reported a median radiographic PFS of 
2.1 months, median OS of 9.6 months, and a DCR of 20% (27). As 
our clinical trial was completing accrual, we found that clinical re-
sponses to ipilimumab were attenuated, at least in part, by adaptive 
resistance due to up-regulation of the immune checkpoints, PD-L1 
and V-domain Ig Suppressor of T cell Activation (VISTA), within the 
prostate tumor microenvironment (28). In our current study, there were 
no significant radiographic responses observed in patients treated with 
ipilimumab monotherapy; however, the combination of nivolumab 
(anti–PD-1) plus ipilimumab in men with mCRPC (CheckMate 650; 
NCT02985957) induced significant antitumor responses including 
partial and complete regression of disease in a subset of patients (23). 
Furthermore, both CheckMate 650 and our current study identified 
similar median TMB values (74.5 and 76 nonsynonymous mutations, 

respectively) for mCRPC, which were considerably lower than the me-
dian TMB observed in melanoma and NSCLC (~200 nonsynonymous 
mutations) (3, 22). Despite the relatively low TMB and few mutations 
identified in mCRPC, our study demonstrates that some of these mu-
tations are capable of inducing antigen- specific T cell responses.

Together, our results suggest that a particular subset of patients 
may benefit from ICB, despite having a relatively low TMB. More-
over, they also suggest that pretreatment tissue correlatives such as 
CD8 T cells and IFN- response gene signature may improve patient 
selection for treatment with ICB, particularly for those cancers with 
low TMB. In summary, our clinical study provides data to support 
further testing of immunotherapy strategies in patients with meta-
static prostate cancer.

MATERIALS AND METHODS
Study design
Thirty men with mCRPC were enrolled to a feasibility clinical study 
(NCT02113657; MD Anderson protocol 2013-0444) to determine 
T cell responses to neoantigens after treatment with ipilimumab. The 
trial objectives were to obtain preliminary estimates of the impact of 
ipilimumab on T cell responses to neoantigens, other immunological 
variables, and clinical outcomes (e.g., PSA kinetics, radiographic re-
sponses, and drug-related toxicities) in patients with mCRPC. The 
sample size ensured that the trial was not terminated early because 
of toxicity. Safety monitoring rules were in place to stop the study if 
the probability of toxicity was greater than 25%. To be eligible, patients 
had to be at least 18 years of age and have histologically confirmed 
prostate carcinoma, with radiographic evidence of metastatic disease. 
Patients also had to demonstrate tumor progression while on hormone 
therapy with castrate serum testosterone (≤1.7 nM or 50 ng/dl) with 
biopsy-proven viable disease, PSA, and/or radiographic progression 
according to the Prostate Cancer Clinical Trials Working Group 2 
(29). Furthermore, patients must have had a resected prostate cancer 
mass (primary and/or metastatic site) within 3 months of study 
entry. Other eligibility criteria included adequate hematological, renal, 
and hepatic function and an Eastern Cooperative Oncology Group 
performance status of 0 to 1. The clinical trial was approved by the 
institutional review board at The University of Texas MD Anderson 
Cancer Center. Written informed consent for participation in the 
study was obtained from all participants. In addition, all patients 
provided informed consent on The University of Texas MD Anderson 
Cancer Center institutional-approved laboratory protocol (PA13-
0291) for tissue and blood collection for the study. Primary data are 
reported in data file S1.

Isolation of mononuclear cells from peripheral blood
Mononuclear cells were isolated from patients by Ficoll-Paque density 
gradient centrifugation and cryopreserved. The frozen cells were 
rapidly thawed by immersion in a 37°C water bath with gentle agita-
tion. Cells were washed and incubated at 37°C for 20 min in 10 ml 
of Dulbecco’s modified Eagle medium (DMEM; Corning) containing 
deoxyribonuclease (STEMCELL Technologies). The mononuclear 
cells were washed using Iscove’s modified DMEM supplemented 
with human AB serum (5%), 2-mercaptoethanol (50 M), gentamicin 
(20 g/ml), penicillin (1000 IU/ml), streptomycin (100 g/ml), and 
Hepes (Sigma-Aldrich). Cell counts and viability were determined 
using Nexcelom Counting Chamber and acridine orange/propidium 
iodide staining solution (Nexcelom Bioscience).
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WES and transcriptome analyses for neoantigen identification
Total RNA and DNA were extracted from the tumor tissues and 
PBMCs using either Qiagen DNA mini kit or Qiagen formalin-fixed 
paraffin-embedded (FFPE) DNA kit as per the manufacturer’s 
instructions. RNA was extracted using either an RNEasy Mini kit 
(Qiagen) or an RNA FFPE kit (Qiagen). Library preparation, DNA 
sequencing, and RNA-seq were performed at The University of 
Texas MD Anderson Cancer Center Cancer Genomics Laboratory. 
For WES, genomic DNA (250 ng) was sheared using Covaris S2 
focused ultrasonicator (Covaris), using the standard protocol for a 
final library insert size of 150 to 200 base pairs (bp). KAPA Hyper-
Prep kit with Agilent SureSelect Human All Exon v4 was used for 
end repair, A-base addition, adaptor ligation, and library enrichment 
polymerase chain reaction (PCR). The hybridization reaction was 
then performed as per the manufacturer’s instructions using the 
SureSelect Target Enrichment Protocol. The libraries were normalized 
to equal concentrations using a QuantStudio 6 Flex (Applied Bio-
systems) instrument and the KAPA library quantification kit. DNA 
libraries were quantified through quantitative PCR using the Agilent 
TapeStation. Sequencing was done on the HiSeq 2500 platform (76 bp 
paired end) at about 200× coverage for tumor samples and 100× for 
normal samples. For RNA-seq, RNA quality control was performed 
using the Agilent Bioanalyzer. cDNA preparation and Illumina 
sequencing libraries were constructed from total RNA using the 
NuGEN Ovation RNA-Seq FFPE and Ultralow System v2 library 
preparation system as per the manufacturer’s protocol. The libraries 
were sequenced on the Illumina HiSeq system with 76-bp paired-
end reads. BCL files were processed using Illumina’s Consensus 
Assessment of Sequence and Variation tool (https://www.illumina.com/
documents/products/datasheets/datasheet_genomic_sequence.pdf) 
for demultiplexing/conversion to FASTQ format. The DNA FASTQ files 
were aligned to the reference genome (human Hg19; University of 
California, Santa Cruz genome browser: genome.ucsc.edu) using the 
burrows-wheeler aligner (BWA)  with three mismatches with two in the 
first 40 seed regions (30). RNA FASTQ files were processed using STAR 
after the two-step alignment procedure (31). The aligned compressed 
binary version of sequence alignment map (BAM) files were subjected 
to mark duplication, realignment, and recalibration using Picard and 
genome analysis toolkit (GATK) before any downstream analyses (32). 
Mutations were called using MuTect for DNA and Platypus for RNA. 
Nonsynonymous mutations detected by MuTect and confirmed to be 
expressed in RNA mutation calls were used as input to NetMHCpan 
(http://www.cbs.dtu.dk/services/NetMHCpan/) for neoantigen prediction. 
The smallest number of the binding nanomolar values from all possible 
8- to 12-mer peptides containing the mutated amino acid of interest was 
defined as the predicted MHC binding score. For prediction of puta-
tive neoantigens, the following two filters were applied in sequence: 
(i) RNA transcripts per million >1 and (ii) binding affinity <500 nM.

IFN- ELISpot assay
IFN- ELISpot assay for 17 patients was performed using Millipore 
MultiScreen-HA 96-well filter plates (Millipore). Plates were coated 
with anti–IFN- (5 g/ml) monoclonal antibody (mAb; clone 1-D1K, 
Mabtech) in pH 9.5 carbonate buffer (Sigma-Aldrich) overnight at 4°C 
and blocked with phosphate-buffered saline (PBS) and 2% bovine 
serum albumin (Sigma-Aldrich). The PBMCs (500,000 cells per well), 
peptides, and the control peptides (10 M) were added to the plates 
and incubated for 16 hours at 37°C. Cells were washed away, and 
plates were incubated with biotin-labeled anti–IFN- mAb (clone 7-B6-1, 

Mabtech) for 1 hour at room temperature. Plates were washed with 
1× PBS (Sigma-Aldrich). The plates were incubated with extravidin- 
alkaline phosphatase (1:5000; Sigma-Aldrich) for 1.5 hours at room 
temperature. Plates were developed with filtered 5-bromo-4-chloro-3-
indolyl-phosphate in conjunction with nitro blue tetrazolium (Sigma- 
Aldrich). Spots were counted on an ImmunoSpot ELISpot reader (CTL 
Immunospot Reader, software version 5.1.36). Cells treated with phorbol 
12-myristate 13-acetate (Sigma-Aldrich) and ionomycin (Sigma- 
Aldrich) were used as positive controls in all experiments. Peptide 
recognition was considered positive when the spots were two times 
higher than the negative control (HIV-gag peptide, RS Synthesis). 
Wild-type peptides (PepMix pool, JPT Peptide Technologies) from 
proteins tested used in this study were used at a concentration of 10 M: 
PSMA 185 peptides 15-mers with 11–amino acid overlap and PAP 
94 peptides 15-mers with 11–amino acid overlap. Patient-specific 
wild-type and mutant peptides were bought from either JPT Peptide 
Technologies or GenScript. Each peptide was a 23-mer with mutant 
amino acid in the middle flanked by 11-mers on each side.

Immunohistochemistry
IHC was performed on FFPE tumor tissue. Tumor tissues were 
fixed in 10% formalin, embedded in paraffin, and transversely sliced 
into 4-m sections. Sections were then stained with hematoxylin 
and eosin (H&E), and consecutive serial sections were stained for 
IHC using mouse anti-human mAbs against CD3 (Dako, catalog 
no.A0452), CD8 (Thermo Scientific, MS-457-S), granzyme B (Leica 
Microsystems, PA0291), PD-1 (Abcam, ab137132), and PD-L1 
(Cell Signaling Technology, 13684S). Sections were processed with 
peroxidase-conjugated avidin/biotin and 3′-3-diaminobenzidine sub-
strate (Leica Microsystem), and the IHC slides were scanned and 
digitalized using the ScanScope XT system (Aperio/Leica Technol-
ogies). IHC staining for each marker was analyzed in conjunction 
with H&E-stained sections, which facilitated the identification of 
malignant cells and thus directed IHC quantification. Quantifica-
tion analysis was performed by the pathologist using the HALO 
software (Indica Labs, region analysis and quantification modules). 
The number of positive cells was calculated for each area at 20× 
magnification, and the retrieved data are expressed as density 
(absolute number of positive cells per square millimeter).

Immune profiling of tumor microenvironment
Markers for 10 immune cell types, including T cell, cytotoxic T cell, 
regulatory T cell, helper T cell, T helper 17 cell, B cell, natural killer 
cell, dendritic cell, memory T cell, and macrophage, were obtained 
from the PanCancer Immune Profiling Panel developed by NanoString 
Technologies Inc. RNA-seq raw read counts were transformed to 
log2 scale by variance stabilizing transformation. The variation of 
activity of each immune cell type across samples was estimated by 
gene set variation analysis (33).

Gene set enrichment analysis
GSEA was performed to identify pathways differentially expressed 
between responders and nonresponders. RNA-seq raw counts were 
normalized by Bioconductor Package DESeq2 (34). The P value and 
log2 fold change (FC) of each gene were generated by differential 
expression analysis in DESeq2. The rank score of gene was calculated 
as rnk = I( sign ) ∗ ( ‐ 1) ∗ log10(P), where I( sign ) is an indicator variable 
that is 1 if log2(FC) ≥ 0 but otherwise is −1. GSEA was carried out using 
the GSEAPreranked module with default parameters based on gene 
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rank scores (35). Hallmark gene sets from the Molecular Signature Da-
tabase (http://software.broadinstitute.org/gsea/msigdb) were used 
for pathway analysis, and pathways with less than 15 genes or more 
than 500 genes were filtered to avoid overly narrow or broad func-
tional categories. In this study, we set the false discovery rate (FDR) 
cutoff to 0.01, namely, pathways with FDR <0.01 were considered to 
be significantly differentially expressed.

Time to event estimates
Median PFS, OS, and follow-up time distributions from the date of 
treatment initiation with ipilimumab were estimated by the Kaplan- 
Meier method. PSA PFS (death without progression is an event) 
was measured from the date of treatment start until defined PSA 
progression. Patients who started with PSA equal to 0 ng/ml were 
excluded from PSA progression assessment. Patients who received 
abiraterone acetate before developing PSA progression were censored 
on that date. Radiographic and clinical PFS were similarly measured 
from treatment start until progression noted by that modality (death 
without progression is an event). Kaplan-Meier estimates were cal-
culated in SAS 9.4 (SAS Institute) and curves were created in Stata 
14.2 (StataCorp LLC).

Statistical analyses
Statistical analyses were performed using Prism version 8 (GraphPad), 
with selection of the test as outlined in the results and figure legends. 
P values of ≤0.05 were considered statistically significant.
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NetMHCpan.
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favorable versus unfavorable cohorts.
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Table S5. Identifying potential neoantigens with WES and RNA-seq.
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New ideas about neoantigens
Tumors with a low mutational burden are thought to have fewer neoantigens available for T cells to respond to and
thus are not necessarily considered for checkpoint blockade therapy. Subudhi et al. treated patients with metastatic
castration-resistant prostate cancer, which has a relatively low mutation burden, with ipilimumab. Patients who
responded to the treatment had a T cell response signature and detectable neoantigen immunity. These results
indicate that checkpoint blockade therapy with ipilimumab can instigate T cell responses to tumor neoantigens despite
the tumor mutational burden status.
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