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Abstract

Background

While response rates to anti-PD1 therapy are low in unselected metastatic castration resis-

tant prostate cancer (mCRPC) patients, those with inactivating mutations in mismatch repair

(MMR) genes (i.e. MMR deficiency; MMRd) or microsatellite instability (MSI) are thought

likely to respond favorably. To date, there is limited published data on this biologically dis-

tinct and clinically relevant subgroup’s natural history and response to treatment.

Methods

We retrospectively identified patients at two academic institutions who had MMRd/MSI-high

metastatic prostate cancer (PC). Clinical and pathologic characteristics at the time of diag-

nosis as well as response to standard therapies and immune checkpoint therapy were

abstracted. Descriptive statistics, including PSA50 response (�50% decline in PSA from

baseline) and clinical/radiographic progression free survival (PFS), are reported.

Results

27 men with MMRd and/or MSI-high metastatic PC were identified. 13 (48%) men had M1

disease at diagnosis and 19 of 24 (79%) men that underwent prostate biopsy had a Gleason

score�8. Median overall survival from time of metastasis was not reached (95% CI: 33.6-

NR mos) after a median follow up of 33.6 mos (95% CI: 23.8–50.5 mos). Seventeen men

received pembrolizumab, of which 15 had PSA response data available. PSA50 responses

to pembrolizumab occurred in 8 (53%) men. Median PFS was not reached (95% CI: 1.87-

NR mos) and the estimated PFS at 6 months was 64.1% (95% CI: 33.7%-83.4%). Of those
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who achieved a PSA50 response, 7 (87.5%) remain on treatment without evidence of pro-

gression at a median follow up of 12 months (range 3–20 months).

Conclusions

MMRd PC is associated with high Gleason score and advanced disease at presentation.

Response rates to standard therapies are comparable to those reported in unselected

patients and response rate to checkpoint blockade is high. Our study is limited by small sam-

ple size, and more research is needed to identify additional factors that may predict

response to immunotherapy.

Introduction

Early studies testing immune checkpoint inhibitors in unselected men with advanced prostate

cancer have demonstrated minimal success to date. In two placebo-controlled Phase III stud-

ies, the CTLA4 inhibitor ipilimumab failed to demonstrate improvements in overall survival

(OS) in men with metastatic castration-resistant prostate cancer (mCRPC) [1, 2]. Similarly,

PD1-pathway blockade with pembrolizumab in docetaxel-refractory mCRPC patients has

demonstrated low response rates (3–5%) [3]. These studies have diminished enthusiasm for

checkpoint inhibitors as monotherapies in unselected mCRPC patients. Combination therapy

appears to have higher response rates but with added toxicity. Preliminary results from a phase

II study investigating the combination of the CTLA-4 inhibitor ipilimumab with the PD-1

inhibitor nivolumab showed a 25% response rate in men whose PC had progressed after sec-

ond-generation hormonal therapy, and a 10% response rate in men whose PC had progressed

after hormonal therapy and chemotherapy [4]. These modestly higher response rates came

with greater toxicity, with 40–50% of men reporting grade 3–5 adverse events and 33–35%

coming off study due to adverse events [4]. Several studies are ongoing to evaluate novel com-

bination immunotherapy approaches and/or to evaluate checkpoint inhibition in patients

whose tumors display candidate molecular features predicting for response.

Loss of function alterations in mismatch repair (MMR) genes (i.e. MLH1, MSH2, MSH6
and PMS2) define a subset of patients with high potential for responses to immune checkpoint

blockade. The MMR genes are involved in maintaining genomic fidelity during cellular repli-

cation, and when MMR deficiency (MMRd) occurs through mutational or epigenetic events,

tumor cells can demonstrate evidence of somatic hypermutation–often reflected as microsatel-

lite instability (MSI). Hypermutation, in turn, is associated with higher expression of tumor

neoantigens which facilitates immune recognition [5]. These observations have served as the

biologic foundation for testing pembrolizumab (anti-PD1) in MMRd/MSI-high cancers, and

led to the FDA approval of pembrolizumab for the treatment of microsatellite instability-high

(MSI-H) or MMRd solid tumor malignancies, regardless of tissue of origin. Since this approval

was tumor type agnostic, little was known about the specific response in prostate cancer. More

recently, Abida, et al. described 32 patients with MSI-H/MMRd prostate cancer, 11 of whom

received pembrolizumab with a PSA50 response rate (�50% decline in PSA from baseline) of

54.5% [6]. Antonarakis, et al. described 11 patients with MMR-mutated advanced prostate

cancer, 4 of whom received anti-PD-1 therapy (either pembrolizumab or nivolumab) and 2

(50%) achieved a PSA50 response [7].

Given the relatively low (3–12%) prevalence of MMRd in prostate cancer, the clinical

behavior of this biologic subgroup is incompletely defined [6, 8–11]. The knowledge of the
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clinical and pathologic characteristics of men with MMRd/MSI-H prostate cancer is still evolv-

ing and could have significant therapeutic implications. Here we report a cohort of men with

either germline or somatic mutations in mismatch repair genes, or evidence of microsatellite

instability, and specifically focus on treatment response to not only immune checkpoint block-

ade, but also standard therapies.

Methods

We identified consecutive patients at two academic institutions who had metastatic prostate

cancer and either a pathogenic inactivating mutation in one of the MMR genes (i.e. MLH1,

MSH2, MSH6, or PMS2) or evidence of microsatellite instability on next-generation sequenc-

ing. A variety of clinical grade sequencing assays were used to assess MMR and/or MSI status,

including somatic tumor assays: UW-OncoPlex, MiOncoSeq, whole exome sequencing

(WES), and the germline assays: Color Genomics and Invitae Genetics [9, 12, 13]. Only MMR

gene alterations deemed likely pathogenic were used for determining inclusion in this study.

Cases with monoallelic MMR gene alterations were included given that we could not rule out

epigenetic silencing or cryptic genomic events affecting the other allele [14]. This study was

approved by the institutional review boards of University of Washington and University of

Michigan. The requirement for informed consent was waived. Data was collected by retrospec-

tive chart review and was not fully anonymized.

Clinical and pathologic characteristics at the time of diagnosis as well as response to stan-

dard therapies and immune checkpoint therapy were abstracted retrospectively. Clinical effi-

cacy variables included PSA change from baseline and clinical and/or radiographic

progression. Analyses were descriptive in nature and included PSA50 response (�50% reduc-

tion in PSA from baseline), with minimum time to assess PSA response of 12 weeks, as well as

clinical or radiographic progression free survival (PFS). Kaplan-Meier method was used to

estimate survival endpoints and results are reported with 95% CI. All analyses were conducted

using the statistical software STATA or Prism.

Results

Patients

We identified 27 men with MSI-high or MMRd metastatic prostate cancer. Eleven were from

University of Michigan and 16 were from University of Washington. Their baseline character-

istics are reported in Table 1. Full genetic and pathologic characteristics for individual patients

are reported in the S1 Table. Thirteen (48%) had de novo metastatic disease at the time of diag-

nosis and 19 of 24 (79%) men that underwent prostate biopsy had Gleason score 8–10 disease

and 8 of 24 (33%) had evidence of ductal histology. The most commonly mutated gene was

MSH2 (20, 74%). One patient did not have a detectable MMR gene mutation but their tumor

had evidence of microsatellite instability. All patients received standard medical/surgical cas-

tration as initial therapy for metastatic prostate cancer. Two men received abiraterone for hor-

mone sensitive prostate cancer (HSPC) and 5 men received docetaxel for HSPC. Median time

to CRPC on first-line ADT was 14.2 months (95% CI: 8.03–32.6 mos). With a median follow

up of 33.6 mos (95% CI: 23.8–50.5 mos), the median overall survival from time of metastasis

was not reached (95% CI: 33.6-NR mos).

Response to docetaxel

Sixteen men received docetaxel, 5 in the hormone sensitive setting and 11 in the castration-

resistant setting. Two men did not have PSA data available–one due to rapid progression and
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transition to comfort care, the other because he received docetaxel outside of our systems. The

percent of men who achieved a PSA50 response are shown in Fig 1. Three (60%) men who

received docetaxel in the hormone-sensitive setting had a PSA50 response, compared to 2

(22%) patients who received docetaxel in the CRPC setting. Median PFS in the CRPC setting

was 3.8 months (95% CI: 0.36-NR mos) (Table 2).

Response to AR-signaling inhibitors

Responses to second-generation hormonal agents were also examined. Twenty-one patients

received abiraterone acetate: 2 (9.5%) in the hormone sensitive setting and 19 (90.5%) for cas-

tration-resistant disease. Both patients (100%) treated with abiraterone for HSPC had a PSA50

response. Sixteen patients who had abiraterone for mCRPC had PSA data available. PSA50

responses were observed in 7 (54%) and 1 (33%) of men who received abiraterone as first-line

or second-line therapy after enzalutamide for mCRPC, respectively (Fig 2A).

Twelve men received enzalutamide: 5 received it as first-line therapy for mCRPC and 7 as

second-line therapy following abiraterone given for mCRPC. Nine patients had PSA data

available. Three out of 3 men (100%) who received it in the first-line for mCRPC achieved a

PSA50 response compared to 2 out of 6 men (33%) who received it in the second-line (Fig 2B).

Median PFS for first-line abiraterone or enzalutamide for mCRPC was 8.56 months (95% CI:

3.73–9.51 mos.). Median PFS for second-line abiraterone or enzalutamide for mCRPC was

4.59 months (95% CI: 1.83–11.05 mos.) (Table 2).

Table 1. Baseline characteristics.

Median age at Diagnosis, year (range) 65 (52–90)

Caucasian race-, N (%) 27 (100)

Gleason score, N (%)

7 5 (19)

8 2 (7)

9 17 (63)

Unknown 3 (11)

Presence of ductal/intraductal histology, N (%) 8 (30)

Presented with metastatic disease at diagnosis, N (%) 13 (48)

Affected MMR gene

MSH2 mutation (%) 20 (74)

MSH6 mutation (%) 5 (19)

PMS2 mutation (%) 2 (7)

MLH1 mutation (%) 1 (4)

Prior systemic therapies

ADT, N (%) 27 (100)

Abiraterone, N (%) 21 (78)

Enzalutamide, N (%) 11 (41)

Docetaxel, N (%) 16 (59)

Cabazitaxel, N (%) 6 (22)

Sipeleucel-T, N (%) 1 (4)

Radium-223,N (%) 2 (7)

Pembrolizumab, N (%) 17 (63)

MMR, mismatch repair; ADT, androgen deprivation therapy

https://doi.org/10.1371/journal.pone.0233260.t001
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Response to immune checkpoint blockade

Seventeen men received pembrolizumab (anti-PD1) monotherapy as standard of care treat-

ment. No one received concurrent radiation therapy. Their molecular and clinical characteris-

tics are shown in Table 3. Two patients were not response evaluable (one patient had limited

available treatment data; one discontinued following a single dose due to an immune related

adverse event). Eight out of 15 response evaluable patients (53%) had a PSA50 response,

including 7 with PSA90 decline (Fig 3). Median radiographic PFS was not reached (95% CI:

1.87-NR mos) and the estimated PFS at 6 months was 64.1% (95% CI: 33.7%-83.4%) (Fig 4A

Fig 1. Best PSA response on docetaxel in men with MMRd/MSI-H PC. Best % PSA change from baseline following

treatment with docetaxel. Red = docetaxel used for hormone-sensitive disease. Black = docetaxel used for castration-

resistant disease.

https://doi.org/10.1371/journal.pone.0233260.g001

Table 2. Response to standard therapy in men with MMRd/MSI-H PC.

N PSA50 Response, N (%) Median PFS, Months (95% CI)

Abi for HSPC 2 2 (100) N/A

Abi/Enza 1st line for CRPC 16 10 (62.5) 8.56 (3.73–9.51)

Abi/Enza 2nd line for CRPC 9 3 (33) 4.59 (1.83–11.05)

Docetaxel for CRPC 9 2 (22) 3.8 (0.36-NR)

Abi, abiraterone; Enza, enzalutamide

https://doi.org/10.1371/journal.pone.0233260.t002
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and 4B). Seven of the 8 patients (87.5%) who had a PSA50 response remain on treatment with-

out evidence of progression. The median follow up of these responders is12 months with time

on treatment ranging between 3 and 20 months. Of the 8 patients who had a PSA50 response,

two had germline sequencing only so did not have tumor mutational load assessed. The

Fig 2. Best PSA response on second generation hormonal agents in men with MMRd/MSI-H PC. Best % PSA change from baseline following treatment

with abiraterone (A) and enzalutamide (B). Red = agent used for hormone-sensitive disease. Black = agent used as 1st line treatment for mCRPC. Blue = agent

used as 2nd line agent for mCRPC.

https://doi.org/10.1371/journal.pone.0233260.g002

Table 3. Molecular and clinical characteristics of patients with MMRd/MSI-H PC who received pembrolizumab. Number of prior therapies includes ADT.

Patient

ID

MMR gene

mutation

MSI status Hypermutation

Present

Presented with de novo

metastatic disease

Number of prior therapies

received

Achieved PSA50 response with

PD1 inhibitor

2 PMS2 Unknown Yes Yes 3 No

3 MSH2 Unknown Yes Yes 4 Unknown

4 MSH2 Unknown Yes Yes 2 Yes

5 MSH2 Unknown Yes No 2 Yes

6 MSH2 Unknown Yes Yes 2 Yes

7 MSH2 Unknown Yes No 3 No

9 MSH6 Unknown Yes No 2 Yes

11 MSH2 Unknown Yes No 2 No

14 MSH2 MSI-H Yes No 4 No

16 MSH2 MSI-H Yes No 2 N/A

17 MSH2 MSI-H Unknown No 1 Yes

19 MLH1 MSI-H Yes No 1 No

20 MSH2 MSI-H Yes No 2 Yes

21 None MSI-H No Yes 2 No

24 PMS2 MSS Yes Yes 1 Yes

26 MSH6 MSS No Yes 5 No

27 MSH2 Unknown Unknown No 1 Yes

https://doi.org/10.1371/journal.pone.0233260.t003
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remaining 6 all had evidence of hypermutation (i.e.�10 mutations/megabase). Of the 7

patients who did not achieve a PSA50 response, 5 (71%) had evidence of hypermutation.

There was a trend towards higher response rate to pembrolizumab in patients who had

received�2 prior therapies vs>2 prior therapies [8/8 (100%) vs. 3/7 (42%), p = .056].

Discussion

There is limited published data on men with MMRd prostate cancer, yet it represents a clini-

cally important and biologically distinct subgroup. To our knowledge, this series represents

the largest reported cohort of men with MMRd prostate cancer who have received immune

checkpoint blockade. Consistent with prior reports, our patients had evidence of aggressive

clinical and pathologic features, with a high incidence of Gleason score�8 and high rates of de
novo metastatic disease (Table 4) [6, 7, 14, 15]. Despite these aggressive features, the men in

our cohort fared well on standard hormonal therapies. While formal statistical comparisons

are not possible, it is notable that time to castration-resistance, PSA50 response and PFS on

Fig 3. Best PSA response on pembrolizumab in men with MMRd/MSI-H PC. Best % PSA change from baseline

following treatment with pembrolizumab. Black = hypermutated (±10 mut/Mb). Blue = not hypermutated.

Red = unknown mutational load.

https://doi.org/10.1371/journal.pone.0233260.g003
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first-line abiraterone/enzalutamide were similar to historical controls [16–18]. Interestingly, in

our cohort of patients, response to taxane therapy was low in the CRPC setting.

Checkpoint inhibitor therapy produced a significant response in a subset of patients with

MMRd mCRPC. This data further supports mismatch repair deficiency as a useful biomarker

to predict response to immunotherapy. Consistent with prospective studies evaluating

immune checkpoint blockade in MMRd cancers, responses are not universal, suggesting that

there are other variables that influence efficacy of immunotherapy. Tumor mutational burden

(TMB) is another candidate predictive biomarker. However, while MMRd/MSI-H tumors fre-

quently have high TMB, this relationship is imperfect, with up to 30% of MSI-H tumors in one

study having a low TMB [19]. Mutational load has been shown to be an independent predictor

of response to checkpoint blockade in a variety of solid tumors including melanoma, non-

small-cell lung cancer, and urothelial carcinoma [20–22]. In addition the correlation between

outcome and tumor mutational burden appears to be linear [23]. Although the majority of our

Fig 4. Progression free survival on pembrolizumab in men with MMRd/MSI-H PC. PSA PFS (A) and Radiographic PFS (B).

https://doi.org/10.1371/journal.pone.0233260.g004

Table 4. Comparison of published case series of men with MMRd PC.

Abida et al. Antonarakis et al. Ritch et al. Graham et al.

N = 32 N = 13 N = 11 N = 27

GS 8–10, no. (%) 17 (53) 10 (77) 8 (73) 19 (70)

Metastatic Disease at Diagnosis, no. (%) 14 (44) 6 (46) 5 (45) 13 (48)

Presence of Ductal/Intraductal Histology, no. (%) 1 (3) 3 (23) Not Reported 8 (30)

Presence of Pure Neuroendocrine Histology, no. (%) 3 (9) 1 (8) Not Reported 0 (0)

Median Time to CRPC, mos. 8.6 (range 1.2–54.2) 55 (95% CI: 50–73) 9.1 (range 5.7–12.6) 14.2 (95% CI: 8.0–32.6)

PSA50 response to 1st line abi/enza for mCRPC, no. (%) Not Reported 5 (83) Not Reported 10 (62.5)

Median PFS on 1st line abi/enza for mCRPC, mos. 9.9 (range 3–34.5) 26 (95% CI: 6-NR) 3.9 (0.9–13.0) 8.56 (95% CI: 3.73–9.51)

Received PD-1 blockade, no. (%) 11 (34) 4 (31) Not Reported 17 (61)

PSA50 response to PD-1 blockade, no. (%) 6 (54.5) 2 (50) Not Reported 8 (53)

Median PFS on PD-1 blockade, mos. Not Reported 9 (95% CI: 4–11) Not Reported Not Reached (1.87-NR)

Abi, abiraterone; Enza, enzalutamide

https://doi.org/10.1371/journal.pone.0233260.t004
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patients had evidence of hypermutation, defined as at least 10 mutations/megabase, exact

tumor mutational burden was not reported by most assays, and there may be a threshold that

best associates with response [24]. It is also unknown whether the specific MMR gene that is

mutated affects response to therapy.

Other factors are likely to affect response to immunotherapy. For example, the tumor

microenvironment is affected by therapy and may become more immune suppressive after

exposure to cytotoxic chemotherapy [25]. In our data set, receiving pembrolizumab earlier in

the disease course was associated with a better response, suggesting that earlier use of immune

checkpoint blockade is worthy of further study. However, our limited sample size and the ret-

rospective nature of this analysis limits our ability to definitively conclude that checkpoint

inhibitors should be used earlier in the treatment course of mCRPC patients with MMRd.

Prostate cancer with altered MMR machinery has a unique biology with an aggressive phe-

notype. It represents a unique subset of patients that are more likely to respond to immuno-

therapy than an unselected group. Further research is needed to predict which MMRd patients

will have the best response to immunotherapy and the optimal timing for deploying these

drugs in this important patient subset.
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(TIFF)

Author Contributions

Conceptualization: Laura S. Graham, Bruce Montgomery, Heather H. Cheng, Evan Y. Yu,

Peter S. Nelson, Ajjai Alva, Michael T. Schweizer.

Data curation: Laura S. Graham, Bruce Montgomery, Heather H. Cheng, Evan Y. Yu, Peter S.

Nelson, Colin Pritchard, Stephanie Erickson, Ajjai Alva, Michael T. Schweizer.

Formal analysis: Laura S. Graham, Stephanie Erickson, Michael T. Schweizer.

Investigation: Stephanie Erickson, Ajjai Alva.

Supervision: Michael T. Schweizer.

Validation: Colin Pritchard.

Writing – original draft: Laura S. Graham, Michael T. Schweizer.

Writing – review & editing: Laura S. Graham, Bruce Montgomery, Heather H. Cheng, Evan

Y. Yu, Peter S. Nelson, Colin Pritchard, Ajjai Alva, Michael T. Schweizer.

References
1. Beer TM, Kwon ED, Drake CG, Fizazi K, Logothetis C, Gravis G, et al. Randomized, Double-Blind,

Phase III Trial of Ipilimumab Versus Placebo in Asymptomatic or Minimally Symptomatic Patients With

Metastatic Chemotherapy-Naive Castration-Resistant Prostate Cancer. J Clin Oncol. 2017; 35(1):40–7.

https://doi.org/10.1200/JCO.2016.69.1584 PMID: 28034081

2. Kwon ED, Drake CG, Scher HI, Fizazi K, Bossi A, van den Eertwegh AJ, et al. Ipilimumab versus pla-

cebo after radiotherapy in patients with metastatic castration-resistant prostate cancer that had

PLOS ONE Clinical outcomes in mismatch repair deficient prostate cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0233260 May 26, 2020 9 / 11

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233260.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0233260.s002
https://doi.org/10.1200/JCO.2016.69.1584
http://www.ncbi.nlm.nih.gov/pubmed/28034081
https://doi.org/10.1371/journal.pone.0233260


progressed after docetaxel chemotherapy (CA184-043): a multicentre, randomised, double-blind,

phase 3 trial. Lancet Oncol. 2014; 15(7):700–12. https://doi.org/10.1016/S1470-2045(14)70189-5

PMID: 24831977

3. Antonarakis ES, Piulats JM, Gross-Goupil M, Goh J, Ojamaa K, Hoimes CJ, et al. Pembrolizumab for

Treatment-Refractory Metastatic Castration-Resistant Prostate Cancer: Multicohort, Open-Label

Phase II KEYNOTE-199 Study. J Clin Oncol. 2019:JCO1901638.

4. Sharma P, Pachynski RK, Narayan V, Flechon A, Gravis G, Galsky MD, et al. Initial results from a

phase II study of nivolumab (NIVO) plus ipilimumab (IPI) for the treatment of metastatic castration-resis-

tant prostate cancer (mCRPC; CheckMate 650) [abstract 142]. Presented in: ASCO Genitourinary Can-

cers Symposium. 2019.

5. Yarchoan M, Hopkins A, Jaffee EM. Tumor Mutational Burden and Response Rate to PD-1 Inhibition. N

Engl J Med. 2017; 377(25):2500–1. https://doi.org/10.1056/NEJMc1713444 PMID: 29262275

6. Abida W, Cheng ML, Armenia J, Middha S, Autio KA, Vargas HA, et al. Analysis of the Prevalence of

Microsatellite Instability in Prostate Cancer and Response to Immune Checkpoint Blockade. JAMA

oncology. 2019; 5(4):471–8. https://doi.org/10.1001/jamaoncol.2018.5801 PMID: 30589920

7. Antonarakis ES, Shaukat F, Isaacsson Velho P, Kaur H, Shenderov E, Pardoll DM, et al. Clinical Fea-

tures and Therapeutic Outcomes in Men with Advanced Prostate Cancer and DNA Mismatch Repair

Gene Mutations. Eur Urol. 2019; 75(3):378–82. https://doi.org/10.1016/j.eururo.2018.10.009 PMID:

30337059

8. Le DT, Durham JN, Smith KN, Wang H, Bartlett BR, Aulakh LK, et al. Mismatch repair deficiency pre-

dicts response of solid tumors to PD-1 blockade. Science. 2017; 357(6349):409–13. https://doi.org/10.

1126/science.aan6733 PMID: 28596308

9. Robinson D, Van Allen EM, Wu YM, Schultz N, Lonigro RJ, Mosquera JM, et al. Integrative Clinical

Genomics of Advanced Prostate Cancer. Cell. 2015; 162(2):454. https://doi.org/10.1016/j.cell.2015.06.

053 PMID: 28843286

10. Pritchard CC, Morrissey C, Kumar A, Zhang X, Smith C, Coleman I, et al. Complex MSH2 and MSH6

mutations in hypermutated microsatellite unstable advanced prostate cancer. Nature communications.

2014; 5:4988. https://doi.org/10.1038/ncomms5988 PMID: 25255306

11. Rodrigues DN, Rescigno P, Liu D, Yuan W, Carreira S, Lambros MB, et al. Immunogenomic analyses

associate immunological alterations with mismatch repair defects in prostate cancer. The Journal of

clinical investigation. 2018; 128(11):5185.

12. Pritchard CC, Salipante SJ, Koehler K, Smith C, Scroggins S, Wood B, et al. Validation and implemen-

tation of targeted capture and sequencing for the detection of actionable mutation, copy number varia-

tion, and gene rearrangement in clinical cancer specimens. The Journal of molecular diagnostics: JMD.

2014; 16(1):56–67. https://doi.org/10.1016/j.jmoldx.2013.08.004 PMID: 24189654

13. Roychowdhury S, Iyer MK, Robinson DR, Lonigro RJ, Wu YM, Cao X, et al. Personalized oncology

through integrative high-throughput sequencing: a pilot study. Sci Transl Med. 2011; 3(111):111ra21.

14. Ritch E, Fu SYF, Herberts C, Wang G, Warner EW, Schonlau E, et al. Identification of Hypermutation

and Defective Mismatch Repair in ctDNA from Metastatic Prostate Cancer. Clin Cancer Res. 2019.

15. Guedes LB, Antonarakis ES, Schweizer MT, Mirkheshti N, Almutairi F, Park JC, et al. MSH2 Loss in Pri-

mary Prostate Cancer. Clin Cancer Res. 2017; 23(22):6863–74. https://doi.org/10.1158/1078-0432.

CCR-17-0955 PMID: 28790115

16. James ND, Spears MR, Clarke NW, Dearnaley DP, De Bono JS, Gale J, et al. Survival with Newly Diag-

nosed Metastatic Prostate Cancer in the "Docetaxel Era": Data from 917 Patients in the Control Arm of

the STAMPEDE Trial (MRC PR08, CRUK/06/019). Eur Urol. 2015; 67(6):1028–38. https://doi.org/10.

1016/j.eururo.2014.09.032 PMID: 25301760

17. Beer TM, Armstrong AJ, Rathkopf DE, Loriot Y, Sternberg CN, Higano CS, et al. Enzalutamide in meta-

static prostate cancer before chemotherapy. N Engl J Med. 2014; 371(5):424–33. https://doi.org/10.

1056/NEJMoa1405095 PMID: 24881730

18. Ryan CJ, Smith MR, de Bono JS, Molina A, Logothetis CJ, de Souza P, et al. Abiraterone in metastatic

prostate cancer without previous chemotherapy. N Engl J Med. 2013; 368(2):138–48. https://doi.org/

10.1056/NEJMoa1209096 PMID: 23228172

19. Vanderwalde A, Spetzler D, Xiao N, Gatalica Z, Marshall J. Microsatellite instability status determined

by next-generation sequencing and compared with PD-L1 and tumor mutational burden in 11,348

patients. Cancer Med. 2018; 7(3):746–56. https://doi.org/10.1002/cam4.1372 PMID: 29436178

20. Hellmann MD, Ciuleanu TE, Pluzanski A, Lee JS, Otterson GA, Audigier-Valette C, et al. Nivolumab

plus Ipilimumab in Lung Cancer with a High Tumor Mutational Burden. N Engl J Med. 2018; 378

(22):2093–104. https://doi.org/10.1056/NEJMoa1801946 PMID: 29658845

PLOS ONE Clinical outcomes in mismatch repair deficient prostate cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0233260 May 26, 2020 10 / 11

https://doi.org/10.1016/S1470-2045(14)70189-5
http://www.ncbi.nlm.nih.gov/pubmed/24831977
https://doi.org/10.1056/NEJMc1713444
http://www.ncbi.nlm.nih.gov/pubmed/29262275
https://doi.org/10.1001/jamaoncol.2018.5801
http://www.ncbi.nlm.nih.gov/pubmed/30589920
https://doi.org/10.1016/j.eururo.2018.10.009
http://www.ncbi.nlm.nih.gov/pubmed/30337059
https://doi.org/10.1126/science.aan6733
https://doi.org/10.1126/science.aan6733
http://www.ncbi.nlm.nih.gov/pubmed/28596308
https://doi.org/10.1016/j.cell.2015.06.053
https://doi.org/10.1016/j.cell.2015.06.053
http://www.ncbi.nlm.nih.gov/pubmed/28843286
https://doi.org/10.1038/ncomms5988
http://www.ncbi.nlm.nih.gov/pubmed/25255306
https://doi.org/10.1016/j.jmoldx.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/24189654
https://doi.org/10.1158/1078-0432.CCR-17-0955
https://doi.org/10.1158/1078-0432.CCR-17-0955
http://www.ncbi.nlm.nih.gov/pubmed/28790115
https://doi.org/10.1016/j.eururo.2014.09.032
https://doi.org/10.1016/j.eururo.2014.09.032
http://www.ncbi.nlm.nih.gov/pubmed/25301760
https://doi.org/10.1056/NEJMoa1405095
https://doi.org/10.1056/NEJMoa1405095
http://www.ncbi.nlm.nih.gov/pubmed/24881730
https://doi.org/10.1056/NEJMoa1209096
https://doi.org/10.1056/NEJMoa1209096
http://www.ncbi.nlm.nih.gov/pubmed/23228172
https://doi.org/10.1002/cam4.1372
http://www.ncbi.nlm.nih.gov/pubmed/29436178
https://doi.org/10.1056/NEJMoa1801946
http://www.ncbi.nlm.nih.gov/pubmed/29658845
https://doi.org/10.1371/journal.pone.0233260


21. Rosenberg JE, Hoffman-Censits J, Powles T, van der Heijden MS, Balar AV, Necchi A, et al. Atezolizu-

mab in patients with locally advanced and metastatic urothelial carcinoma who have progressed follow-

ing treatment with platinum-based chemotherapy: a single-arm, multicentre, phase 2 trial. Lancet. 2016;

387(10031):1909–20. https://doi.org/10.1016/S0140-6736(16)00561-4 PMID: 26952546

22. Snyder A, Makarov V, Merghoub T, Yuan J, Zaretsky JM, Desrichard A, et al. Genetic basis for clinical

response to CTLA-4 blockade in melanoma. N Engl J Med. 2014; 371(23):2189–99. https://doi.org/10.

1056/NEJMoa1406498 PMID: 25409260

23. Goodman AM, Kato S, Bazhenova L, Patel SP, Frampton GM, Miller V, et al. Tumor Mutational Burden

as an Independent Predictor of Response to Immunotherapy in Diverse Cancers. Molecular cancer

therapeutics. 2017; 16(11):2598–608. https://doi.org/10.1158/1535-7163.MCT-17-0386 PMID:

28835386

24. Hellmann MD, Callahan MK, Awad MM, Calvo E, Ascierto PA, Atmaca A, et al. Tumor Mutational Bur-

den and Efficacy of Nivolumab Monotherapy and in Combination with Ipilimumab in Small-Cell Lung

Cancer. Cancer Cell. 2018; 33(5):853–61 e4.

25. Nakazawa M, Paller C, Kyprianou N. Mechanisms of Therapeutic Resistance in Prostate Cancer. Curr

Oncol Rep. 2017; 19(2):13. https://doi.org/10.1007/s11912-017-0568-7 PMID: 28229393

PLOS ONE Clinical outcomes in mismatch repair deficient prostate cancer

PLOS ONE | https://doi.org/10.1371/journal.pone.0233260 May 26, 2020 11 / 11

https://doi.org/10.1016/S0140-6736(16)00561-4
http://www.ncbi.nlm.nih.gov/pubmed/26952546
https://doi.org/10.1056/NEJMoa1406498
https://doi.org/10.1056/NEJMoa1406498
http://www.ncbi.nlm.nih.gov/pubmed/25409260
https://doi.org/10.1158/1535-7163.MCT-17-0386
http://www.ncbi.nlm.nih.gov/pubmed/28835386
https://doi.org/10.1007/s11912-017-0568-7
http://www.ncbi.nlm.nih.gov/pubmed/28229393
https://doi.org/10.1371/journal.pone.0233260

