
REVIEW

Targeting the spectrum of immune checkpoints in prostate cancer
Laura A. Senaa, Samuel R. Denmeadea,b and Emmanuel S. Antonarakis a,b,c

aDepartment of Oncology, Sidney Kimmel Comprehensive Cancer Center, Johns Hopkins University School of Medicine, Baltimore, MD, USA; 
bDepartment of Urology, Johns Hopkins University School of Medicine, Baltimore, MD, USA; cThe Bloomberg-Kimmel Institute for Cancer 
Immunotherapy, Johns Hopkins University School of Medicine, Baltimore, MD, USA

ABSTRACT
Introduction: The proven efficacy of the cellular vaccine sipuleucel-T in 2010 led to optimism about 
immunotherapeutic approaches for the treatment of prostate cancer. Some surmised that prostate 
cancer might be an ideal target for immune-mediated killing given that the prostate is not an essential 
organ and expresses unique proteins including prostate-specific antigen, prostate-specific membrane 
antigen, and prostatic acid phosphatase that could be targeted without side effects. Subsequently, 
antibodies that inhibit the T cell checkpoints PD1 and CTLA4 were shown to stimulate antitumor 
immune responses, leading to tumor regression in several cancer types. These therapies have since 
been tested in several studies as treatments for prostate cancer, but appear to have limited efficacy in 
molecularly unselected patients.
Areas covered: In this review, we discuss these studies and evaluate features of prostate cancer and its 
host environment that may render it generally resistant to CTLA4 and PD1 blockade. We provide an 
overview of alternate immune checkpoints that may hold greater significance in this disease.
Expert opinion: Combination therapies to target multiple layers of alternate immune checkpoints may 
be required for an effective immune response to prostate cancer. We discuss combination therapies 
currently being investigated.
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1. Introduction

Historically, cancer drug development efforts have focused on 
directly inhibiting pathways of cancer cell growth and survival. 
In contrast, cancer immunotherapy aims to stimulate an anti
tumor immune response. Tumor immunity is theoretically 
superior to pharmacologic tumor inhibition because it can 
be targeted, adaptable, and persistent over time. To date, 
the most successful strategy to induce immunity to solid 
tumors is inhibition of T cell co-inhibitory pathways, i.e. T cell 
checkpoints[1]. T cell activation occurs following ligation of 
the T cell receptor (TCR) and the co-stimulatory molecule 
CD28, which leads to upregulation of co-inhibitory molecules 
including CTLA4, PD1, LAG-3, TIGIT, and TIM-3 [2]. Activation 
of these inhibitory pathways subsequently restrains T cells to 
elegantly balance protection from pathogens with collateral 
damage to the host and induction of autoimmunity. Inhibition 
of these co-inhibitory pathways by T cell immune checkpoint 
inhibitors tilts this balance toward enhanced T cell pro- 
inflammatory function and augmentation of antitumor 
immune responses [3]. Moreover, some tumors learn to 
evade the immune system by activating T cell checkpoints. 
Together, these phenomena have led to the development of 
inhibitors of CTLA4 and PD1/PDL1 as therapeutic agents for 
cancer.

Significant effort has been placed into determining 
whether there might be a role for these T cell checkpoint 

inhibitors in treatment of patients with prostate cancer. 
Unfortunately, these agents appear to have limited efficacy 
in unselected patients. Here, we review the biological effects 
of inhibition of the T cell checkpoints CTLA4 and PD1, the 
results of studies that have tested these agents in prostate 
cancer, and a framework to consider alternate immune check
points in this disease.

2. Biological effect of CTLA4 blockade

CTLA4 is required for maintenance of immune tolerance. Mice 
with genetic deletion of CTLA4 exhibit fatal systemic inflam
mation [4,5]. Similarly, humans with genetic disorders of 
CTLA4 deficiency (CTLA4 Haploinsufficiency with 
Autoimmune Infiltration [CHAI] disease, and LRBA deficiency 
with Autoantibodies, Treg defects, Autoimmune Infiltration, 
and Enteropathy [LATAIE] disease) exhibit immune dysregula
tion with autoimmune features [6]. CTLA4 restrains autoimmu
nity through direct inhibition of effector T cell function and 
indirect inhibition via activation of regulatory T cells (Tregs) 
[7]. Effector T cell stimulation leads to rapid upregulation of 
CTLA4 [8], which subsequently can inhibit T cell activation. 
Mechanistically, CTLA4 may both inhibit intracellular signaling 
downstream of the TCR and CD28 [9], as well as compete for 
binding of B7-1 and B7-2, sequestering them away from bind
ing to CD28 and leading to loss of effective co-stimulation 
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[10]. Tregs constitutively express CTLA4, which is required for 
their effective immune suppressive function [11,12].

It was first shown that CTLA4 inhibition can augment anti
tumor immune responses in a seminal study from the labora
tory of James Allison that showed that treatment with anti- 
CTLA4 antibodies can induce immunity to tumors in mice [3]. 
Subsequent work indicated that both effector and regulatory 
T cells are important cellular targets of CTLA4 inhibition [13,] 
(Figure 1). CTLA4 inhibition of each cell type alone showed 
modest effect on antitumor immunity, while targeting of both 
compartments led to an additive effect . Anti-CTLA4 can lead 
to expansion of tumor antigen-specific effector T cells [14–16] 
and alterations to the composition of T lymphocyte popula
tions within tumors [17]. Specifically, tumors regressing due to 
anti-CTLA4 showed expansion of exhausted-like CD8 T cells, 
enrichment of an ICOS+Th1-like CD4 effector population, and 
depletion of Tregs. Depletion of Tregs appears to be driven by 

antibody-dependent cellular cytotoxicity by FcɣR-positive 
macrophages within the tumor [18].

Two human monoclonal antibodies to CTLA4 have been 
developed for clinical use, ipilimumab and tremelimumab, 
although only ipilimumab has been approved by the US 
Food and Drug Administration (FDA; 2011). Patients treated 
with anti-CTLA4 may mimic some features of CHAI and LATAIE 
disease, including propensity to nonspecific autoimmunity. 
This is a significant limitation of this therapy and supports 
the concept that the mechanism of action of this drug is 
global dysregulation of immune tolerance that incidentally 
may lead to an antitumor immune response. Efforts are 
ongoing to make anti-CTLA4 therapy more directed toward 
generating a specific antitumor response by targeting the 
drug to the tumor microenvironment [19].

3. Biological effect of PD1 blockade

PD1 maintains immune tolerance by a distinct mechanism 
from CTLA4. Although both co-inhibitory molecules are 
expressed by T cells following activation, their ligands are 
expressed by different cell types that are encountered by the 
T cell at different stages of activation, expansion, and differ
entiation, and usually in different anatomical locations [20,21]. 
The ligands for CTLA4, B7-1 and B7-2, are expressed by anti
gen-presenting cells (APCs) and thus are encountered early 
during T cell priming, which is thought to occur primarily in 
secondary lymphoid structures. In contrast, the ligands for 
PD1, PD-L1 and PD-L2, are expressed by non-lymphoid tissue 
[22], and are encountered late when expanded cells are exert
ing effector function in the periphery (Figure 1). PD1 ligation 

Figure 1. Simplified schematic of the biological effect of CTLA4 and PD1 blockade. antibodies targeting CTLA4 remove negative regulation of T cell priming in the 
lymph node and can lead to depletion of tregs in tumors. antibodies targeting the PD1 pathway remove negative regulation of T cell activation in tumors and can 
lead to depletion of tregs and MDSCs. (Adapted from ‘Blockade of CTLA-4 or PD-1 signaling in tumor immunotherapy,’ by BioRender.com (2021). retrieved from 
https://app.biorender.com/biorender-templates).

Article highlights

● CTLA4 and PD1 blockade can stimulate antitumor immune 
responses leading to tumor regression in several cancer types, but 
have limited efficacy in unselected patients with prostate cancer.

● Activity of these agents may be limited by a poor endogenous 
adaptive immune response to prostate cancer.

● Barriers to an adaptive immune response include low tumoral pro
duction of neoantigens, impaired innate immune cell function and 
T cell priming, and impaired T cell function.

● We review how these barriers could be overcome by combination 
therapies to stimulate the elusive durable immune response to 
advanced prostate cancer.
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leads to inhibition of signaling downstream of the TCR [23,24], 
pro-inflammatory cytokine production [25], and metabolic 
reprogramming required for a pro-inflammatory response 
[26,27]. Additionally, PD1 signaling can trigger production 
and maintenance of inducible regulatory T cells [28]. 
Moreover, unlike CTLA-4, PD1 is also expressed on B cells, 
natural killer (NK) cells, and myeloid-derived suppressor cells 
(MDSCs) [29], where it also appears to suppress an immune 
response. Notably, autoimmunity of PD1-deficient mice is less 
severe than CTLA4-deficient mice, and the specific type of 
autoimmunity depends on the genetic background of the 
mouse [30–32].

Thus, inhibition of PD1 is not equivalent to inhibition of 
CTLA4. There are currently six FDA-approved human mono
clonal antibodies that inhibit PD1 signaling: nivolumab, pem
brolizumab, and cemiplimab (which inhibit PD1); and 
atezolizumab, avelumab, and durvalumab (which inhibit PD- 
L1). Two non-FDA-approved anti-PD1 agents in clinical trials 
for patients with prostate cancer include zimberelimab and 
MGA012. Similar to mouse models, patients treated with these 
agents generally exhibit fewer and less severe immune toxi
cities than patients treated with ipilimumab. Moreover, tumors 
regressing on anti-PD1 showed expansion of exhausted-like 
CD8 T cells similar to anti-CTLA4, however distinct from anti- 
CTLA4-treated tumors, there was no alteration in the CD4 
T cell compartment and the magnitude of Treg depletion 
was less in anti-PD1-treated tumors. Given their complemen
tary and perhaps sequential effects, inhibition of PD1 and 
CTLA4 concurrently can have additive antitumor effects. 
Notably, the ultimate mechanism of T cell-mediated killing of 
tumor cells stimulated by CTLA4 blockade and PD1 blockade 
appears to be similar and require IFNɣ-signaling within tumors 
[33–35].

4. Efficacy of CTLA4 blockade in prostate cancer

The clinical efficacy of CTLA4 blockade in advanced prostate 
cancer was rigorously assessed in the CA184-043 study, 
a randomized, double-blind, phase 3 trial of ipilimumab versus 
placebo following one dose of bone-directed radiotherapy for 
799 patients with metastatic castration-resistant prostate can
cer (mCRPC) that has progressed on docetaxel [36]. This trial 
failed to meet its primary endpoint, and did not show 
a statistically significant improvement in median overall survi
val (OS) (11.2 months for ipilimumab versus 10.0 months for 
placebo). However, the hazard ratio for death was noted to 
decrease over time; while it was 1.46 (95% CI 1.10–1.95) for 0– 
5 months, it decreased to 0.65 (0.50–0.85) for 5–12 months, 
and 0.60 (0.43–0.86) beyond 12 months. An updated analysis 
of this study with 2.4 years of additional follow-up confirmed 
this finding that ipilimumab potentially conferred a survival 
benefit at late time points [37]. The most plausible explanation 
for this finding is that a small subset of patients derived 
significant benefit from ipilimumab. This patient population 
was small and therefore only became visible after the majority 
of patients (who did not benefit) had died. Immune-related 
adverse events (irAEs) occurred in 63% of patients treated with 
ipilimumab and 22% of patients treated with placebo; 26% of 
patients in the ipilimumab group experienced grade 3–4 irAE, 

and 89% of irAEs resolved after standard irAE management 
algorithms were followed.

The investigators did make an effort to identify biomarkers 
of sensitivity within the CA184-043 study, however tumor DNA 
sequencing was not performed. There was a suggestion that 
patients with favorable disease characteristics including those 
without visceral metastases and lower tumor marker levels 
may have derived more benefit from ipilimumab. This gar
nered anticipation for results of the subsequent CA184-095 
trial, which was a randomized, double-blind phase 3 trial of 
ipilimumab versus placebo for 602 patients with chemother
apy-naïve mCRPC [38]. In that trial, ipilimumab was associated 
with a longer median progression-free survival (PFS) (5.6 ver
sus 3.8 months), longer time to chemotherapy administration, 
and a higher PSA response (23% versus 8%) than placebo. Yet 
unfortunately, this study also failed to show a survival benefit 
to treatment with ipilimumab, and unlike CA184-043, there 
was no late separation of the Kaplan-Meier OS curves. 
Discordance between PFS and OS in this trial suggests that 
patients may have experienced adverse effects of ipilimumab 
that nullified initial antitumor benefit, or that PFS is not a good 
surrogate of OS in this disease context. In this trial, treatment- 
related AEs occurred in 82% of patients treated with ipilimu
mab and 49% of patients treated with placebo; grade 3–4 
treatment-related AEs occurred in 40% and 6% of each 
group, respectively.

These two large phase 3 trials indicate that ipilimumab as 
a single agent is ineffective for the vast majority of patients 
with mCRPC, and this drug has not been FDA-approved for 
use in prostate cancer. Yet the question remains why CA184- 
043 demonstrated late separation of the survival curves, while 
CA184-095 did not. The two major differences in these trials 
were the administration of bone-directed radiotherapy and 
prior treatment with chemotherapy. This may suggest that 
there is a small subset of patients with mCRPC who are 
sensitive to ipilimumab, but only following treatment with 
radiotherapy or chemotherapy or both.

5. Efficacy of PD1 blockade in prostate cancer

The initial pan-cancer phase 1 study of nivolumab included 17 
patients with CRPC; however, none experienced an objective 
response [39]. Subsequent early studies with pembrolizumab 
indicated that patients with CRPC are not uniformly resistant 
to PD1 blockade, and identified some patients who experi
enced significant benefit [40,41]. This possibility was further 
explored in KEYNOTE-199, which is a large open-label, phase 2 
trial of pembrolizumab used alone (cohorts 1–3, for mCRPC 
that has progressed on chemotherapy) or in combination with 
ongoing enzalutamide (cohorts 4–5, for chemotherapy-naïve 
mCRPC that has progressed on enzalutamide) [42]. The results 
of cohorts 1–3 have been published. Cohort 1 included 133 
patients with PD-L1-positive measurable disease and exhibited 
an objective response rate (ORR) of 5%, median PFS of 
2.1 months, and median OS of 9.5 months. Cohort 2 included 
66 patients with PD-L1-negative measurable disease and 
exhibited an ORR of 3%, median PFS of 2.1 months, and 
median OS of 7.9 months. Cohort 3 included 59 patients 
with bone-predominant disease (irrespective of PD-L1 status) 
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and exhibited a median PFS of 3.7 months and median OS of 
14.1 months. Conclusions are limited without control arms; 
however, the results suggest that this agent was safe, PD-L1 
expression is not a robust marker for sensitivity to PD1 block
ade in advanced prostate cancer, and that anti-PD1 is not 
broadly effective as a single agent in these patients. 
Interestingly, objective response rates and PSA response 
rates to pembrolizumab tended to be higher in patients with 
homologous recombination repair (HRR) gene mutations, 
especially in men with BRCA2 or ATM mutations; this finding 
remains to be confirmed. Preliminary data from cohorts 4–5 
have been presented in the abstract form [43]. These results 
suggest a slightly higher response rate of pembrolizumab 
when used in combination with enzalutamide although it is 
possible this was due to inclusion of patients with chemother
apy-naïve mCRPC. Full immune and genetic biomarker ana
lyses from the KEYNOTE-199 study are eagerly awaited to 
define the small subset of patients that may have benefited 
from pembrolizumab treatment.

6. Efficacy of combined PD1 and CTLA4 blockade in 
prostate cancer

The clinical activity of combined CTLA4 and PD1 blockade 
was first assessed in a single-arm, open-label, phase 2 study 
of 15 patients with AR-V7-positive mCRPC treated with 
nivolumab (3 mg/kg) and ipilimumab (1 mg/kg) for four 
cycles, followed by maintenance nivolumab [44]. The ratio
nale for this study was that this subset of patients has poor 
prognosis, limited treatment options, and may be enriched 
for mutations in HRR genes, which were predicted to 
enhance response to ICB. An objective response occurred 
in 2 of 8 patients with measurable disease, the median PFS 
was 3.7 months, and the median OS was 8.2 months. 
Patients with HRR defects (especially those with BRCA2 or 
ATM mutations) had longer median PFS, so this study sup
ports further investigation of combined CTLA4 and PD1 
blockade in this subset of patients, but not necessarily in 
those with AR-V7–positive disease.

A larger trial of combined ipilimumab and nivolumab 
was subsequently performed, entitled CheckMate 650 [45]. 
This was an open-label, phase 2 study of nivolumab (1 mg/ 
kg) and ipilimumab (3 mg/kg) for four cycles, followed by 
maintenance nivolumab for 90 patients with mCRPC. The 
rationale for this trial was that ipilimumab treatment alone 
prior to prostatectomy was found to increase expression of 
PD-L1 and VISTA inhibitory molecules on macrophages [46]. 
Thus, the authors hypothesized that PD1 may become an 
important induced immune checkpoint following ipilimu
mab. Cohort 1 included patients with chemotherapy-naïve 
mCRPC and exhibited an ORR of 25%, median PFS 
5.5 months, and median OS 19 months. Cohort 2 included 
patients with mCRPC that had progressed on chemotherapy 
and exhibited an ORR of 10%, median PFS 3.8 months, and 
median OS 15.2 months. These are the most encouraging 
metrics of efficacy for ICB in prostate cancer to date, and 
certainly support further investigation of dual CTLA4 and 
PD1 checkpoint blockade for this disease. Once again, there 
was a suggestion that patients with mutations in HRR genes 

derived slightly greater benefit, and this hypothesis requires 
formal prospective confirmation.

Yet despite encouraging efficacy results of CheckMate 
650, the combination regimen appeared quite toxic as 
approximately half of the patients experienced grade 3–4 
treatment-related adverse events, and 4 patients experi
enced treatment-related deaths. This is in contrast to the 
aforementioned study of nivolumab (3 mg/kg) and ipilimu
mab (1 mg/kg) for patients with AR-V7-positive mCRPC. 
Although that study was smaller, only 33% of the patients 
experienced grade 3–4 treatment-related adverse events, 
and there were no treatment-related deaths. This may 
suggest that this dosing regimen is safer for the ongoing 
investigation of combined CTLA4 and PD1 blockade. 
Alternative dosing and scheduling of the ipilimumab plus 
nivolumab combination is currently being explored.

7. A working model of efficacy of CTLA4 and PD1 
blockade in prostate cancer

Following review of trials of blockade of CTLA4 and PD1 in 
prostate cancer, it is clear that these agents are not broadly 
effective for the majority of patients with advanced prostate 
cancer. However, we do have the optimistic viewpoint that 
these trials were not entirely negative. In each trial dis
cussed above, there was a signal (albeit small) that some 
patients obtained a benefit. Needless to say, it is critical to 
understand who these patients are and why they responded 
so that we might offer treatment to those most likely to 
benefit and develop rational strategies to overcome resis
tance in the remainder.

An important consideration is that CTLA4 and PD1 acti
vation are often not the only barriers between a tumor and 
an antitumor immune response. Tumor immunity involves 
several cell types and different anatomical locations, and is 
proposed to function in a cyclical manner, termed the 
‘Cancer-Immunity Cycle,’ with a multitude of stimulatory 
and inhibitory factors [21]. Key requirements include 
tumor production of neoantigens, innate immune cell acti
vation and T cell priming, a tumor microenvironment sup
portive of pro-inflammatory immune cell function, and 
tumor sensitivity to T cell killing. While CTLA4 and/or PD1 
blockade can remove some negative regulation of tumor 
immunity, it likely cannot compensate for complete lack of 
one of these key factors. In fact, some argue that these 
agents are only effective when the infrastructure of an 
endogenous antitumor immune response is in place, and 
primed T cells are only restrained by checkpoint activation 
or similar induction of exhaustion [47]. This notion is sup
ported by evidence that tumors, including prostate tumors, 
with baseline inflamed gene signatures were more likely to 
respond favorably to ipilimumab [48,49] and pembrolizu
mab [50]. Thus, we must consider: what tends to be the 
endogenous immune response to prostate cancer, and 
what are the barriers to effective prostate cancer tumor 
immunity, if not activation of T cell immune checkpoints? 
The remaining sections of this Review will address these 
questions.
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8. Expert opinion: the endogenous immune 
response in advanced prostate cancer

Inflammation is purported to initiate prostate carcinogenesis 
[51]. As such, prostate cancer must learn to cooperate with 
inflammation from its outset. Primary untreated prostate can
cer exhibits remarkable homogeneity in infiltrating immune 
cell composition, with high relative abundance of follicular 
helper T cells, eosinophils, and mast cells [52]. In contrast, 
metastatic (and usually previously hormonally treated) pros
tate cancers are often described as ‘immunologically cold’ 
tumors with low densities of tumor-infiltrating lymphocytes 
(TIL) on the order of 100 CD8 + T cells per mm2 [53–55]. As 
a point of comparison, metastatic melanomas tend to have TIL 
densities on the order of 1000 CD8+ cells per mm2, with 
higher baseline TIL density associating with greater responses 
to PD-1 blockade [56]. The low density of TILs in the majority 
of metastatic prostate cancers suggests that this tumor type 
does not invoke a robust endogenous adaptive immune 
response. Immunophenotyping of the small proportion of 
TILs in mCRPC suggests that a large proportion of CD4+ cells 
are Tregs, and a large proportion of CD8+ cells exhibit a dys
functional phenotype with expression of PD1, TIM3, TIGIT, 
ICOS, FASL, and LAG3 [57]. Thus, perhaps inhibiting T cell 
checkpoints is ineffective because there are so few T cells in 
the metastatic prostate cancer microenvironment, and those 
that are present are rendered dysfunctional by mechanisms 
beyond PD1 and CTLA4 activation. Therefore, perhaps we 
should look beyond these T cell checkpoints and consider 
earlier and alternate checkpoints to an endogenous immune 
response to prostate cancer. Three broad immune checkpoints 
and strategies to target them will be discussed, including 
tumor production of neoantigens, innate immune cell func
tion, and T cell function (Figure 2).

9. Barrier 1: low tumoral production of neoantigens

Antigens are molecules that are recognized and elicit an 
immune response in the context of inflammation. Cancer 
antigens are often derived from mutated self-peptides against 
which the immune system has not been tolerized and are 
called “neoantigens.” Production and presentation of neoanti
gens are likely required for a tumor adaptive immune 
response. Neoantigen burden loosely correlates with tumor 
mutational burden (TMB), which is an important biomarker 
of response to ICB [58]. High TMB can be driven by loss of 
function of one or more of the DNA mismatch repair proteins 
(MSH2, MSH6, MLH1, and PMS2), i.e. mismatch repair defi
ciency (dMMR)[59], or by POLE or POLD1 polymerase gene 
mutations affecting the proofreading/exonuclease domains. 
Advanced dMMR solid tumors exhibit high response rates to 
ICI [60] and case reports indicate that solid tumors with POLE 
or POLD1 mutations (which are much more rare) may behave 
similarly [61–63]. Both high TMB (>10 mutations per megabase 
(mut/Mb)) and dMMR are FDA-approved indications for use of 
ICB in patients with advanced solid tumors, irrespective of 
histologic type.

Production of neoantigens may be low in the majority of 
prostate cancers, which may be a significant barrier to 
response to T cell checkpoint inhibitors. Median TMB of unse
lected treatment-naïve localized prostate adenocarcinoma 
ranges from 1 to 2 non-synonymous mut/Mb [64], which is 
among the lowest of all solid tumor types [65]. The rare subset 
of patients with mCRPC with dMMR are estimated to have 
a median TMB of 10–20 mut/Mb and exhibit high PSA 
response rates to PD1 blockade, in the order of 40–60% [66– 
70]. CDK12 inactivation has been shown to lead to focal tan
dem duplications and production of gene fusions that may 
function as neoantigens [71,72], and patients with mCRPC 

Figure 2. Barriers to prostate cancer immunity. (original figure, created with bioRender.com).
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with CDK12 mutations exhibited higher than expected PSA 
responses to ICB in small retrospective case studies [73,74]. 
Similarly, BRCA2 mutations are associated with more indel 
alterations and expression of potential neoantigens [75], 
which may in part explain the signal of increased efficacy of 
ICB among patients with HR mutations as described above. 
Given that responses to ICB can be elicited when neoantigens 
are not limiting in prostate cancer, this supports an idea that 
a major barrier to response to T cell checkpoint inhibitors in 
unselected prostate cancer is low production of neoantigens.

As such, key areas of future investigation is the identifica
tion of markers of high neoantigen production beyond TMB 
and strategies to induce neoantigen production. It seems that 
the types of mutations that contribute to TMB may be impor
tant as small nucleotide insertion-deletion mutations that lead 
to frameshifts or gene fusions are more likely to generate 
peptides that appear foreign and can function as neoantigens 
compared to single nucleotide variants [76]. For example, 
while renal cell carcinoma generally exhibits a low TMB, it 
has a high proportion of indel mutations leading to frame
shifts that are associated with favorable response to ICB [77]. 

In prostate cancer with dMMR, the frameshift mutation pro
portion has been linked with greater response to PD1 block
ade compared to overall TMB [66]. It is not known whether 
frameshift mutations, which are relatively rare outside of 
dMMR, might predict the response to ICB in MMR-proficient 
prostate cancer.

Strategies to induce neoantigen production are sparse. 
Theoretically, agents that directly damage DNA (e.g., platinum) 
or inhibit repair of DNA damage (e.g. PARP inhibitors) might 
increase TMB and neoantigen production over time. Despite 
the fact that this idea is frequently put forth in the literature, 
most data suggest these agents only minimally alter TMB [78].

Perhaps a more promising approach is to boost immune 
responses to weak but ubiquitously expressed endogenous 
tumor antigens, such as prostatic acid phosphatase (PAP), 
the androgen receptor (AR) or prostate-specific antigen 
(PSA), through vaccines (Table 1). Sipuleucel-T is an autolo
gous cellular therapy in which patients’ antigen-presenting 
cells (APCs) are extracted, loaded and stimulated with PAP ex 
vivo, and re-infused. This leads to antigen-specific T cell activa
tion [79] and immune-cell recruitment into tumor [80] and 
confers a median 4.1 month increase in OS [81]. Small trials 
of sipuleucel-T in combination with ipilimumab [82] or pem
brolizumab [83] reported encouraging results that may indi
cate synergy. A larger trial of ipilimumab in combination with 
sipuleucel-T is ongoing (NCT01804465).

DNA vaccines encoding PAP (pTVG-HP) and AR (pTVG-AR) 
have been shown to be safe, and induce Th1 responses to PAP 
and AR, respectively [84,85]. Although pTVG-HP did not pro
long metastasis-free survival among patients with non- 
metastatic biochemically recurrent prostate cancer, a trial is 
underway to evaluate the effect of pTVG-HP with and without 
pTVG-AR in combination with pembrolizumab in patients with 
mCRPC (NCT04090528). Similarly, the vaccines PROSTVAC 
(recombinant poxvirus to express PSA) and W_pro1 (mRNA 
encoding 5 prostate cancer antigens) are currently in phase 
1/2 clinical trials in combination with anti-PD1 agents 
(NCT02933255 and NCT04382898). Another agent that may 
direct cytotoxic T cells to prostate cancer in the absence of 
presented neoantigens may be AMG160, which is 
a PSMAxCD3 bispecific T cell engager (BiTE), and a phase 1 
trial is ongoing to assess the feasibility of combining this 
agent with pembrolizumab (NCT03792841).

10. Barrier 2: impaired innate immune cell function 
and poor T cell priming

Yet low tumor production of neoantigen is certainly not the 
only barrier to an effective and durable antitumor immune 
response in patients with prostate cancer. This is illustrated by 
the fact that although patients with mismatch-repair deficient 
mCRPC exhibit a high response rate to anti-PD1, it is not 
universal, and the responses seem to be of shorter duration 
than mismatch-repair deficient cancers of other primary his
tology [66].

Neoantigens are taken up, processed, and presented by 
antigen-presenting cells (APCs) such as dendritic cells and 
tumor-associated macrophages (TAMs), which often must traf
fic to secondary lymphoid organs to encounter and prime 

Table 1. Selected therapeutic strategies to target barriers to prostate cancer 
tumor immunity.

Combination Therapies NCT Identifier Phase

May address Barrier 1: Low tumoral production of neoantigens
Sipuleucel-T and ipilumumab NCT01804465 2
pTVG-HP, pTVG-AR and pembrolizumab NCT04090528 2
PROSTVAC and nivolumab NCT02933255 1/2
W_pro1 and cemiplimab NCT04382898 

(PRO-MERIT)
1/2

AMG160 (PSMAxCD3 BiTE) and pembrolizumab NCT03792841 1
May address Barrier 2: Impaired innate immunity

Docetaxel and pembrolizumab NCT03834506 
(KEYNOTE-921)

3

Docetaxel and nivolumab NCT04100018 
(CheckMate7DX)

3

Cabozantinib and atezolizumab NCT04446117 
(CONTACT-02)

3

Olaparib and pembrolizumab NCT03834519 
(KEYLYNK-010)

3

Docetaxel, nivolumab, and ipilimumab NCT03879122 2/3
Rucaparib, docetaxel, enzalutamide, and 

nivolumab
NCT03338790 
(CheckMate9KD)

2

BXCL701 (DPPi) and pembrolizumab NCT03910660 1/2
Fecal transplant, enzalutamide, and 

pembrolizumab
NCT04116775 2

Navarixin (CXCR2i) and pembrolizumab NCT03473925 2
SD-101 (TLR9 agonist) and pembrolizumab NCT03007732 2
Bipolar androgen therapy and nivolumab NCT03554317 

(COMBAT)
2

BMS-986,253 (IL8i) and nivolumab NCT03689699 
(MAGIC-8)

1/2

GB1275 (CD11b agonist) and pembrolizumab NCT04060342 1/2
Ipatasertib (AKTi) and atezolizumab NCT03673787 1/2

May address Barrier 3: Impaired T cell function
AZD4635 (A2ARi), oleclumab (anti-CD73), and 

durvalumab
NCT04089553 2

AZD4635 (A2ARi), cabazitaxel, and durvalumab NCT04495179 2
ZEN-3694 (BETi), enzalutamide, and 

pembrolizumab
NCT04471974 2

Abemaciclib (CDK4/6i) and atezolizumab NCT04751929 2
Etrumadenant (A2AR/A2BRi), zimberelimab, 

AB680 (CD73i), enzalutamide, and docetaxel
NCT04381832 

(ARC-6)
1/2

Ciforadenant (A2ARi) and atezolizumab NCT02655822 1
Ciforadenant (A2ARi), CPI-006 (anti-CD73) and 

pembrolizumab
NCT03454451 1

TPST-1120 (PPARαi) and nivolumab NCT03829436 1
DS3201 (EZH1/2i) and nivolumab NCT04388852 1
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antigen-specific T cells. CD8α+ conventional dendritic cells 
appear to be the most critical APC for cross-presentation of 
neoantigen for tumor rejection by T cells [86,87]. APC activa
tion occurs in coordination with other innate immune cells 
including NK cells, NK T cells, and γδ T cells in response to 
damage-associated molecular patterns (DAMPs) [88–90]. The 
function of innate immune cells in the tumor microenviron
ment is critical to downstream adaptive immune cell function.

Several studies indicate that innate immune cells are 
dysfunctional in the prostate tumor microenvironment. 
A high ratio of circulating neutrophils to lymphocytes has 
been associated with poor prognosis [91,92]. In fact, innate 
immune cells often seem to be reprogrammed to be 
immune suppressive (and tumor-promoting), rather than 
pro-inflammatory. Myeloid-derived suppressor cells 
(MDSCs) are abundant, and the immune suppressive M2 
subtype of TAMs increase in numbers from normal prostate 
to mCRPC [93]. Myeloid cells may be induced to differenti
ate to M2 TAMs by tumor-secreted factors in the prostate 
cancer microenvironment as conditioned media from pros
tate cancer cell lines (but not colorectal cell lines) was 
sufficient to drive macrophages into the M2, TGF-β- 
secreting, subtype [94]. Specifically, CXCL2 was nominated 
to be a key factor that activates CXCR2 on macrophages 
and polarizes them toward the M2 lineage [95]. Inhibition of 
CXCR2 led to increased pro-inflammatory macrophages and 
restriction of prostate tumor growth in the mouse, and the 
CXCR2 inhibitor navarixin is currently being studied in 
a phase 2 trial in combination with pembrolizumab for 
patients with mCRPC (NCT03473925). Importantly, selective 
elimination of M2 TAMs suppresses tumor growth, extends 
survival, and augments the effect of ICB in murine cancer 
models [96]. In fact, some evidence suggests that the che
motherapy agent docetaxel, which is frequently used for 
treatment of prostate cancer, may owe some of its efficacy 
to selective suppression of M2 TAMs [97]. Trials are ongoing 
to assess the effect of combination therapy with docetaxel 
and T cell checkpoint inhibitors (NCT03834506, 
NCT04100018, NCT03879122). The agent BXCL701 is pur
ported to inhibit dipeptidyl peptidases leading to macro
phage death, and is also being investigated in combination 
with pembrolizumab in patients with mCRPC 
(NCT03910660).

Similarly, the tyrosine kinase inhibitor cabozantinib was 
shown to deplete M2 TAMs and synergize with T cell check
point inhibitors in preclinical models [98]. Interestingly, 
a separate study suggested that cabozantinib additionally 
stimulates the release of neutrophil chemotactic factors, 
CXCL12 and HMGB1, leading to neutrophil-mediated antitu
mor immune responses and clearance of PTEN/p53-deficient 
murine prostate cancer [99]. The combination of cabozantinib 
and atezolizumab was assessed in 44 patients with mCRPC in 
a phase 1b trial called COSMIC-021 [100]. The results appeared 
better than should be expected for atezolizumab or cabozan
tinib alone and reported a PSA response rate of 67% and an 
ORR of 32% with two complete responses and 12 partial 
responses. A phase 3 study is underway to look more carefully 
at this combination (NCT04446117). The mechanism of M2 

TAM immune suppression may be the production of TGF-β, 
which has been described to reprogram peritumoral stroma to 
exclude CD8+ effector T cells and inhibit an antitumor 
immune response [101]. Trials of TGF-β receptor inhibition 
with the drug galunisertib are ongoing for patients with 
mCRPC (NCT02452008). A recent study of mCRPC found that 
enzalutamide exposure increased gene expression of TGF-β 
signaling [57] suggesting that targeting this pathway may 
become even more important as CRPC acquires resistance to 
potent AR inhibition. Although it is not innate immune cells, 
some evidence suggests that tumor-associated plasma cells 
are associated with higher T cell infiltration into primary pros
tate cancer and better outcomes after local therapy [102,103]; 
however, the functional role of this cell type is not clear.

A complementary therapeutic strategy to mobilize an 
innate immune response in prostate cancer beyond inhibition 
of M2 TAMs is APC activation. Indeed, the proven efficacy of 
sipuleucel-T, in which activated APCs loaded with PAP are 
supplemented, may suggest that APC activation is limiting in 
the endogenous immune response to prostate cancer. 
Furthermore, in effective endogenous tumor immune 
responses, tumor-derived DNA functions as a DAMP to stimu
late STING (stimulator of interferon genes) in APCs, which 
leads to APC activation, cytokine production, and effective 
T cell priming [104,105]. Intratumoral injection of the STING 
agonist cyclic di-GMP augmented the therapeutic effect of 
CTLA4, PD1, and 41-BB inhibition in murine models of prostate 
cancer [106]. Notably, PARP inhibitors may also lead to high 
levels of double-stranded DNA fragments that can activate 
STING-dependent type-1 IFN in APCs. This was first described 
in BRCA1- or BRCA2-deficient tumors [107,108], but has since 
been suggested to occur even in tumors with intact BRCA1/2 
function [109]. Trials are ongoing to assess the efficacy of 
combining the PARP inhibitors olaparib or rucaparib with 
T cell checkpoint inhibitors in unselected mCRPC 
(NCT03834519, NCT03338790).

Finally, we and others have been investigating the use of 
cycling high-dose testosterone (called bipolar androgen ther
apy; BAT) for treatment of advanced prostate cancer [110]. 
Interestingly, recent studies suggest that supraphysiological 
levels of androgen may stimulate NF-κB signaling within pros
tate cancer cells leading to mobilization of cytotoxic T cells 
into tumors, likely due to innate immune cell activation [54]. 
To this end, the combination of BAT plus nivolumab is being 
investigated in a phase 2 trial for patients with mCRPC 
(NCT03554317; COMBAT). Additional strategies to invigorate 
an innate immune response to prostate cancer are currently 
being studied in other clinical trials, which are listed in Table 1.

11. Barrier 3: poor T cell killing of tumor cells

Following priming by APCs, neoantigen-specific cytotoxic 
T cells must traffic to the tumor and kill the tumor cells. For 
this to occur, healthy tumor-specific T cells must exist, evade 
T cell checkpoints, recognize tumor, and the tumor must be 
sensitive to immunogenic cell death. Each of these steps may 
represent an impediment in prostate cancer immunotherapy 
and could be considered for therapeutic modulation.

EXPERT REVIEW OF CLINICAL PHARMACOLOGY 7



T cell health in patients with prostate cancer. Patients with 
prostate cancer tend to be of advanced age. For example, the 
median age of patients in CA184-043 was 68 years, while the 
median age of patients in the initial trial of ipilimumab for 
advanced melanoma was 56 years [111]. Lymphocytes from 
older hosts may exhibit dysfunctional activation, termed 
immunosenescence, compared with those from younger 
hosts, and this may be in part due to mitochondrial dysfunc
tion that increases with age [112]. However, in cancer types 
that respond more robustly to T cell checkpoint inhibitors, the 
effect of age on outcomes is not clear – in non-small cell lung 
cancer, advanced age was associated with worse responses to 
these agents [113], while in melanoma, age may not affect 
outcomes [114]. Whether patient age will become an impor
tant variable in prostate cancer immunity is uncertain but 
should be considered.

Beyond aging, lymphocytes from patients with prostate 
cancer are also subjected to the effects of androgen depriva
tion. Surgical or chemical castration leads to thymic enlarge
ment due to the loss of negative regulation of thymic 
epithelial cells [115,116] and increased peripheral naïve 
T cells that exhibit enhanced activation [117]. In prostate 
cancer, castration leads to expansion of tumor-specific T cells 
in the Pb-HAx TRAMP model [118] and increased density of 
TILs in patients [119]. Although men generally experience less 
autoimmunity than women, the cumulative effect of testoster
one on tumor immunity is not clear – while testosterone was 
shown to inhibit differentiation of CD4 + T cells to the pro- 
inflammatory Th1 subtype via upregulation of Ptpn1 and 
increase production of the immunosuppressive cytokine IL- 
10 [120,121], it was also found to stimulate antitumor neutro
phil function in melanoma mouse models [122]. In a recent 
clinical trial of sipuleucel-T given either in the castrate or 
noncastrate setting in men with biochemically recurrent pros
tate cancer, antitumor antigen-specific immune responses 
were greater when the immunotherapy was used in the non
castrate setting [123]. The effect of testosterone on tumor 
immunity is a critical area for future investigation. Another 
point to consider is that the immune effects of castration are 
likely not equivalent to those of antiandrogens, such as enza
lutamide. A well-described side-effect of enzalutamide is sei
zure, due to off-target inhibition of γ-aminobutyric acid type 
A (GABA-A) receptors in the brain. Interestingly, enzalutamide 
was also shown to inhibit T cell activation via inhibition of the 
GABA-A receptor [124]. Ongoing trials testing the combination 
of enzalutamide with ICI (e.g., NCT03834493, NCT04191096) 
will elucidate whether a direct effect of enzalutamide on 
tumor will offset a possible negative effect on T cell activation 
to allow for efficacy of this drug combination.

Alternate T cell checkpoints in prostate cancer. Regulation of 
T cell activation is so critical to preserve self-tolerance and 
avoid autoimmunity that there are multiple layers of redun
dancy. As mentioned, CTLA4 and PD1 are only two of several 
T cell checkpoints. Two additional checkpoints that may be 
functionally important in prostate cancer are the A2A adeno
sine receptor, EZH2 (Enhancer of zeste homolog 2), and the 
so-far undefined receptor of B7-H3 [125]. It is theoretically 
possible that these checkpoints eclipse roles for CTLA4 and 
PD1 in prostate cancer immunity.

Damaged or dying tumor cells release ATP, which may 
function as a DAMP. Over time, ATP is converted to AMP and 
adenosine by ectonucleotidases, such as CD73, which subse
quently suppress immune responses by binding the adenosine 
A2A receptor expressed on T cells and NK cells, and inhibiting 
effector function [126]. High CD73 expression in normal pros
tate epithelium adjacent to tumor correlated with shorter 
biochemical recurrence in patients who had prostatectomy 
[127], and CD73 expression in prostate tumor cells was 
enhanced in those known to have metastasized to lymph 
nodes [128]. Additionally, PAP can function as an ectonucleo
tidase to contribute to pools of adenosine in the prostate 
tumor microenvironment [129]. Multiple trials of A2A receptor 
inhibitors in combination with PD1 inhibitors and/or CD73 
inhibitors are underway and listed in Table 1.

EZH2 is an epigenetic regulator that was found to have 
increased expression in T cells of patients treated with and 
resistant to ipilimumab [130]. Inhibition of EZH2 increased 
prostate cancer tumor immunity and synergized with ipilimu
mab in murine models. Beyond EZH2 function in T cells, 
a recent study further suggests that EZH2 inhibition may 
induce dsRNA intracellular stress and increased STING-ISG 
response within prostate cancer cells, altering the tumor 
immune microenvironment, and augmenting cancer cell 
T cell killing [131]. The combination of the EZH1/2 inhibitor 
DS3201 and nivolumab is being testing in phase 1 clinical 
trials (NCT04388852).

Among the B7 superfamily, B7-H3 (less commonly known 
as PD-L3) appears to be more highly expressed than PD-L1, 
PD-L2, and B7-H4 in prostate cancer, and its expression corre
lates with Gleason score, tumor stage, and castration-resistant 
metastatic disease, [53,125]. In a recent study of metastatic 
prostate cancer, up to 88% of the samples had a high expres
sion of B7-H3, with expression correlating with AR expression 
[55]. The function of B7-H3 is poorly defined; it is unknown 
whether it can activate co-stimulatory pathways or co- 
inhibitory pathways, or perhaps this may be context- 
dependent. Interestingly, unlike the other checkpoints PD-L1, 
PD-L2, and the adenosine A2A receptor, its expression was 
found to be negatively associated with the dMMR mutational 
signature but positively associated with the HRR mutational 
signature [53]. Clinical trials are ongoing with enoblituzumab 
(formerly MGA271), a humanized anti-B7-H3 monoclonal anti
body, for patients with advanced cancer that expresses B7-H3 
[132] and for patients with prostate cancer specifically 
(NCT02923180).

Prostate cancer microenvironment is immunosuppressive. 
Although the CA184-043 study suggested that patients with 
lower tumor burden may obtain greater benefit from immune 
checkpoint blockade, this has not been rigorously assessed in 
subsequent trials of prostate cancer. In melanoma and non- 
small cell lung cancer, a lower baseline tumor size is asso
ciated with improved response rates and overall survival fol
lowing treatment with ICI monotherapy [133,134]. Indeed, in 
both of these tumor types, T cell checkpoint inhibitor mono
therapy provides a significant OS benefit when administered 
following local therapy when the tumor burden is lowest 
[135,136]. Mechanistically, this may support the idea that the 
tumor microenvironment associated with bulky tumors is 

8 L. A. SENA ET AL.



immunosuppressive. This immunosuppression may be driven 
by tumor depletion of factors required for effective immune 
cell function, such as oxygen and metabolites, or by tumor 
production of factors that directly suppress immune cell func
tion, such as TGF-β, adenosine, or kynurenine.

Prostate cancer appears to have a particularly immunosup
pressive microenvironment [137]. It is known to have 
a relatively high number of infiltrating CD4+ and CD8+ regu
latory T cells (Tregs) compared with other cancer types [138], 
and secreted factors appear to induce differentiation of TILs 
into these suppressive subtypes [138–140]. Androgen depriva
tion induces T cell infiltration in prostate cancers [141]; how
ever, many of these immune cells are found to be Tregs 
[142,143]. Thus, strategies to impair or deplete Tregs beyond 
CTLA4 and PD1 inhibition should be considered. For example, 
CDK4/6 inhibitors have been shown to both induce breast 
cancer cell cycle arrest as well as stimulate an antitumor 
immune response [144]. Interestingly, CDK4/6 inhibitors both 
stimulated tumor-cell IFNɣ signaling and antigen presentation 
as well-inhibited Treg proliferation. The combination of abe
maciclib and atezolizumab is currently being tested in a phase 
2 clinical trial for mCRPC (NCT04751929).

It remains to be determined precisely how prostate cancer 
induces differentiation of effector T cells into suppressive 
subtypes. Increasing evidence suggests that tumor cell meta
bolism not only supports the energetic and biosynthetic needs 
of the tumor but also modifies intra- and inter-cellular signal
ing pathways to mediate immune evasion [145]. Prostate can
cer seems to engage in higher rates of fatty acid synthesis 
compared with other cancer types and normal prostate, which 
appears to be driven by AR and c-Myc [146–150]. In contrast, 
immunosuppressive cell subtypes, including Tregs and MDSCs, 
are known to oxidize fatty acids [151–153]. Tregs express high 
levels of CD36 that allow for uptake of fatty acids from the 
environment, which is required for their suppressive function 
[154]. Thus, a possibility is that production of fatty acids is 
a mechanism of immune suppression in prostate cancer. The 
PPARα inhibitor TPST-1120 is currently in phase I clinical trials 
in combination with nivolumab for advanced solid tumors 
(NCT03829436). This agent is purported to reduce fatty acid 
oxidation in immune cells, decreasing differentiation to immu
nosuppressive subtypes. Interestingly, androgens were 
described to stimulate PPARα expression in lymphocytes, 
reducing autoimmunity in male compared to female 
mice [155].

Prostate cancer insensitivity to immunogenic cell death. 
Finally, in order to be visible to CD8+ cytotoxic T cells, neoan
tigens must be presented on the tumor cell surface by major 
histocompatibility complex (MHC) proteins. However, studies 
dating back several decades indicate that prostate cancer may 
demonstrate low expression of MHC class I as 30–50% of the 
primary prostate cancers and up to 80% of metastatic prostate 
cancers were shown to exhibit complete loss of MHC class 
I [156–158]. Interestingly, up to 60% of primary prostate can
cer may express MHC class II [159], which is recognized by 
CD4 + T cells. While MHC class II is traditionally associated with 
expression on professional APCs, there is a growing apprecia
tion that it can also be expressed by tumor cells and play an 
important role in tumor immunity [160]; however, how to 

harness this molecule for therapeutic benefit is not clear. 
MHC expression can be induced in tumor cells through IFNγ 
signaling, perhaps as by CDK4/6 inhibitors. In prostate cancer 
models, BET/bromodomain inhibition was shown to increase 
expression of MHC class I and was suggested to augment ICB 
efficacy [161]. Additionally, BET inhibition may improve 
T memory cell formation [162]. The BET inhibitor ZEN-3694 is 
currently being tested in a phase 2 clinical trial for mCRPC in 
combination with enzalutamide and pembrolizumab 
(NCT04471974).

12. Conclusion

While CTLA4 and PD1 inhibition may be effective for a small 
molecular subset of patients with prostate cancer [163], it 
seems that the majority of prostate cancers possess barriers 
to an adaptive immune response that are not overcome by 
these agents. These barriers may constitute alternate immune 
checkpoints that possess greater significance for this disease. 
Moreover, these barriers may occur early in the tumor- 
immunity cycle, such as in the production or recognition of 
tumor antigen and the activation of an innate immune 
response. Additionally, there may be T cell checkpoints 
beyond CTLA4 and PD1, including alternate co-inhibitory 
receptors and hormonal and metabolic factors that are acti
vated and may be important in prostate cancer. Given the 
likelihood that multiple immune checkpoints are activated by 
prostate cancer, future immunotherapeutic strategies should 
aim to target the spectrum of immune checkpoints in this 
disease, which is most likely to be achieved by combination 
therapies. Although we highlighted targeting alternate 
immune checkpoints in combination with CTLA4 and PD1 
blockade, many rational permutations and layering of combi
nation therapies should be considered.
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