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Immunotherapy with agents that block immune checkpoints is a mainstay of therapy for
several common tumor types; so far, prostate cancer is not among those treated using this
method. The observed lack of activity in prostate cancer is not due to a lack of testing; several
agents have been evaluated both alone and in combination. Although several combination
strategies show some promise, it appears likely that a greater understanding of the prostate
cancer tumor microenvironment and baseline immune responsewill be required to optimize
future treatment strategies.

Prostate cancer is the most commonly diag-
nosed cancer and the second most deadly

cancer among American men, accounting for
19% of new cancer diagnoses and 9% of cancer
deaths (Siegel et al. 2018). As of 2018, it is esti-
mated that one in nine men will be diagnosed
with prostate cancer during his lifetime. Patients
presenting with localized prostate cancer are
treated with surgical resection (radical prosta-
tectomy) or radiation therapy (brachytherapy or
external beam radiotherapy) (Sanda et al. 2018).
After initial treatment, patients are routinely
monitored for rising prostate-specific antigen
(PSA) levels in the blood, which indicate bio-
chemical recurrence (BCR) (Paller et al. 2013).
Approximately 35% of prostate cancer patients
will experience BCR and require further treat-
ment at some point, generally with androgen
deprivation therapy (ADT), using either chem-
ical or surgical castration. Although ADT is

initially efficacious, if patients live sufficiently
long, they will eventually develop metastatic
castration-resistant prostate cancer (mCRPC),
a more advanced form of the disease with an
estimated survival generally in the 2–3-year
range (Scher et al. 2016). Immunotherapy based
on the blockade of immune checkpoints plays a
role in the treatment of most advanced cancers
(Topalian et al. 2015); prostate cancer is cur-
rently a notable exception (Drake et al. 2014).
Here, we will review the mechanisms of action
of immunotherapy and discuss clinical data in
prostate cancer. In particular, we will focus on
mechanisms by which prostate cancer, particu-
larly advanced prostate cancer, may thwart
immune attack. Finally, we will outline future
directions for the field, with an emphasis on
combination regimens—involving both con-
ventional agents as well as immune/immuno-
therapy combinations.
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THE ADAPTIVE IMMUNE RESPONSE
AND CANCER

The major effector cell in the adaptive immune
system is the CD8 (killer) T cell; activated CD8 T
cells circulate throughout the body where they
are capable of entering nearly any tissue. These
cells are specialized for killing; when they en-
counter their target ligand, they use multiple
mechanisms tomediate apoptosis of specific tar-
get cells. This killing process is exquisitely selec-
tive; specificity is enforced by a requirement for a
tight fit between the T-cell receptor (TCR) on a
CD8 T cell and its ligand. Interestingly, the li-
gand for a TCR is not a single protein; instead, it
consists of a molecular complex generated when
a peptide is loaded into the groove of a class I
major histocompatibility complex (MHC) mol-
ecule. T cells thus “survey” tissues, testing cell
surfaces for the expression of their cognate li-
gand in the context of a class I MHC molecule.
When an appropriate fit is detected, the T cell
ceases trafficking and pauses, generating a short-
term cell-to-cell interaction known as an immu-
nological synapse. In addition to cytokines like
interferon (IFN)-γ, activated CD8 T cells secrete
perforins across that synapse. These pore-form-
ing molecules punch holes in the target cells,
generating osmotic disequilibrium. More im-
portant, activated CD8 T cells secrete molecules
called “granzymes,” which enter the cytoplasm
of the target cell and induce apoptosis, or pro-
grammed cell death. Activated CD8 T cells can
lyse even chemotherapy-resistant tumor cells
and are thus a powerful antitumor weapon.

During the course of tumorigenesis, trans-
formed cells express mutated or nonnative pro-
teins, and peptide fragments from those proteins
are loaded into the groove of class I MHC mol-
ecules. These “foreign” peptides are likely im-
munogenic, rendering tumor cells that express
them susceptible to CD8-medited immune at-
tack. This process is known as “editing.” It is
thus likely that the tumor masses that become
clinically apparent in immunocompetent hosts
have already undergone some degree of immune
editing (Dunn et al. 2004). The “edited” tumor
then reaches a stage of equilibrium with the im-
mune system, during which further outgrowth is

blocked by immune mechanisms while the tu-
mor strives to escape and proliferate. Expanding
tumors in patients are at the “escape” stage of
development, in which they have escaped recog-
nition by both the innate and adaptive immune
systems.

PD-1/PD-L1 AND IMMUNE ESCAPE

One of the key molecular pathways involved in
immune escape by tumors is the programmed
death-1 (PD-1) pathway (LaFleur et al. 2018).
PD-1 is a cell surface marker originally identi-
fied from a cDNA library of T cells undergoing
apoptosis (Ishida et al. 1992). For some time, its
function was relatively obscure (Agata et al.
1996; Nishimura et al. 1996), until global knock-
outmicewere generated (Nishimura et al. 2001).
Those mice showed clear but not overwhelming
autoimmune disease. Perhaps more salient was
the discovery that the ligand for PD-1, PD-L1
(Dong et al. 1999; Keir et al. 2006), is expressed
on tumor cells across a number of histologies,
including prostate cancer (Haffner et al. 2018).
This discovery led to the unraveling of a molec-
ular system used by inflamed tissues to thwart
unwanted T-cell attack—a system effectively hi-
jacked by a number of tumor types.

In this model, specific T cells enter a tumor
or inflamed tissue and encounter their cognate
ligands. As a consequence of engagement, the T
cells secrete IFN-γ, which binds to receptors on
epithelial cells. Sensing that it is “under attack,”
the epithelial cell up-regulates PD-L1 in a Stat-1-
dependent manner. PD-L1 on the tumor cell
binds to PD-1 on the attacking T cells, effectively
paralyzing them and preventing further im-
mune attack. The process by which tumors
“adapt” to immune attack has been termed
“adaptive immune resistance” (Taube et al.
2012). Although originally described inmelano-
ma samples, adaptive immune resistance has
been documented in a number of tumor types,
including prostate cancer (Martin et al. 2015).
One of the implications of adaptive immune re-
sistance is that blocking the PD-1/PD-L1 inter-
action could lead to T cells reacquiring effector
function—with subsequent tumor lysis and re-
gression. This is indeed the case, as objective
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antitumor responses were observed in the very
first trial of anti-PD-1 (Topalian et al. 2012) and
PD-1 or PD-L1 blocking antibodies are now
U.S. Food and Drug Administration (FDA)-ap-
proved in about nine tumor types (LaFleur et al.
2018).

This process is outlined in Figure 1. The
process begins when an antigen presented in
the context of MHC class I on a tumor cell is
recognized by a TCR on a T cell (shown in Fig.
1A). This recognition leads to T-cell activation
and subsequent up-regulation of PD-1 expres-
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Figure 1. Adaptive immune resistance and reinvigoration of antitumor immunity by programmed death-1 (PD-
1) blockade. (A–H) PD-1 is up-regulated by antigen recognition, leading to secretion of the effector cytokine
interferon (IFN)-γ. Sensing of IFN-γ by tumor cells results in up-regulation of PD-L1, which binds to PD-1 on the
effector T cell, strongly inhibiting T-cell effector function and adaptive immunity. PD-1 blockade inhibits this
negative interaction, leading to reacquisition of T-cell effector function and tumor lysis.
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sion of the surface of the naïve T cell and pro-
duction of IFN-γ (Fig. 1B,C). IFN-γ signals to
the tumor cell that it is facing an imminent im-
mune response, driving up-regulation of PD-L1
expression on the tumor cell surface (Fig. 1D).
When PD-1 on the activated T cell binds to
PD-L1 on the tumor cell, the T cell is inactivated
and the immune response is down-regulated
(Fig. 1E). Antibodies that block the interaction
between PD-1 and PD-L1 are active in multiple
tumor types; by disrupting the PD-1/PD-L1
pathway, these antibodies restore T-cell function
and antitumor activity (Fig. 1F), resulting in an
immune response against the tumor (Fig. 1G),
with subsequent tumor lysis (Fig. 1H). However,
the success of these drugs is largely dependent
on the level of PD-L1 expression in the tumor
being treated, so tumors that do not express
PD-L1 are generally not treatable by PD-1
blockade, at least as a monotherapy (Dallos
and Drake 2018).

PD-L1 EXPRESSION AND PD-1 BLOCKADE
IN PROSTATE CANCER

A recent immunohistochemistry (IHC) study of
PD-L1 expression in prostate cancer showed
that 7.7% of primary tumors and 32.1% of
metastatic castration-resistant tumors express
PD-L1 (Haffner et al. 2018). Figure 2A shows
the lack of PD-L1 expression in a primary pros-
tate cancer lesion, and Figure 2B shows the
expression of PD-L1 in a metastatic prostate
cancer lesion. This particular lesion, like ∼30%
of mCRPC lesions, shows high expression of
PD-L1. The reasonable prevalence of PD-L1
in metastatic lesions implies that PD-1/PD-L1
blockade therapy might have a role in prostate
cancer.

In that regard, a recent phase II study ana-
lyzed the activity of pembrolizumab, a PD-1
blocking antibody, in patients with docetaxel-
refractorymCRPC (Bono et al. 2018). This study
was the first to test the activity of anti-PD-1
monotherapy inmCRPC in a large-scale clinical
trial. Eligible patients were enrolled into three
cohorts: Cohort 1 included patients with RE-
CIST-measurable tumors positive for PD-L1,
cohort 2 included patients with RECIST-mea-

surable tumors negative for PD-L1, and cohort 3
included patients with RECIST-nonmeasurable
tumors. Anti-PD-1 monotherapy resulted in
relatively modest antitumor activity in all three
cohorts, with a RECIST response rate of 3%–5%
in patients with measurable disease. In contrast,
in kidney cancer the RECIST response rate to
pembrolizumab monotherapy is ∼40% (McDer-
mott et al. 2018) and in bladder cancer it is∼25%
(Bellmunt et al. 2017). Thus, although anti-PD-1
monotherapy has some activity in mCRPC,
that activity is clearly less significant than that
observed in other tumor types. One exception
may be the population of patients with defects
in homologous DNA repair genes, as these pa-
tients showed an objective response rate of∼12%,
with a handful of long-term responses.

A

B

Figure 2. Ligand for programmed death-1 (PD-L1)
expression inmetastatic prostate cancer. (A,B) Immu-
nohistochemistry for PD-L1 in metastatic prostate
cancer lesions. The majority of stained lesions are
completely PD-L1-negative (A); ∼30% stain positive
for PD-L1. (Images courtesy of M. Haffner, Johns
Hopkins University.)
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COMBINING ANTI-PD-1 WITH ANDROGEN
DEPRIVATION THERAPY

Surgical or chemical castration results in apo-
ptosis of prostate cancer epithelial cells, objec-
tive tumor regression, and drops in PSA. Thus,
androgen deprivation therapy (ADT) is a main-
stay of the treatment paradigm for advanced
prostate cancer (Denmeade and Isaacs 2002).
Thus, as long as a prostate tumor remains de-
pendent on and sensitive to androgen levels,
ADTmonotherapy can be an effective treatment.
Eventually, most patients with metastatic pros-
tate cancer develop disease that progresses in
the presence of castrate levels of testosterone—
this is called castration-resistant prostate cancer
and is where the majority of clinical agents have
been developed (Scher et al. 2016). There are
multiplemechanisms that underlay the develop-
ment of castration resistance: They include
amplification of the androgen receptor (AR),
mutations in the AR, and a process by which
prostate cancer cells begin to synthesize their
own androgens, which induce an autocrine
growth loop.

Early studies by Kwon and colleagues (Mer-
cader et al. 2001) showed that ADT results in a
pro-inflammatory infiltrate in primary prostate
cancer, an effect that is mirrored in animalmod-
els. Significantly, ADT temporarily abrogates
immune tolerance to the gland (Drake et al.
2005), suggesting that the combination of
ADT and immunotherapy could prove additive
or perhaps even synergistic. A recent phase II
clinical trial tested that combination clinically,
adding anti-PD-1 (pembrolizumab) to patients
progressing on the second-generation antian-
drogen enzalutamide. Early published results
from that study showed that ten of the patients
enrolled experienced significant reductions in
circulating PSA (Graff et al. 2016). A more ex-
tended follow-up study (Graff et al. 2018)
showed that 18% of participants experienced a
reduction in PSA levels (>50%) and 25% of par-
ticipants experienced ameasurable radiographic
response. These results are especially intriguing
in light of the relatively low response rate (3%–
5%) documented in anti-PD-1 monotherapy in
the larger phase II study discussed above, and

suggest that the combination of anti-PD-1 plus
anti-androgens might be worthy of additional
study. Indeed, a randomized phase III trial is
testing that hypothesis directly, treating patients
progressing on the next-generation androgen
synthesis inhibitor abiraterone acetate with
either enzalutamide monotherapy or the com-
bination of enzalutamide and the anti-PD-1 an-
tibody atezolizumab.

COMBINING ANTI-PD-1/PD-L1 WITH
ANTI-CTLA-4

Cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) is a critical immune checkpoint mol-
ecule, as knockout mice typically succumb to
broad-based autoimmunity before 4 weeks of
age (Tivol et al. 1995). CTLA-4 is closely related
to CD-28, a T-cell coreceptor required for opti-
mal T-cell activation. These two proteins are
both expressed on T cells and both bind to the
same two ligands, CD80 and CD86, although
CTLA-4 has higher affinity. CTLA-4 and CD-
28 have opposing effects on T-cell activation;
CTLA-4 inhibits activation, whereas CD-28
stimulates activation (Wolchok et al. 2013). Be-
cause tumor cells are capable of initiating im-
munosuppression through the CTLA-4 path-
way, anti-CTLA-4 antibodies can be used to
block the binding of CTLA-4 to either CD80
or CD86 and elicit an antitumor immune re-
sponse (Leach et al. 1996).

Two phase III clinical trials tested the effica-
cy of anti-CTLA-4 monotherapy in patients
with mCRPC. One of these trials enrolled 799
patients with chemotherapy-resistant mCRPC
who were assigned to treatment with either ipi-
limumab, an anti-CTLA-4 antibody, and a low
dose of radiation therapy (RT) or RT plus a
placebo. The study failed to meet its overall sur-
vival primary endpoint, with a nonsignificant
median overall survival of 11.2 months in the
ipilimumab group as compared with 10 months
in the group treated with placebo (Kwon et al.
2014). A second trial enrolled 602 prechemo-
therapy patients who were treated with either
ipilimumab or placebo; this trial differed from
the first in that no radiation therapy was admin-
istered and the prechemotherapy criterion se-
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lected earlier-stage patients. The median overall
survival of patients receiving ipilimumab was
28.7 months, compared with 29.7 months for
patients receiving placebo (Beer et al. 2017).
However, patients receiving ipilimumab had
an increased median progression-free survival
(5.6 months compared with 3.8 months) and a
higher rate of PSA response (23% compared
with 8%). Taken together, these two phase III
trials showed that anti-CTLA-4 monotherapy
has a modicum of antitumor activity in prostate
cancer, and that monotherapy is unlikely to be
of sufficient clinical impact for registration pur-
poses.

CTLA-4 is highly expressed on CD4+ regu-
latory T cells (Treg) in the tumor microenviron-
ment (Simpson et al. 2013), whereas the activity
of anti-PD-1 is likely restricted to CD8 (killer) T
cells, as described above. In animal models, con-
cordant blockade of both PD-1 and CTLA-4 has
additive activity (Curran et al. 2010), driving
enthusiasm for the combination in the clinic.
Based on positive phase III data, the combina-
tion of anti-PD-1 and anti-CTLA-4 is agency
approved in melanoma and kidney cancer
(Motzer et al. 2018). A recent trial tested that
combination in metastatic castration-resistant
prostate cancer; here, the population was select-
ed for expression of a splice variant in the an-
drogen receptor (AR-V7) that confers resistance
to hormonal therapy—AR-V7+ patients have a
relatively abbreviated lifespan and high-risk dis-
ease (Antonarakis et al. 2014). This phase II trial
enrolled 15 patients with tumors that expressed
AR-V7. These patients were treated with ipili-
mumab plus nivolumab combination therapy
and assessed for PSA response rate, objective
response, PSA progression-free survival, clini-
cal/radiographic progression-free survival, and
overall survival. Several patients had objective
responses, similar to the pembrolizumabmono-
therapy trial discussed above. Patients with ho-
mologous DNA repair defects were the only
ones to show detectable PSA responses (Bou-
dadi et al. 2018). In keeping with prior data in
other diseases, the rate of immune-related ad-
verse events was ∼40%, requiring the adminis-
tration of immunosuppressive corticosteroids in
the majority of treated patients.

COMBINING ANTI-PD-1/PD-L1 WITH
VACCINES

Vaccines, like the poxvirus-based vaccines test-
ed extensively in prostate cancer (Arlen et al.
2007), are capable of raising specific immunity
in two distinct ways: direct presentation and
cross-presentation. In direct presentation, the
virus directly infects antigen presenting cells
(APCs); the virally encoded protein encoded is
then synthesized and presented in the context of
class I MHC on those infected cells. In cross-
presentation, the virus infects another cell type,
typically an epithelial cell, resulting in lysis and
uptake of cellular debris by a nearby profession-
al APC (Fig. 3). In other words, in cross-presen-
tation, the synthesized protein is pinocytosed by
a dendritic cell and presented on MHC. Both of
these pathways have the same end result: in-
duced immunity against the encoded protein.

A recent phase III clinical trial tested the
efficacy of PROSTVAC-V/F, a poxvirus-based
vaccine intended to elicit an immune response
against PSA, in men with minimally sympto-
matic mCRPC. This phase III trial was conduct-
ed after a phase II trial showed that PROSTVAC-
V/F increased overall survival by 8.5 months
(Kantoff et al. 2010). Unfortunately, this large
randomized phase III study, which enrolled
1297 patients across 15 countries, failed to con-
firm the increase in overall survival, with a haz-
ard ratio for overall survival of 1.02 (Gulley et al.
2018). Several other vaccine constructs are in
various states of testing for prostate cancer.
One vector incorporates the target antigen into
an attenuated bacterial vector, listeria monocy-
togenes. A recent phase II trial tested the activity
of ADXS-PSA, the aforementioned listeria-
based vaccine also intended to elicit an immune
response against PSA, with pembrolizumab.
This study, which enrolled 51 patients in two
groups, showed that approximately one-third
of the patients treated with both ADXS-PSA
and pembrolizumab experienced disease stabi-
lization; there was also an improvement in PSA
progression-free survival as compared with
vaccine alone (Stein et al. 2018). Those results
compare favorably with the pembrolizumab
(anti-PD-1) monotherapy data, adding further
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support to the notion that combination regi-
mens may be required for immunotherapy to
be active in prostate cancer.

COMBINING ANTI-PD-1/PD-L1 THERAPY
WITH PARP INHIBITORS

DNA damage occurs frequently during cell di-
vision, yet cells have a host of mechanisms to
ensure that DNA damage is repaired before
DNA replication is allowed to conclude. Under
normal circumstances, cells with unresolvable
DNA damage cease proliferation and undergo
apoptosis (Castro et al. 2016). Cancer cells with
mutations in DNA damage repair mechanisms
may rely heavily on poly(ADP-ribose) poly-
merase (PARP) for DNA repair to successfully
proliferate. Thus, PARP inhibitors increase

chromosomal instability and limit cell reproduc-
tion in affected tumor cells. Although PARP
inhibitors might be expected to suppress the
immune system by inhibiting proliferation of
immune cells, they have actually been found to
enhance antitumor immunity (Brown et al.
2018). This raises the possibility of combining
PARP inhibitors with immunotherapy, such as
anti-PD-1/PD-L1 therapy.

A recent phase II study assessed the activity
of combining olaparib, a PARP inhibitor, with
the anti-PD-L1 antibody durvalumab in men
with mCRPC (Karzai et al. 2018). This study
enrolled 25 patients with mCRPC; preliminary
data on 17 of the patients showed that eight
patients (47%) experienced a reduction in PSA
levels higher than 50%, six of those patients had
mutations in DNA damage repair genes. These
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Figure 3.Direct and cross-presentation of vaccine-encoded antigens. (A) Direct presentation. The vector directly
infects antigen-presenting cell, leading to processing and presentation of tumor antigen on class I major histo-
compatibility complex (MHC). (B) Cross-presentation. The vector infects epithelial cells, leading to lysis. Cellular
debris is taken up by nearby antigen presenting cells, processed, and presented on class I MHC.
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early data highlight the activity of combined
PARP inhibition and anti-PD-L1/PD-1 therapy,
particularly in men with mutations in DNA
damage repair genes.

IMMUNOGENIC CELL DEATH

Cell death can take many forms, some of which
are immunologically silent and some of which
instigate immune recognition. On a basic level,
there are two main types of cell death: apoptosis
and necrosis. Apoptosis is “programmed cell
death,” because it is an organized process initi-
ated by cells themselves and is an integral part of
growth and development. Apoptosis is generally
immunologically silent because its end products
are membrane-bound apoptotic bodies, which
are quietly engulfed by nearby cells, including
nonprofessional phagocytes (Sauter et al. 2000).
Necrosis, on the other hand, is initiated by dam-
age from an external modality. Necrosis is, in
general, immunogenic because its end products
are free cellular contents and infectious agents,
which are released after cell lysis of damaged or
diseased cells.

In immunogenic cell death, internal cellular
contents are released, taken up by antigen pre-
senting cells, and presented to the adaptive
immune system for recognition (Zitvogel et al.
2008). This process begins when a cell dies and
releases its cellular contents into the extracellular
space. Through the process of macropinocytosis,
dendritic cells are capable of taking up these con-
tents; on stimulation by a pathogen-associated
molecular pattern (PAMP) (Medzhitov and
Janeway 2000), dendritic cells cease antigen up-
take and begin processing the antigen so that it
may be presented on the surface of the dendritic
cell in conjunction with MHC class I. At this
point, the dendritic cell migrates to the lymphatic
system to interact with and activate the CD8+ T
lymphocytes of the adaptive immune system.

Understanding and manipulating this pro-
cess may be critical for cancer immunotherapy
to be successful. Because radiation therapy
results in direct cellular damage and inflamma-
tion, it is generally immunogenic (Sharabi et al.
2015). Likewise, some chemotherapy agents, but
not all, result in immunogenic cell death. Tax-

anes, the only class of chemotherapy drugs used
currently to treat prostate cancer, have immu-
nogenic properties (Pfannenstiel et al. 2010).
These chemotherapy drugs can be used to prime
the immune system, as has been shown in works
in lung cancer, so combining immunotherapy
and chemotherapy may be a particularly effec-
tive way to coordinate immunogenic cell death
and immune system activation. Several phase II
trials in prostate cancer include combinations of
anti-PD-1/PD-L1 therapy plus chemotherapy.
However, enthusiasm for those results is tem-
pered by the notion that docetaxel-based com-
bination phase III studies have uniformly been
negative, often despite promising phase II data
(Antonarakis and Eisenberger 2013).

CONCLUSIONS

Despite the widespread enthusiasm for immu-
notherapy, not all tumor types appear to be im-
mune-sensitive. These so-called “cold” tumors
include some of the more common causes of
cancer death, as both breast cancer and prostate
cancer are relatively insensitive to immunother-
apy with PD-1/PD-L1 blockade or with CTLA-4
blockade. The mechanisms underlying this lack
of immune responsiveness in prostate cancer are
currently unknown. One possibility is a lack of
a sufficient number of mutations to drive anti-
tumor immunity. In general, more heavily mu-
tated tumors, like non–small cell lung cancer
(especially when caused by smoking) and blad-
der cancer, appear to be more sensitive, al-
though exceptions like clear cell kidney cancer
with 40 to 70 mutations per tumor and a good
(20%) response rate to anti-PD-1 muddy the
waters to some degree. A second mechanism
for this lack of response might be the presence
of suppressive cell populations in the prostate
tumor microenvironment, including regulatory
T cells discussed above as well as a population
of myeloid-derived suppressor cells (MDSCs)
(Lopez-Bujanda and Drake 2017), which have
thus far not been successfully targeted. One
solution to this lack of responsiveness to mono-
therapy is combination therapy, but optimal
combinations for prostate cancer are challenging
to composewithout additional data regarding the
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cellular composition and characteristics of the
prostate tumor microenvironment. On a more
positive note, patients with acquired or germline
homologous recombination deficiencies seem to
have a better chance of responding to anti-PD-1/
PD-L1 therapy, either alone or in combination.
Because ∼20%–25% of patients with advanced
prostate cancer have these mutations (Robinson
et al. 2015), this represents a fairly sizable target
population. Going forward, it remains to be seen
whether immunotherapy will become amainstay
of prostate cancer therapy.
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