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Abstract

Since the approval of sipuleucel-T for men with metastatic castrate resistant prostate cancer in

2010, great strides in the development of anti-cancer immunotherapies have been made. Current

drug development in this area has focused primarily on antigen specific [i.e. cancer vaccines and

antibody based therapies)] or checkpoint inhibitor therapies, with the checkpoint inhibitors

perhaps gaining the most attention as of late. Indeed, drugs blocking the inhibitory signal

generated by the engagement of cytotoxic T-lymphocyte antigen-4 (CTLA-4) and programmed

cell death-1 (PD-1) found on T-cells has emerged as potent means to combat the

immunosuppressive milieu. The anti-CTLA-4 monoclonal antibody ipilimumab has already been

approved in advanced melanoma and two phase III trials evaluating ipilimumab in men with

metastatic castrate-resistant prostate cancer are underway. A phase III trial evaluating ProstVac-

VF, a poxvirus-based therapeutic prostate cancer vaccine, is also underway. While there has been

reason for encouragement over the past few years, many questions regarding the use of

immunotherapies remain. Namely it is unclear what stage of disease is most likely to benefit from

these approaches, how best to incorporate said treatments with each other and into our current

treatment regimens and which therapy is most appropriate for which disease. Herein we review

some of the recent advances in immunotherapy as related to the treatment of prostate cancer and

outline some of the challenges that lie ahead.

Introduction

Prostate cancer is the most common non-cutaneous malignancy afflicting men in the United

States. In 2013 it is expected that approximately 240,000 American men will be diagnosed

with prostate cancer and nearly 30,000 of those individuals will die as result of the disease

[1]. In the 1940s Charles Huggins discovered that prostate cancer would regress in response

to androgen ablation, and since then targeting of the androgen/androgen receptor (AR)

signaling axis has remained the cornerstone of advanced prostate cancer treatment [2,3]. In
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spite of the initially high success rates of androgen deprivation therapies, these drugs are far

from curative, and ultimately the disease will progress to a clinical state known as

castration-resistant prostate cancer (CRPC) [4].

In 2004, docetaxel was the first agent shown to prolong life for men with CRPC [5,6]. It

garnered Food and Drug Administration (FDA) approval in 2005, and was followed in suit

by sipuleucel-T in 2010. [7]. An autologous antigen presenting cell (APC) based

immunotherapy, sipuleucel-T remains the only cancer vaccine approved for the treatment of

any malignancy. Subsequently cabazitaxel, abiraterone, enzalutamide and radium-223 have

also been shown to prolong life for men with advanced prostate cancer, with all

subsequently gaining approval for men with CRPC [8-12]. With this recent explosion in

therapies approved for the treatment of advanced prostate cancer, the question remains for

how to best incorporate immune based treatment approaches with these newer agents.

The majority of work has gone into developing immune-based therapies that are either

antigen (Ag) specific [i.e. cancer vaccines and antibody (Ab) based therapies)] or

monoclonal antibodies that function as immune checkpoint inhibitors. It should be noted,

however, that while not typically thought of as immunotherapies, a complex dynamic exists

between androgen-directed therapies, cytotoxics and radiotherapies and their effect on the

immune system; with all therapeutic approaches generating some degree of anti-cancer

immune response [13-15]. If these primarily immune-based therapies are to truly make an

impact in the treatment of prostate cancer they will likely need to be combined with some of

the aforementioned ‘traditional’ therapies. Determining the sequence and most rational

combinations of treatments will be a crucial next step in fully harnessing an anti-prostate

cancer immune response.

Overview of the immune system

On a fundamental level, one major role for the immune system is to recognize and destroy

cells displaying foreign antigens, regardless of whether they belong to infectious elements or

tumors [16,17]. A variety of cell types comprise the immune system; they can broadly be

categorized as either contributing to the host's innate or adaptive immunity. Cells of the

innate immune system include neutrophils, macrophages and natural killer (NK) cells. An

individual's innate immunity acts as the first line of defense against foreign antigens, and

functions through the opsonization, phagocytosis, and release of protein mediators such as

cytokines, chemokines and proteolytic enzymes. An innate immune response can in turn

lead to the activation of the acquired immune system – which is in turn made up of T and B

lymphocytes, responsible for cellular and humoral immune responses respectively. In

general, the adaptive immune system is the predominate means through which cancer

directed immunity occurs.

Within the adaptive immune system, T-cells generate a diverse repertoire of T-cell receptors

(TCR) through somatic gene rearrangement occurring in the thymus. T-lymphocyte

progenitors migrate from the bone marrow compartment to the thymus where they undergo

T-cell receptor gene rearrangements, generating on the order of 1015 unique TCR. In the

process of generating different TCR, a small fragment of episomal DNA is cleaved,
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producing a so called T-cell receptor rearrangement excision circle (TREC). These TREC

can be detected in the circulation, and quantification of TREC serves as a sort of surrogate

readout for a patient's production of new T cells. In contrast to B-cells, which produce

secreted antibodies that recognize antigens in their natural state, T-cells recognize small

peptide antigens bound within the groove of major histocompatibility (MHC) molecules.

Given that TCR are specific for proteins in complex with MHC molecules, it is necessary

for T-cells to be able to recognize MHC-foreign antigen complexes without being auto-

reactive. In order to achieve this balance, T-cells undergo positive and negative selection

while in the thymus. Only those T-cells able to interact with MHC complexes on an

individual's thymic epithelial cells (i.e. positive selection) and not displaying high affinity

for MHC complexes found on dendritic cells and macrophages (i.e. negative selection) will

escape apoptosis and survive to migrate out of the thymus. Upon entering puberty, the

thymus begins to involute and subsequent T-cells are generated predominately via peripheral

expansion, with a small component of new diversity generated through poorly understood

mechanisms. Peripherally expanded T-cells are clones of their predecessors, maintaining

identical TCR to their forbearers.

After exiting the thymus and prior to being exposed to an antigen specific to their TCR, T-

cells are considered naïve. In order to become activated, a T-cell requires two discrete

signals. The first occurs when T cells recognize a cognate antigen-MHC complex on the

surface of an antigen presenting cell (APC). Full T cell activation, however, also requires a

second signal mediated by the appropriate signaling from co-stimulatory molecules on APC

[18]. Co-stimulatory signaling typically occurs via the interaction between B7 proteins

(CD80 and CD86) on APC and the CD28 family of proteins on T-cells [i.e. CD28,) [19]. In

addition to these co-stimulatory interactions, there are a series of co-inhibitory interactions

as well; i.e. the interaction between CTLA-4 and PD-1 and their respective ligands results in

inhibitory signals which effectively turn off T cell function. The molecules that mediate

these negative interactions have collectively been termed immune “checkpoints”, and have

been blocked clinically using highly specific monoclonal antibodies. Additional inhibitory

signals can be generated by additional immune cells such as myeloid derived suppressor

cells (MDSCs), T-regulatory cells (CD4+CD25+ T-cells) (Tregs) and tumor-associated

macrophages.

In addition to its role as an immune checkpoint, CTLA-4 has more recently been found to

negatively mediate T-cell function through a number of additional mechanisms [20,21]. For

one, it has been found that CTLA-4 is critical to Treg function, with mice harboring

CTLA-4 deficient Tregs developing fatal T-cell mediated autoimmune disease [22]. It has

also been found in humans that an anti-CTLA-4 antibody given in conjunction with the

therapeutic tumor vaccine GVAX leads to an increased effector T-cells to Treg ratio –

implying that drugs targeting CTLA-4 may work in part through the down-regulation of

Tregs [23]. In preclinical models, relevant data show that anti-CTLA-4 antibodies

specifically deplete tumor-associated regulatory T cells [24,25].

Once activated, a specific T-cell undergoes expansion and generates effector T-cells (i.e.

CD4+ T helper cells and CD8+ cytotoxic T-lymphocytes). The two effector T-cells, CD4+

cells and CD8+ cells, function mainly as cytokine producers and cytotoxic killer cells
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respectively [18]. CD4+ T-cells can be further subclassified as either type 1 (Th1) or type 2

(Th2) helper cells. The Th1 cells secrete interleukin-2 (IL2) and interfreron-γ whereas Th2

cells secrete IL-4, 5, 10 and 13, leading to predominant cellular and humoral immune

responses respectively. CD8+ cells ultimately go on to differentiate into cytotoxic T-

lymphocytes (CTL); eliminating cells that display foreign antigens (e.g. virally infected

cells) displayed by class I MHC molecules. CD8+ cells cause cell death typically through

one of two mechanisms: 1) the insertion of perforins into the target-cell membranes which

allows for the subsequent passage of granzymes into the target cell, or 2) by binding the

target cell's Fas molecule, leading to activation of caspases within the target cell [17]. In

addition to their immediate effector functions, both CD4 and CD8 T cells give rise to long-

lasting memory T cells, which may persist throughout an individual's entire lifespan.

B-cells are somewhat analogous to T-cells in that the B-cell receptor (BCR), composed of an

immunoglobulin light (IgL) and heavy chain (IgH), also undergoes an immune editing

process [26]. Whereas T-cells undergo positive and negative selection in the thymus, B-cell

immune editing occurs predominately in the bone marrow (i.e. central tolerance). In the case

where an auto-antigen activates BCR signaling, that immature B-cell's developmental

progression is blocked. Continued BCR editing can, however, rescue that cell and allow for

its continued maturation. Those B-cells lacking autoimmunity ultimately go on to migrate

from the bone marrow and into circulation. In the case where a circulating B-cell encounters

a BCR stimulating auto-antigen, apoptosis of that clone serves to prevent autoimmunity (i.e.

peripheral tolerance), with BCR editing generally not observed in the periphery. At the

present time, the precise role of B cells in the clinical response to cancer vaccines or

immune checkpoint blockade is not completely clear, but recent data show that the PAP-

directed vaccine sipulueucel-T does generate a significant antibody response in patients

[27].

The Concept of Immunoediting

Conceptually, the role of the immune system plays in controlling cancer can be thought of in

three sequential stages: elimination, equilibrium and escape [28] (figure 1). This so-called

immunoediting hypothesis has been born out of a number of observations in immune

competent and immune deficient mouse tumor models [28,29]. Immunoediting holds that

early in oncogenesis, tumors may be recognized by the immune system in a clinically

beneficial manner. Thus, early tumors appear to be “eliminated” through a combination of

innate and adaptive responses, leading to the destruction of tumor cells. In instances where

this elimination process is incomplete, a malignant clone(s) that was not able to be destroyed

by the initial immune response can enter an equilibrium phase. This phase can potentially

persist for the lifetime of the host, and is thought to rely exclusively on the adaptive immune

system. A number of different mechanisms may lead to immune escape, with the cancer

ultimately growing into clinically apparent malignancies. These mechanisms of immune

escape include: 1) tumor antigen loss, 2) resistance to immune effector cells and 3)

emergence of an immunosuppressive microenvironment. Prostate cancer in the clinic has

certainly “escaped” immune recognition.
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In support of this hypothesis, it has been documented in humans that multiple tumor types

lead to the induction of tumor-specific T-cells, and in those individuals with increased intra-

tumoral infiltration, prolonged survival and/or reduced metastases is often observed [19]. B-

cell responses are also likely critical to this immunoediting process. In the case of prostate

cancer, it has been shown that a unique antibody “signature” is produced in response to

exposure to tumor specific antigens [20,30]. Furthermore, there is some evidence that an

enhanced antibody response to tumor antigens, at least in the context of CTLA-4 blockade,

may lead to a more robust anti-tumor effect [20].

Androgens and the immune system

Given that the hormonal therapies (HT) (i.e. LHRH agonists/antagonists) have been used to

treat prostate cancer for decades, considerable effort has gone into studying their effects. To

that end, research has lead to the realization that HTs have several immunomodulatory

properties, including: reversing thymic involution and promoting thymopoiesis, augmenting

B-cell development, inhibiting tolerance to prostatic antigens and leading to increased

prostate immune infiltrates [31,32]. As such, there has been a great deal of interest in using

HT and other androgen-directed therapies as a means to augment the host response to cancer

vaccines and other immune-based therapies.

While peripheral thymocytes lack AR expression, the AR is expressed on thymic stromal

cells, epithelial cells and immature thymocytes; leading to the logical conclusion that

androgens exert their effect on T- and B-cells early on in their maturation [33-36].

Congruent with this hypothesis is the observation that the thymus will undergo rapid

involution when exposed to rising androgen levels, such as during puberty or when

androgens are exogenously administered [37-40]. One proposed mechanism by which this

thymic involution occurs in response to androgens is through the androgen stimulated

secretion of yet to be determined pro-involution factors by thymic epithelial cells [38,41].

Supporting this hypothesis, experiments have shown that in vitro thymocytes do not undergo

apoptosis in response to androgens, whereas in vivo thymocytes do – implying that

androgens exert their effect on thymocytes indirectly [42]. Perhaps more pertinent to

patients with prostate cancer, the reverse has also been observed, with removal of androgens

leading to reversal of thymic regression and subsequent thymopoiesis. This has been seen

not only in experimental mouse models, but also in men being treated with HT [40]. The

effect of androgens on B-cells has been less well characterized. Analogous to the effect on

T-cells, mouse studies have shown that castration can lead to expansion of the immature,

pre-B-cell population [43,44]. While other experiments have shown that dihydrotestosterone

(DHT) may lead to suppressed B-cell expansion [44]. There is no clear evidence in humans

that HT leads to B-cell lymphopoiesis at this time.

Androgens, the immune system and prostate cancer

Given the widespread use of HT in men with prostate cancer, its ability to enhance

thymopoiesis and augment immune responses has clear implications relating to

immunotherapies. There is some evidence that HT can mitigate immune tolerance to

prostate cancer antigens. In a series of mouse studies, it was shown that naïve prostate-
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specific CD4+ T-cells were mostly ignorant of a model antigen engineered to be expressed

in a prostate specific pattern (Pro-HA). When TRAMP mice that develop spontaneous

prostate cancer were crossed with mice that express a model antigen in their prostate glands,

naïve CD4+ T-cells now recognized the prostate gland. This recognition was found to be

tolerogenic; however, leading to abortive proliferation, an absence of effector cytokine

production and impaired responsiveness to cancer vaccines. Androgen ablation, however,

led to mitigated immune tolerance and the development of effector function in response to

vaccination. These experiments imply that the most effective sequence for administering an

immunotherapy is likely after androgen ablation [31]. Another set of mouse experiments

similarly showed that androgen ablation leads to enhanced antigen specific T-cell

proliferation after a CD28 co-stimulatory signal. The same group also reported increased

prostate T-cell infiltration in castrated mice – indicating an enhanced restricted T-cell

response [45].

In line with the aforementioned mouse studies, Mercader and colleagues showed that HT

can lead to a robust restricted T-cell response within prostatectomy samples [32]. When

administered prior to a planned prostatectomy, HT led to enhanced T-cell infiltration in both

benign and tumor bearing prostate tissue [32]. It was noted that the T-cell infiltrates were

predominately CD4+ cells, with CD8+ cells present to a lesser extent. While CD8+ T-cells

are generally thought to serve as the dominant effector cell in anti-tumor T-cell responses,

CD4+ cells are still thought to be essential in orchestrating a host response to cancer

antigens [46-48]. Gannon et al extended these findings, observing that HT did indeed lead to

increased immune infiltrates, even when controlling for changes in immune cell density with

prostate involution [49] (figure 2). They found that an increased NK cell infiltrate was

associated with a lower risk of progression whereas a high density of macrophages related to

an increased risk for recurrence. Taken together these studies support a sort of dual role for

androgen-ablation in prostate immunotherapy, first in restoring thymic function and normal

T cell production and second, in potentially mitigating the immunological tolerance that

develops to prostate cancer.

The optimal mode of incorporating HT into immune based treatment strategies has yet to be

determined, and to date only a handful of studies have attempted to address this important

question. Antonarakis et al, recently reported preliminary results of a randomized trial

evaluating sipuleucel-T administered either two weeks before or three weeks after standard

HT in men with biochemically recurrent prostate cancer [50]. The primary endpoint of that

trial was antigen-specific immune responses to PA2024 (PAP-GM-CSF), the fusion protein

used to create sipuleucel-T, as measured through an ELISPOT assay. There were no

significant differences in the immune response generated to PA2024 regardless of the

sequence of administration; however, there was an augmented cytokine response in the HT

followed by sipuleucel-T group. Similarly, that group displayed a higher level of CD8+ T-

cell activation compared to the sipuleucel-T first group. These observations led the authors

to conclude that HT followed by sipuleucel-T may produce a more robust immunologic

response, although long-term data are still pending. Madan et al, reported on a trial

evaluating a prostate specific vaccine (vaccinia vector with the PSA gene combined with

vaccinia containing the costimulatory molecule B7.1) versus the anti-androgen nilutamide

followed by cross over to the other arm at the time of PSA progression. Contradictory to the
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report by Antonarakis et al, a subgroup analysis of this trial found a non-significant trend

toward improved overall survival (OS) in those receiving vaccine alone or vaccine followed

by nilutamide as opposed to those receiving nilutamide alone or nilutamide followed by

vaccine. At least one set of mouse studies also supports the administration of HT following a

cancer vaccine [51]. Suffice it to say, the issue of optimal sequencing of HT with immune

based therapies has yet to be resolved. Additional prospective trials, ideally incorporating

efficacy outcomes, are needed before any definitive statements regarding how best to

incorporate HT with immunotherapies can be made.

Immune checkpoint inhibition

As mentioned above, for individuals who develop clinically apparent tumors, intratumoral

T-cell infiltrates can associate with prolonged survival and/or decreased metastatic potential

[52]. Unfortunately the control of cancer progression via the immune system is most often

transient, largely due to a tumor's ability to produce an immunosuppressive milieu which in

turn can lead to a loss of immunologic tumor control. The mechanisms by which this

immune escape can occur are varied, and include: 1) upregulation of T-regulatory cells

(CD4+CD25+ T-cells) (Tregs) that in turn downregulate effector T-cells and natural killer

(NK) cells, 2) induction of myeloid derived suppressor cells (MDSCs) that can suppress T-

cell proliferation and induce apoptosis, 3) accumulation of tumor-associated macrophages

that can suppress T-cells as well as promote tumor growth and invasion themselves, and 4)

enhanced co-inhibitory signaling through the CD28:B7 interactions [18,52,53]. Targeting of

this CD28:B7, or immune checkpoint, interaction has garnered great excitement as a means

of combating the immunosuppressive effects of tumors. In particular, drugs targeting

CTLA-4, PD1 and PD ligand-1 (PD-L1) have experienced a flurry of clinical development

over the past several years.

The fully human anti-CTLA-4 monoclonal antibody ipilimumab is the only Food and Drug

Administration (FDA) approved immune checkpoint inhibitor. Its approval in advanced,

pretreated, melanoma was granted partially on the basis of the landmark trial by Hodi et al

which demonstrated a statistically significant increase in median overall survival of

approximately 3.5 months compared to those receiving gp100 (a melanoma peptide vaccine)

alone [54]. A second phase III trial confirmed a survival benefit in patients with untreated

metastatic melanoma given ipilimumab in conjunction with decarbazine versus decarbazine

alone [55]. Preclinical data support the use of ipilimumab in prostate cancer, not only as

monotherapy, but also as a means to augment the immune response elicited by other

therapies (i.e. cancer vaccines, radiation, etc.) [56-58]. To date there are a number of

ongoing clinical trials evaluating ipilimumab in men with prostate cancer, however, only a

handful have been published. Slovin et al reported the preliminary results of a phase I/II trial

evaluating ipilimumab alone or in combination with radiotherapy (given 24-48 hours prior

to ipilimumab) in men with metastatic CRPC, either pre- or post-chemotherapy. Ipilimumab

was given every 3 weeks at one of 4 dose levels (3, 5 or 10 mg/kg). Thirty-three patients

were treated in the dose escalation phase of the trial. Given that no dose limiting toxicities

were observed, the 10 mg/kg cohort was expanded to include 50 patients. Overall, the

immune-related adverse events (irAEs) were similar to those observed in the melanoma

ipilimumab trials, and included: colitis (16%), diarrhea (8%) and hepatitis (10%) – these
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were generally manageable with immunosuppresion. Eight patients in the 10 mg/kg cohort

had a ≥50% decline in PSA, four in the radiation group and four in the monotherapy group.

Additionally, in the 28 subjects in the 10 mg/kg cohort with evaluable tumors, one had a

complete response and six had stable disease [59]. Based on these results, phase III trials

evaluating the combination of ipilimumab with radiation in the post-chemotherapy setting,

as well as ipilimumab monotherapy in the pre-chemotherapy setting have completed

enrollment. Recently, results of the post-chemotherapy trial were presented [60]. The trial

did not reach its primary endpoint of an improved overall survival in the ipilimumab

treatment group, but was positive for one of its secondary endpoints, time to progression. A

hypothesis-generating, retrospective subgroup analysis suggested that ipilimumab is likely

beneficial in mCRPC patients with no visceral metastases and a favorable performance

status. Those data likely bode well for the pre-chemotherapy trial, which generally enrolled

men with less advanced disease.

Another class of immune checkpoint inhibitor that is being evaluated in ongoing clinical

trials targets the PD1:PD-L1 interaction. With the exception of cells of the macrophage

lineage, PD-L1 is largely unexpressed on normal human tissue [61]. This is in contrast to

human carcinomas (i.e. lung, ovary, colon and melanoma) which have been shown to

express high levels of PD-L1, most likely pointing to a common mechanism by which

tumors induce T-cell apoptosis and evade targeting for immune clearance [61-63]. Indeed,

multivariable analysis from melanoma specimens has confirmed that high expression of PD-

L1 is associated with poor survival [64]. Prostate cancer, though, expresses low levels of

PD-L1 although the T-cells that infiltrate the gland in men with prostate cancer are nearly

universally positive for PD-1 [65,66].

Given the strong preclinical rational for blocking the PD-1/PD-L1 interaction, a number of

clinical trials evaluating agents designed to disrupt this interaction are underway. Results

from two large phase I trials evaluating monoclonal antibodies designed to block this

interaction were recently published [67,68]. A Phase Ib trial evaluated a fully human

monoclonal anti-PD-1 antibody in patients with advanced melanoma, non-small-cell lung

cancer (NSCLC), CRPC, renal-cell carcinoma (RCC) or colorectal cancer [67]. A total of

296 subjects were enrolled in that trial at doses that ranged from 0.1 to 10 mg/kg given IV

every 2 weeks. Among the 236 patients who were response evaluable, objective responses

(i.e. complete or partial responses) were observed at a cumulative (i.e. at all dose levels) rate

of 18% (14/76) in patients with NSCLC, 28% (26/94) in patients with melanoma and 27%

(9/33) in patients with RCC. Twenty of 31 (64.5%) were durable, lasting ≥1 year. A planned

cohort of 17 CRPC patients was enrolled and treated, but no objective responses were

documented in those patients. Interestingly, of the 42 patients who had

immunohistochemical analysis performed on their tumors', 9/25 (36%) with PD-L1-positive

tumors had objective responses, whereas none of the 17 patients with PD-L1 negative

tumors did. Two subjects with CRPC had their tumors stained for PD-L1 expression, both of

which were negative.

A second trial targeted the ligand side of the interaction, evaluating an anti-PD-L1

monoclonal antibody at doses ranging from 0.3 to 10 mg/kg given every two weeks [68].

That trial included patients with advanced NSCLC (n=75), melanoma (n=55), colorectal
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cancer (n=18), RCC (n=17), ovarian cancer (n=17), pancreatic cancer (n=14), gastric cancer

(n=7) and breast cancer (n=4). Objective responses were observed at doses ≥1 mg/kg and the

cumulative response rates were 17% (9/52) for patients with melanoma, 10% (5/49) for

patients with NSCLC, 6% (1/17) for patients with ovarian cancer and 12% (2/17) for

patients with RCC. Immunohistochemistry studies were not reported in this trial. Of note,

irAE were reported at rates of 39% and 41% in the PD-L1 (MDX-1105) and

PD-1(MDX-1106) trials respectively. These included: rash, diarrhea, hypothyroidism, and

hepatitis. Additionally, among patients treated with anti-PD-1, 9 (3%) subjects developed an

immune mediated pneumonitis, resulting in the death of 3 (1%) patients. Additional, non-

tumor specific, early phase trials, as well as a handful of prostate cancer specific trials

designed to further evaluate drugs targeting the PD-1/PD-L1 checkpoint are underway.

It is interesting to note that while CTLA-4 and PD-1 blockade should intuitively produce

similar clinical responses, this has not been observed. In the previously mentioned

ipilimumab trial with or without radiotherapy in patients with mCRPC, the major PSA

response (i.e. ≥50% PSA decline) rate among those receiving the maximum dose of

ipilimumab (10 mg/kg) was reported at 8/50 (16%) [59]. This is similar to the cumulative

objective response rate of 49/203 (24%) for those with NSCLC, melanoma and RCC treated

with PD-1 blockade [67]. In contrast, anti-PD-1 treatment produced no objective responses

in the 17 patients with CRPC treated on that same trial. While 17 patients is clearly an

insufficient number from which to draw definitive conclusions regarding the efficacy of

PD-1 blockade in men with CRPC, it does beg the question as to whether CTLA-4 blockade

may be the more relevant checkpoint in men with advanced prostate cancer.

Antigen specific immunotherapies

While a number of passive, i.e. antibody based therapies such as rituximab and trastuzumab

have led to improved cancer outcomes, treatment with T-cell based immunotherapies (e.g.

cancer vaccines and adoptive transfer of ex vivo activated immune cells) have been less

successful overall [69,70]. This trend has begun to change in recent years with an improved

understanding of how tumors evade T-cell based immune clearance, and the development of

more effective immunotherapies [71]. In general, cancer vaccines work through eliciting a

tumor specific antigen response, typically leading to activation of effector T-cells and in turn

cancer cell lysis [72]. In many ways prostate cancer is an ideal malignancy in which to

utilize cancer vaccine strategies. It represents a typical epithelial adenocarcinoma, with

insights into immunotherapy gleaned from its study potentially translatable to other

malignancies, and, given that both normal and cancerous prostate cells express a handful of

unique antigens [i.e. PSA and prostatic acid phosphatase (PAP)], there are several attractive

potential targets for said vaccines. Several different vaccination approaches to treating

prostate cancer have been evaluated in both the pre-clinical and clinical settings. These

include: dendritic cell-based vaccines, DNA and recombinant protein based vaccines,

recombinant viral vector vaccines and whole tumor-cell vaccines [13]. Perhaps, the most

well-known of these vaccine strategies is sipuleucel-T. Approved in 2010 for the treatment

of asymptomatic or mildly symptomatic CRPC, sipuleucel-T represents the only cancer

vaccine ever shown to improve overall survival in the phase III setting [7].
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Dendritic cell-based vaccines

Dendritic cells are a the most potent type of antigen presenting cell (APC), and are the only

ones capable of eliciting a T-cell response among naïve CD4+ and CD8+ T cells [73-75].

Animal models, and in turn early phase clinical trials across several tumor types, have

demonstrated the feasibility of this cancer vaccination approach [75]. Sipuleucel-T, an ex

vivo autologous immunotherapy product designed to target PAP, provides proof of concept

that dendritic cell-based vaccines can lead to improved patient outcomes [7].

Sipuleucel-T is manufactured by first gathering a patient's peripheral blood leukocytes

through a leukapheresis procedure. The cells are then shipped to a central processing

facility, where they are gradient-density enriched, and then co-cultured along with a fusion

protein consisting of PAP fused to granulocyte-macrophage colony-stimulating factor (GM-

CSF) [7,75]. After approximately 36 hours of exposure to the PAP/GM-CSF fusion protein,

the pheresis product is shipped back for infusion into the patient. The entire procedure

(leukapheresis, manufacture, re-infusion) is repeated three times at two week intervals to

make up a standard course of Sipuleucel-T therapy [7]. In the pivotal phase III IMPACT

trial, it was shown that treatment with sipuleucel-T leads to prolonged median overall

survival compared to those receiving a placebo autologous pheresis product (25.8 months

versus 21.7 months; Hazard ratio for death, 0.78; P=0.03). Interestingly, there was no

observed differences in progression free survival between the groups.

Sipuleucel-T is thought to stimulate dendritic cells which in turn lead to activation of

effector T-cells; producing an anti-tumor effect [76]. To ensure the quality of the

immunotherapy product, it does undergo CD54+ testing prior to release. This ensures that

the product contains ≥40 million CD54+ dendritic cells, the minimum established quality

threshold [7]. The pheresis product is a somewhat heterogeneous mixture, however,

containing peripheral blood mononuclear cells (PBMCs), APCs and T-cells [77]. It has been

shown that individuals receiving products that contain higher CD54+ cells tend to have

prolonged overall survival in comparison to those receiving a product with a lower CD54+

cell count; possibly indicating that sipuleucel-T's main antitumor effect is derived from the

infused dendritic cells leading to tumor specific effector T-cell activation.

Given the lack of a difference in progression free survival between those receiving

sipuleucel-T versus placebo, the results of the IMPACT trial have been called into question

[78]. One issue raised was that in the placebo arm, those younger than 65 years of age had

considerably prolonged median survival in comparison to those older than 65 (28.2 vs 17.2

months, respectively), a difference not generally observed in other trials. It has also been

pointed out that the placebo >65-years-of-age group had shorter survival compared to other

studies with similar enrollment criteria. This difference in survival between different age

groups and the decreased survival in those over 65 has led some to conclude that the

leukapheresis procedure itself may have led to poorer outcomes in the placebo group. Critics

have pointed out that the leukapheresis and processing of the cells in the placebo arm results

in <12% of the original pheresed cells being re-infused; which, in theory may lead to

increased rates of infection or cancer progression and in turn worse outcomes.
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The aforementioned issues with the IMPACT trial do raise some interesting concerns –

namely the discrepancies in outcomes in the placebo groups with regard to patient age and

when compared to historical control. However, there are some issues with the

aforementioned arguments. While leukapheresis may remove a large percentage of

circulating PBMCs and T-cells, this population is quickly replenished through homeostatic

proliferation and migration of peripheral T-cells [79]. The resultant population of immune

cells may in fact be different than the original pheresed population; however, it has been

shown in both animals and humans that T-cells responding to homeostatic proliferation tend

to be more functional than their nonproliferating counterparts [80]. Additionally, others

studies have not confirmed that leukapheresis in of itself leads to poor outcomes [81].

Regardless, in the end enthusiasm for sipuleucel-T may not be quite as vociferous as

anticipated upon its FDA approval given the lack of objective tumor responses. In addition,

since its initial approval, two novel anti-androgen therapies now compete with sipleucel-T in

the mCRPC setting [3].

GVAX is a cell-based vaccine which has gone through phase III testing. It consists of two

immortalized prostate cancer cells lines, PC-3 and LNCaP, which have been transduced to

express GM-CSF [72,82]. Given that many of the antigens on normal prostatic epithelium

are also present on prostate cancer cells, immune tolerance likely occurs. By transducing

immortalized cells to express GM-CSF, GVAX was developed in an early-treatment model

with the intent of breaking this immune tolerance and potentiating an anti-tumor immune

response [83]. In spite of early phase trials showing that GVAX had clinical activity,

eliciting an immunologic response in patients with advanced prostate cancer, it failed to

demonstrate an overall survival advantage in the metastatic CRPC setting [82,84,85]. An

explanation for this lack of a survival response may lie in the fact that immunotherapies in

general may work best in the minimally metastatic setting. To further explore the notion that

GVAX may be more efficacious in those with lower disease burden, a neoadjuvant trial of

GVAX pre-prostatectomy has been launched [clinicaltrials.gov, NCT01696877]. That trial

randomizes patients between HT alone or low-dose cyclophosphamide, GVAX and HT.

Low-dose cyclophosphamide is given the day prior to the GVAX with the intended purpose

of potentiating an anti-tumor immune response through the down regulation of Tregs [86].

Virus based vaccines

Viral based cancer vaccines generally involve the insertion of a plasmid encoding tumor

proteins into a viral vector, often a poxvirus (e.g.vaccinia, fowlpox) [87]. Following

injection, these most likely then go on to infect epithelial cells in the host, and upon lysis,

release encoded antigens that are taken up by APC and in turn activate CD4+ and CD8+ T-

cells. More sophisticated viral based cancer vaccines not only utilize plasmids encoding

tumor associated antigens, but also co-stimulatory molecules [72, 87]. A major drawback of

viral based cancer vaccines is that the antibody response to vector antigens is typically more

pronounced than the response to the plasmid encoded tumor antigens – effectively

neutralizing the viral based vaccine upon multiple administrations [13,88]. In order to

overcome this many immunologic treatment strategies involve an immunologic prime

followed by a boost. This immunotherapy sequencing is done to enhance the immunologic
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response. The heterologous vaccine ProstVac-VF for instance utilizes two viral vectors: a

vaccinia virus prime followed by a fowlpox virus boost [Madan et al, 2009].

ProstVac-VF is also known as PSA-TRICOM; it consists of two poxvirus vectors (vaccinia

and fowlpox) engineered to express PSA as well as the triad of T-cell co-stimulatory

molecules (TRICOM): B7.1, ICAM-1 and LFA-3 [89]. The optimal sequencing of these

vectors was explored in the phase II setting [90,91]. That trial showed that a single vaccinia

PSA-TRICOM (rV-PSA) prime followed by three fowlpox PSA-TRICOM (rF-PSA) boosts

led to a trend towards prolonged progression free survival (biochemical and clinical)

compared to other dosing strategies. As such, this sequencing was chosen for further testing.

In a larger (n = 125) randomized phase II trial evaluating ProstVac-VF, it was found that it

led to prolonged overall survival (median overall survival, 25.1 vs 16.6 months, P=0.0061)

and, as was the case with sipuleucel-T, no change in progression free survival was observed

[7]. At this juncture, ProstVac-VF is undergoing phase III testing in men either

asymptomatic or minimally symptomatic metastatic CRPC [clinicaltrials.gov,

NCT01322490].

DNA Vaccines

Another interesting cancer vaccination strategy employs the use of naked plasmid DNA.

Plasmid DNA is typically injected either subcutaneously or intramuscularly. The DNA is

then taken up by host cells (e.g. myocytes, keratinocyte, APC, etc) and encoded proteins are

subsequently expressed [92]. The relative ease by which these DNA molecules can be

constructed makes them an attractive means for engineering a therapeutic vaccine. They are

generally thought to be less immunogenic than some of the previously discussed vaccination

methods; however, repetitive immunizations may be an effective means by which to

circumvent a relatively weak initial immune response [93]. Of the prostate cancer DNA

vaccines, the PAP-encoding plasmid (pTVG-HP) has undergone the most clinical

development. In the phase I setting it was shown to elicit a PAP-specific T-cell response in

men with biochemically recurrent prostate cancer [93,94]. Furthermore, in those individuals

with a ≥200% increase in PSA doubling time, 6 of 8 also had durable PAP-specific

interferon-γ-secreting T-cell response. In contrast, only 1 of 14 patients lacking a PAP-

specific interferon-γ-secreting T-cell response had a ≥200% increase in PSA doubling time

(P = 0.001). Based on these early signs of clinical and immunogenic efficacy, several phase

II trials have been launched (table 1).

Passive Immunotherapy

Perhaps the greatest advances in the area of immune based cancer therapeutics have been in

the development of passive immunotherapies (i.e. monoclonal antibodies). Rituximab, a

chimeric monoclonal antibody directed at CD20+, was the first antibody approved for the

treatment of any malignancy. Since it approval for relapsed or refractory low grade or

follicular non-Hodgkin lymphomas in 1997 it has been followed by several additional

antibody therapies, including: Trastuzumab, bevacizumab and cetuximab [69]. This class of

drug has varied mechanisms of action [69]. For instance, cetuximab works by inhibiting

cellular growth signals (i.e. epidermal growth factor receptor) while bevacizumab inhibits

pro-angiogeneic signalling (i.e. vascular endotherlial growth factor) [3,95]. Antibodies can
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also exert a direct cytotoxic effect. Both rituximab and trastuzumab are thought to primarily

exert their antitumor effect through antibody-dependent cell-mediated cytotoxicity (ADCC)

in which the antibody's Fc portion interacts with the Fc receptor present on natural killer

(NK) cells, macrophages and neutrophils, ultimately leading to the antibody coated cell's

death through a number of different mechanisms [96]. Some antibodies that elicit an ADCC

effect also activate the complement cascade [69]. Still other antibodies are conjugated to

toxins, such as trastuzumab emtansine, acting more as a means to traffic a cytotoxic agent to

cancer deposits [97].

In regard to passive immunotherapies for prostate cancer, there have been no major

successes thus far. The humanized monoclonal antibody, J591, has gone through perhaps the

most clinical testing [98]. The initial pilot study of J591 was geared at determining its utility

as an unlabeled monoclonal antibody [99]. While it was found to elicit a dose dependent

ADCC effect, it did not produce a robust anti-tumor effect in patients. Its current

development has therefore focused more on developing J591 radioimmunotherpay

conjugates as well as combining it with other agents with the intent of enhancing its activity.

For instance, a phase I study evaluating 177lutetium-labeled J591 (177Lu-J591) has

demonstrated enough biologic activity that a number of additional phase I/II studies have

been launched [100]. 177Lu-J591 is currently being tried as monotherapy [clinicaltrials.gov,

NCT00195039], in combination with docetaxel [clinicaltrials.gov, NCT00916123] and in

combination with ketoconazole [clinicaltrials.gov, NCT00859781]. Unconjugated J591 is

currently being tested in combination with low-dose interleukin-2 (IL-2) [clinicaltrials.gov,

NCT00040586].

Combination approaches

Multiple immunotherapies

Given the varied mechanisms of action of the aforementioned immunotherapies, there is a

strong rational for combining different approaches with the goal of augmenting an anti-

tumor immune response. Several murine models have demonstrated that combination

therapy can lead to an enhanced immunologic anti-tumor response [23,57,101-103]. To date,

the primary focus of combinatorial clinical trials has been on evaluating how best to pair

checkpoint inhibition, therapeutic vaccines and cytokines with one another. Only a few

combination immunotherapy trials in prostate cancer trials have been reported to date. For

the most part these have all focused on incorporating ipilimumab alongside with other

immuntherapies, such as GM-CSF or GVAX [104-107]. Combining ipilimumab with GM-

CSF or GVAX was generally well tolerated, with an acceptable side effect profile. A few

patients were reported to have had clinical responses (typically PSA declines), all of whom

received at least 3 mg/kg of ipilimumab. None of the aforementioned trials incorporated

single agent control arms, so conclusions regarding the additive effect of combining

therapies cannot be made. A number of other combinatorial trials are in process, these

include Prostvac-VF plus ipilimumab, interleukin 21 (IL-21) in combination with an anti-

PD1 antibody, sipuleucel-t in combination with an anti-PD1 antibody plus

cyclophosphamide and, as previously mentioned, J591 in combination with IL-2

[clinicaltrials.gov: NCT00113984, NCT01629758, NCT01420965, NCT00040586].
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Chemotherapy and immunotherapy

Chemotherapeutics have historically been viewed as immunosuppressive since they can

inhibit or kill effector cells, or lead to anergy. However, more recent data show that the

effects of chemotherapy on the immune system are more complicated and heterogeneous.

Indeed, certain chemotherapy agents may in fact stimulate the immune system through

various mechanisms, including: inhibition of cells mediating immune tolerance (e.g. Tregs

and myeloid derived suppressor cells), activation of immune effector cells (e.g. NK cells,

cytotoxic T-cells, B-cells), and cytotoxicity resulting in the uptake and cross presentation of

tumor antigens by APC [108,109]. Depending on the dose and mechanism of the

chemotherapeutic in question, the immune response can be quite different, with certain

agents (e.g. microtubule inhibitors and topoisomerase inhibitors) leading to more robust

APC maturation [110]. This further dissection of the effect of chemotherapy on the immune

system has led to the realization that all cancer cell death is not equal, with some modes of

cytotoxicity leading to immune cell activation, termed an “immunogenic cell death”, while

others allow for immune tolerance to develop [111]. Preclinical work supporting the

aforementioned immunologic effects of chemotherapy exists, however, data in humans are

still lacking. A number of ongoing clinical trials are currently trying to determine the

optimal way to meld chemotherapeutic and immunotherapeutic strategies. Several dedicated

reviews on this topic provide a strong conceptual framework for these often overlooked

immunologic anticancer mechanisms [108,109].

Given that persistent levels of tumor antigens can lead to T-cell tolerance, it has been

postulated that patients with lower tumor burdens would be less tolerized to said tumor

antigens and theoretically more susceptible to immune based therapies [112]. Chemotherapy

may also therefore serve as a neoadjuvant means of debulking tumors prior to subsequent

immunotherapies [113]. Some data supporting the notion that a low tumor burden leads to

better immunologic responses comes from a retrospective analysis of a phase II ProstVac

VF trial [114]. In that report, patients with longer predicted survival at the time of

enrollment (i.e. ≥18 months), and presumably less disease burden, appeared to benefit from

the ProstVac VF. Those with shorter predicted survival on the other hand did not

demonstrate a clear benefit from this therapeutic vaccine.

Some of the more interesting work being done in combining chemotherapy along with

immunotherapy seeks to exploit the immunomodulatory effect produced by certain

chemotherapeutics. For instance, a recently opened neoadjuvant trial in men with localized

prostate cancer is evaluating the combination of low-dose cyclophosphamide followed by

GVAX vaccination then androgen deprivation therapy prior to prostatectomy

[clinicaltrials.gov, NCT01696877]. This trial is based on preclinical work showing that low-

dose cyclophosphamide can abrogate immune tolerance through enhancement of CD8+ T-

cell infiltration into the prostate, depleting Tregs and increasing the expression of dendritic

cell maturation markers [109,115]. The primary objective of this trial is to quantify the

CD8+ T-cell infiltrate in those receiving GVAX and low-dose cyclophosphamide compared

to those only receiving hormonal therapy. Additional human studies are needed to fully

understand the implication of incorporating chemotherapy into an immune based treatment

strategy.
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Radiation and immunotherapy

Somewhat analogous to the immunologic effects of chemotherapy, radiation not only exerts

a local cytotoxic effect, but also has the ability to augment a host's anti-cancer immune

response. Like chemotherapy, radiation-induced cytotoxicity can lead to an “immunologic

cell death” and in turn an immune mediated antitumor effect as well [111]. The most well

described immunologic effect of radiation is the abscopal effect in which local radiation can

lead to regression of metastatic tumors outside of the radiation field [15]. The abscopal

effect was first described in the 1950s [116], and while it was long postulated to be an

immune mediated phenomenon, the first direct evidence to implicate the immune system

was not reported until 2004 [117]. Demaria and colleagues showed that an abscopal effect

could be elicited in mice harboring two 67NR breast cancer cell line tumors when radiation

was applied to one of the tumors in conjunction with FLT-3 ligand, a dendritic cell growth

factor [117]. Further evidence for an immunologic mediated mechanism lies in the fact that:

1) no tumor regression was observed when FLT-3 ligand was given alone, 2) the effect was

tumor specific (i.e. growth of an A20 lymphoma cell line was not affected by irradiating a

67NR tumor in the same animal) and 3) T-cell deficient mice (i.e. nude mice) did not

demonstrate an abscopal effect. Generally speaking though, the abscopal effect has been

relatively uncommon; likely because of the challenges involved in overcoming tolerance to

tumor antigens in cancer patients [111]. Recent trials either completed or underway, are

seeking to combine radiation with immune based therapeutics in an attempt to tip the

balance towards more robust anti-tumor immune responses [59,118-120]. As previously

mentioned one combination regimen that has been explored in the phase I/II setting, and

more recently in an ongoing phase III trial, is ipilimumab plus radiation therapy in patients

with metastatic CRPC [59,60].

Conclusions

Until recently, immunotherapies had largely not lived up to their promise of providing a

robust, clinically relevant, antitumor effect. With the approval of sipuleucel-t, however, this

trend has begun to reverse. Since then, a number of additional agents, specifically immune

checkpoint inhibitors and newer therapeutic vaccines, have shown early signs of clinical

activity. While monotherapy trials continue to be conducted, it seems like the most effective

means of inducing a robust antitumor response will be through the combination of

immunotherapies with one another, or with other immune augmenting treatments (e.g. HT,

chemotherapy or radiation therapy). Indeed, it was recently reported that the combination of

PD-1 and CTLA-4 blockade led to a profound anti-melanoma effect with 53% of those

enrolled at the maximum tolerated dose having an objective response, all of whom had

tumor reductions of ≥80% [121]. Given the marked anti-tumor effect observed on this

combination immunotherapy trial, one has to question whether or not the medical

community now has a mandate to focus more seriously on combination trials. Furthermore,

the low rate of objective responses reported in older immunotherapy trials may no longer be

sufficient to drive ongoing clinical development. While it may be the case that less active

immunotherapies lead to an initial increase in tumor burden, possibly as a result of a lag

between the start of therapy and the development of an adequate immune response versus

the development of a tumoral immune-cell infiltrate, as demonstrated with some of the
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newer highly effective therapies (e.g. checkpoint inhibitors) a rapid observable response is

attainable [121,123]. With a higher bar, perhaps the era of relying on so called immune-

related response criteria as a clinical trial endpoint may also come to an end [122]. Much

work is still needed, but advances over the past few years have given reason for optimism.

Lingering issues in need of resolution include: how best to combine treatments, in what

disease state (i.e. advanced, adjuvant, neoadjuvant) to test them, how to incorporate said

treatments into our current treatment standards (e.g. determining the optimal sequence of

immunotherapies with HT) and which therapy is most appropriate for which disease (e.g.

apparent efficacy of anti-CTLA-4 therapy in prostate cancer in contrast to the lack thereof

with PD-1 blockade). These issues are not insignificant, but with continued work, our

current trajectory of progress will surely continue. This renaissance in immune therapy

development is reason for excitement - the realization of fully harnessing the immune

system to combat cancer is within sight.
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Figure 1.
Immune editing hypothesis. Abbreviations: APC, antigen presenting cell; NK, natural killer

cell.
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Figure 2.
Increase in relative density of immune cells within the prostate following androgen

deprivation [49]. After neo-adjuvant androgen deprivation CD3+ T-cells had a 1.87-fold

increase in relative density, CD8+ T-cells had approximately 2-fold increase in relative

density and macrophages had a 1.78-fold increase in relative density. There was no

significant increase in CD20+ B-cells, natural killer cells or T-regulatory cells.
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