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KEY POINTS

� The advent of immunotherapy has revolutionized treatment for patients with cancer.

� Recent studies have reported that, despite low mutation burden, prostate cancer has a high num-
ber of DNA damage and repair gene defects that makes prostate cancer immune sensitive.

� Immunotherapies that have been tested in prostate cancer so far have been mainly vaccines and
checkpoint inhibitors.

� What holds promise is a combination of genomically targeted therapies (gene and cell therapies),
with approaches to alleviate immune response and thereby make the tumor microenvironment
immunologically “hot.”
PROGRESSION

Cancer is a disease ofmajor concernworldwide and
is thesecond leadingcauseofmortality.1 TheUnited
States remains one of the countries with the highest
incidence rates of prostate cancer.2 Histologically,
93% of prostate cancer occurs as acinar adenocar-
cinoma. The remaining 7% of the prostate cancers
are variations of ductal adenocarcinoma, basal cell
carcinoma, and neuroendocrine tumors. The latter
cancer forms are not as common as the acinar
adenocarcinoma in the preliminary stages of pros-
tate cancer. It is also difficult to distinguish between
acinar adenocarcinoma and intraductal carcinoma
because they frequently present together.3 Howev-
er, through the progression of drug treatments and
different therapeutic regimes for patients with pros-
tate cancer, neuroendocrine tumors can appear in
much as 20% in patient populations with
castration-resistant prostate cancer (CRPC).4–7
a Department of Urology and the Tisch Cancer Institute,
NY 10029, USA; b Department of Urology, Icahn School o
c Department of Urology, Sun Yat-sen Memorial Hospita
* Corresponding author.
E-mail address: dimple.chakravarty@mountsinai.org

Urol Clin N Am 47 (2020) 487–510
https://doi.org/10.1016/j.ucl.2020.07.010
0094-0143/20/� 2020 Elsevier Inc. All rights reserved.
Like other tumor types, the occurrence and sub-
sequent development of prostate cancer seem to
be driven by genetic aberrations, mutations, and
variations. Specifically, the genetic alterations
found to be associated with primary prostate can-
cer include ERG, ETV1, ETV4, FLI1, SPOP,
FOXA1, and IDH1.8 To understand the complexity
of prostate cancer is to not only recognize the dif-
ferences between tumors in patients, but also the
heterogeneity between the tumor cells within the
patient. In this case, the molecular heterogeneity
is grounded in differences from genes to transcrip-
tomic expression. There is not one determinant of
tumor development and pathogenesis.9

TMPRSS2-ERG fusion is seen is approximately
40% to 50% of patients diagnosed with prostate
cancer,10,11 whereas SPOP missense mutations
are present in 6% to 15% of cases.12 TMPRSS2-
ERG fusion results from the fusion of these 2
genes on 2 different chromosomes. The result of
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this fusion is the enhancement of androgen depen-
dency and the development of cancer.11,13

Despite occurring in such a high fraction of the pa-
tients with prostate cancer, it does not seem to be
a good prognosticator.14 SPOP mutations are
seen to be present in both localized andmetastatic
prostate cancers.12 It has been shown to be
involved in the ubiquitination of proteins and
possibly has a role in maintaining genomic stabil-
ity.15 Another important genetic alteration associ-
ated with prostate cancer is the genomic deletion
of PTEN gene.8,16 PTEN deletion is seen in 40%
to 60% of patients with prostate cancer8,17 and it
functions by inhibiting the PI3K/Akt signaling and
inducing cell cycle arrest.18

Specific tumor suppressor proteins like Rb1 and
Trp53 assist in the maintenance of the cell cycle by
halting aberrant growth. Genomic alterations in
TP53 involve mostly loss of function mutations or
homozygous deletion and it is evidenced in 40%
to 60% of prostate cancer cases, predominantly
in metastatic prostate cancer.8,19 Their relation to
prostate cancer is important because the inhibition
of the genes coding for Rb1 and Trp53 facilitates
the cancer’s ability to develop androgen depriva-
tion therapy resistance thus paving the way for
metastatic development. It was shown that the
loss of both Rb1 and Trp53 in mice led to a signif-
icant decrease in survival after several weeks
compared with single knockout mice groups.
Thus, their loss controls linear plasticity in cancer
cells in the sense that mutation can eventually
lead to insensitivity to drug therapy.20 Further-
more, SOX2 expression is significantly amplified
with double loss of Trp53 and Rb1, indicating
that its elevation is correlated with these other
genes in controlling cancer.21

Primary prostate cancer or early stage prostate
cancer is a very localized disease with limited
growth. Accompanying this stage are low
prostate-specific antigen (PSA) levels and Gleason
scores, compared with later metastasis and more
severe cases of prostate cancer. If identified at an
early stage, several treatment options are available
to the patient, such as active surveillance, radia-
tion therapy, and even radical prostatectomy.22

Active surveillance involves monitoring blood
PSA levels or using digital rectal examinations. Ra-
diation therapy is a technique that uses a high
beam of radiation to kill dividing cancer cells.
Radical prostatectomy is another standard pro-
cedure for removing the entire prostate organ
and has shown significant efficacy in decreasing
cancer development.22 Patients can be divided
into different groups depending on the character-
istics of primary prostate cancer, such as low-, in-
termediate-, and high-risk groups.
Prostate cancer progresses from localized forms
in the prostate gland, spreading to surrounding tis-
sues, and subsequently metastasizing to distant
sites like the vertebral bone. As the cancer cells
grow and mutate, there are changes in the
biochemical and pathologic development of the tu-
mor microenvironment that can be controlled by
various drug treatments and therapeutic regimes.
When a patient has advanced prostate cancer,
androgen deprivation therapy is recommended
because the cancer cells rely heavily on androgen
receptor signaling. These androgen receptors
respond to testosterone and dihydrotestosterone
for effective signaling and cell growth. Luteinizing
hormone-releasing hormone (LHRH) antagonists
are useful drugs in this case because they inhibit
the production of the luteinizing hormone and pre-
vent the synthesis of testosterone in the testes.
These drug therapies are usually administered
when the primary prostate cancer is ADT sensitive.
In the castrate-sensitive phase, local therapies

include external beam radiation and implant radia-
tion, high-intensity ultrasound therapy, surgeries
such as radical prostatectomy and orchiectomy
(very uncommon owing to psychological implica-
tions), and androgen deprivation therapy in the
form of LHRH analogs that interfere with normal
hormonal balances by diminishing the production
of testosterone and thus dihydrotestosterone.
However, cancer can become resistant to the hor-
monal drug therapies and become insensitive to
androgen deprivation therapy. This specific form
is known as CRPC. Treatments for castrate-
resistant disease include combinations of abirater-
one and prednisolone/enzalutamide, as well as
docetaxel.
The discussion of drug therapies elsewhere in

this article represents the common protocol in
the treatment of prostate cancer. However, novel
drugs and phase I trial combination therapies are
continually being researched. It is important to
think about the medical interventions and potential
areas for targeted therapy that can obstruct and
inhibit cancer survival.
The purpose of external beam radiation therapy

is to ablate the prostate tumor using an external
source of high energy. Tomita and colleagues23

looked at the effect of high-intensity radiation on
clinical relapse along with neoadjuvant androgen
deprivation therapy and found significant improve-
ments for intermediate as well as high-risk patients
with prostate cancer. Other studies from Preisser
and colleagues24 discovered that external beam
radiation in patients who underwent previous
radical prostatectomy showed different patterns
in terms of surrounding tissue toxicity. Tissue
toxicity is an important factor in deciding whether
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or not to use certain treatment options and age dif-
ferences should be taken into account. What they
found was that secondary primary cancers result-
ing from external beam radiation–induced bladder
cancer as the second most common site outrank-
ing skin cancer.24 Furthermore, another study
sought to understand changes in PSA levels
resulting from the use of implant radiation.
D’Amico and colleagues25 found that implant radi-
ation combined with neoadjuvant androgen depri-
vation therapy had significantly reduced PSA
levels compared with just radical prostatectomy
or radiation therapy alone. In terms of the surgical
options, there are different forms of prostatec-
tomies. These options include open, laparoscopic,
and minimally invasive or robotic-assisted sur-
geries. Graefen and colleagues26 elucidated on
the fact that research suggests that there are few
to no differences in terms of the oncologic out-
comes among the surgical practices. Many of
the reported differences may stem from prior
experience and expertise performing such opera-
tions.26 Some patients opt for minimally invasive
interventions compared with radiation or surgery.
Ultrasound therapy is one such intervention that
has shown interesting clinical progress. The treat-
ment is not as effective as conventional invasive
techniques, and Bass and colleagues27 demon-
strated that high-intensity focused ultrasound
therapy was not able to assist all intermediate or
high-risk groups given that 49% of patients had
local recurrence. Although high-intensity focused
ultrasound therapy had a high failure rate, it is
very clear that the negative side effects were min-
imal and inconsequential.27

Another therapy to discuss is the androgen
deprivation therapy. Hormonal manipulation is
effective in treating local prostate cancer
because the tumor is still castrate sensitive.
LHRH agonist affects the hormonal balances in
the production of gonadotropin releasing hor-
mone and its effect on the production of testos-
terone in the testes. There are several LHRH
agonists, including leuprorelin, goserelin, and
triptorelin. Comparison for the effectiveness of
LHRH agonists, goserelin, triptorelin, and leupro-
lide in treating prostate cancer showed significant
differences in the castration levels at less than
10 ng/dL, whereas the efficacy was comparable
at 20 ng/dL or higher doses.28

When prostate cancer is in its advanced stages
and has become resistant to hormonal therapy,
this is known as the castrate-resistant phase. Pa-
tients usually present with CRPC. Abiraterone
and enzalutamide are 2 vital drugs that are used
to treat patients presenting with this form of pros-
tate cancer. A study conducted by Hahn and
colleagues29 found that androgen deprivation
therapy in combination with abiraterone showed
significant improvement in overall survival and
promising cancer-free survival after 3 years.
Furthermore, Cornford and colleagues30 high-
lighted the benefits of enzalutamide on numerous
clinical determinants for improved course of pros-
tate cancer.

As second-generation drugs lose effectiveness
and potency in the fight against prostate cancer,
adjuvant chemotherapies seem to be the last
resort. Docetaxel is a common taxane used for
metastasis. Although it is used in combination
with the aforementioned treatments for improved
efficacy of therapeutic intensity and delivery,
docetaxel has not been shown to be effective after
radical prostatectomy.31 Cursano and col-
leagues32 look at how combinations of radium-
223 with docetaxel and cabazitaxel affected
patients who had bone metastases. Strikingly
different clinical outcomes have emerged from
this study, which warrants the need to investigate
the effects of these combinations.

Novel agents that are used to treat prostate can-
cer include the use of proxalutamide, an androgen
receptor antagonist. Furthermore, nanoparticles
are being developed to enhance delivery of
chemotherapeutic agents such as docetaxel. The
potency of docetaxel and doxorubicin was
increased by enhancing their codelivery using
nanocarriers.33 Furthermore, Hammer and col-
leagues34 describe how a novel antibody-based
therapy called thorium-227 may be helpful in tar-
geting prostate-specific membrane antigen
(PSMA) and alleviating metastatic CRPC.
IMMUNOTHERAPY IN CANCER

Over the past decades, the conventional strate-
gies for cancer treatment include surgery, chemo-
therapy, and radiotherapy. The concept that the
immune system can recognize and control tumor
growth was first report in 1891 by William Coley,
who demonstrated that bacterial toxins cause
antitumor immune responses in some patients,
particularly sarcomas,35 but with limited clinical ef-
ficacy. After that, immunotherapy has become an
appealing strategy for various types of tumors.
Different cancer immunotherapy approaches
have proven efficacy,36 such as cell-based thera-
pies, monoclonal antibodies, cancer vaccinations,
and even immune checkpoint blockade therapy.

Later in the 1960s, Thomas and Burnet37 put for-
ward the theory of cancer immune surveillance.
According to this theory, the body’s immune sys-
tem would use tumor-associated antigens to elim-
inate malignant cells.37 It took about one-half of a
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century for this theory to be accepted.38 In the
1990s, it was demonstrated that the CD8-
positive T lymphocytes had the ability to kill tumor
cells that presented antigens for melanocyte dif-
ferentiation.39 It was also demonstrated that the
absence of interferon gamma led to incidence of
sarcoma and lung cancer in mice.40 A subsequent
study was done to assess the role of T cells in anti-
tumor immune responses, that ultimately led to the
use of IL-2, a T-cell growth factor, in clinics. Briefly,
tumor-infiltrating lymphocytes (TILs) from patients
were activated with IL-2 in vitro, which was subse-
quently injected to patient.41 The US Food and
Drug Administration (FDA) later approved IL-2 in
1991 for treating metastatic renal cell carcinoma.
However, IL-2 treatments had some caveats. The
response rate was relatively low with high toxicity,
underlining the need to improve immunothera-
peutic strategies.42,43

In 1975, monoclonal antibodies were made
with the development of the hybridoma technol-
ogy.44 Subsequently, treatments using mono-
clonal antibody started evolving and rituximab
was the first FDA-approved drug for treating
B-cell lymphomas. This drug is a monoclonal
antibody that targets the CD20 antigen,
expressed ubiquitously in B cells. This treatment
brings about cell death as a result of cytotoxicity,
the activation of complements and induction of
apoptosis.45,46 During the same era, chimeric
antigen receptor (CAR) T cells were also devel-
oped, which had the ability to combine the self-
renewal and cytolytic capacity of T cells with
the antigen-binding properties of antibodies.47,48

CAR T cells are chimeric fusion proteins that ex-
press an extracellular domain that has the anti-
gen recognition ability, including single chain
variable fragments, which are derived from the
antibody, and the T-cell activation end domains.
In CAR T-cell therapy, the CD81 T cells of a pa-
tient are manipulated ex vivo to elicit an immune
response when subsequently reinfused into the
patient. The most promising results was seen
with CAR T cells targeting CD19 in hematologic
malignancies.49,50 Two FDA-approved CART19
therapies are tisagenlecleucel and axicabtagene
ciloleucel.51–54

Checkpoints have channelized immune
response to pathogens as well as self-antigens.
Memory T cells as well as cytokine secretion in
addition to an individual’s CD81 cytotoxic T
lymphocyte (CTL) cells are required to activate im-
mune response at cellular level. Ligands like CD80
or CD86 bind to CD28 and the CD28 gets replaced
by CTL antigen 4 (CTLA)-4, which send inhibitory
signals on the T-cell surface. This leads to switch-
ing off of the signal or a checkpoint being applied.
Cancer cells express increased levels of CTLA-4.
The other inhibitory mechanism in cancer cells is
between antigen-presenting cells (APCs) and pro-
grammed death 1 (PD-1) and PD ligand 1 (PD-L1)/
PD-L2 leading to inactivation by programmed
death of CTLs. Over recent years, several anti-
bodies that target cellular immune checkpoints
(eg, PD-1/PD-L1 and CTLA-4) were developed to
promote the activation of T-cell and tumor regres-
sion. This therapeutic strategy has demonstrated
benefits in tumors having a high mutation burden,
enabling tumor-mutated antigens (neoantigens) to
enter stage in cancer immunotherapy.55–61 In pa-
tients with melanoma, blockage of both PD-1
and CTLA4 lead to better survival.
However, CAR T cells and checkpoint blockade

are not always effective, mainly owing to the im-
mune suppressive environment locally created by
the cancer. Further several cytokines with immu-
nosuppressive properties are occasionally turned
on by the cancer cells. This facilitates the cancer
cells to attract regulatory T cells and myeloid-
derived suppressor cells that have the ability to
block autoimmunity. Regulatory T cells act by sup-
pressing B-cell Ig production and activation.62–65

So therapeutic antibodies targeting regulatory T
cells and myeloid-derived suppressor cells in
combination with checkpoint inhibitors or CAR T
cells show promise.
IMMUNOTHERAPY IN GENITOURINARY
CANCERS

Genitourinary malignancies represent a heteroge-
neous group of diseases, such as kidney cancer,
bladder cancer, and prostate cancer. Treatment
of those diseases involves surgery, radiation, and
systemic therapy. Immunotherapies have been
used in genitourinary cancers with promising clin-
ical benefits and outcomes.
Kidney cancer lead to more than 175,000 deaths

in 2018, and there is a constant increase in its inci-
dence worldwide.66 In the United States, it is the
eighth most common cancer, with an estimated
number of 73,750 for new cancer cases and esti-
mated deaths of 14,830 in 2020.1 Among the
different subtypes of kidney cancer, the most
prevalent form is the clear cell renal cell carcinoma
and represents about 60% to 80% of all the pri-
mary kidney cancers.67

Studies showed the association between the
immune system and kidney cancer.68,69 For kid-
ney cancer, cytokines have been used as immu-
notherapies for more than a decade. In 10% to
25% of patients with kidney cancer, the cyto-
kines interferon-alpha and IL-2 improved objec-
tive response rates and provided sustained
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remissions in a subset of the patients.70–72 For a
long time, IL-12 was the first-line therapy for
advanced kidney cancer, but because it has se-
vere side effects, it is no longer a treatment of
choice. In addition to cytokines and targeted
therapies, several new types of immunotherapy
have become important in the treatment of
kidney cancer. The most notable immune check-
point inhibitors are those that block the functions
of CTLA-4 and PD-1. CTLA-4 helps to decrease
the inflammatory T-cell response by facilitating
the activated T cells to be disengaged.73 The
CTLA-4–blocking antibody ipilimumab showed
partial response.74 Treatment with nivolumab,
the anti PD-1 antibody, showed treatment
response in 27% patients with RCC, making
nivolumab a treatment of choice.75 However,
current studies indicate that single agent immu-
notherapy may not benefit all patients, high-
lighting the need for combined treatment
strategies to improve efficacy.

Atezolizumab is a monoclonal antibody against
PD-L1. Bevacizumab is a vascular endothelial
growth factor inhibitor. The combination treat-
ment with Atezolizumab and bevacizumab poten-
tiates PD-L1 inhibition.76,77 In a phase II trial on
treatment-naı̈ve patients with metastatic RCC,
better antitumor activity was demonstrated with
combination therapy with atezolizumab plus bev-
acizumab compared with atezolizumab alone or
sunitinib alone. In PD-L1 patients treated with
combination therapy, a higher progression-free
survival was reported.78 Another trial (IMmotion
151) demonstrated that combination therapy
had a longer progression-free survival and
improved objective response rates in PD-L1–
expressing patients.79 Avelumab (anti–PD-L1)
combined with axitinib (vascular endothelial
growth factor inhibitor) showed superior
progression-free survival (13.8 months vs
7.2 months).80

A clinical trial in phase Ib for the use of pembro-
lizumab (an anti–PD-1 agent) with axitinib (an
anti-vascular endothelial growth factor agent)
demonstrated promising antitumor activity; 73%
patients achieved an objective as well as similar
toxicity of each monotherapy.81 A phase III study
comparing axitinib plus pembrolizumab with
sunitinib monotherapy (NCT02853331) is ongoing
to further evaluate whether or not the combina-
tion works better than a vascular endothelial
growth factor inhibitor monotherapy. Compared
with the group treated with sunitinib, the combi-
nation group demonstrated significantly longer
overall survival, longer progression-free survival,
an improved objective response rate, and a pro-
longed response.82
IMMUNOTHERAPY IN BLADDER CANCER

In the United States, bladder cancer is the fifth
most common cancer, with estimated new cancer
cases of 81,400 and estimated deaths of 17,980 in
2020.1 Immunotherapy for bladder cancer has a
long history. Both early and advanced stages of
bladder cancer has been treated with different im-
munotherapies, including bacillus of Calmette and
Guerin (BCG) intravesical immunotherapy83,84 and
anti–PD-1/PD-L1 immune checkpoint blockade.

BCG has been applied to treat patients with
non–muscle invasive bladder cancer since
1976.85 In addition, BCG was the first immuno-
therapy developed for non–muscle invasive
bladder cancer approved by the FDA. BCG sup-
presses the tumor cell growth by infiltrating the
bladder with inflammatory cells and upregulating
cytokines. BCG immunotherapy was superior to
various intravesical chemotherapy drugs and was
more effective in preventing tumor recur-
rence.86–91 However, BCG treatment failed in
approximately 40% of patients with non–muscle
invasive bladder cancer.92 This is a main problem
that requires alternative strategies.

There are other FDA-approved immunotherapy
options for bladder cancer, including PD-1/PD-
L1 inhibitors, including atezolizumab,93 durvalu-
mab,94 avelumab,95 nivolumab,96 and
pembrolizumab.97

Anti–programmed Death Ligand 1
Immunotherapies

The first anti–PD-L1 antibody to be tested in
bladder cancer immunotherapy was atezolizu-
mab, which was approved by the FDA in 2014.98

Atezolizumab showed good activity in metastatic
urothelial bladder cancer, which was associated
with positive PD-L1, had significantly higher
response rates. A multicenter phase II trial of ate-
zolizumab showed an improved overall objective
response rate compared with a historical
platinum-based chemotherapy control (15% vs
10%).93 A postprogression study from Imvigor210
also demonstrated that platinum-treated patients
with either locally advanced or with metastatic
urothelial carcinoma still benefited from continued
atezolizumab treatment.99

After the success of atezolizumab, durvalumab,
another anti–PD-L1 drug, was tested in advanced
bladder cancer.94 Durvalumab, an engineered hu-
man antibody that selectively blocks the binding of
PDL-1 to PD-1 and CD80, demonstrated encour-
aging clinical activity in locally advanced/metasta-
tic bladder patients with cancer.94

Avelumab is the third anti–PD-L1 inhibitor
approved for locally advanced or metastatic
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bladder cancer with disease progression. Avelu-
mab is a fully humanized antibody developed
against PDL-1 that assists in using the immune
response of the human body against the cancer.
Avelumab successfully showed a significant
improvement in overall survival.

Anti–programmed Death 1 Immunotherapies

Nivolumab, a PD-1–blocking antibody, demon-
strated safety and efficacy in locally advanced or
metastatic urothelial carcinoma.96,100 Nivolumab
demonstrated antitumor activity and survival in
the global population.101

Another highly selective humanized monoclonal
antibody, pembrolizumab, blocks the interaction
between PD-1 and PD-L1/PDL-2. Compared with
chemotherapy, pembrolizumab demonstrated
better response in all patient and also in patients
having PD-L1–positive score of 10% or higher.
Compared with the chemotherapy group, the me-
dian overall survival of the pembrolizumab-treated
group was significantly longer.102 Pembrolizumab
has been approved by FDA as a second-line ther-
apy after platinum treatment and as a first-line
therapy for patients with locally advanced/meta-
static urothelial carcinoma that are ineligible for
cisplatin treatment.

Testicular Germ Cell Tumors

The majority of patients with metastatic germ cell
tumors could be cured with first-line or salvage
chemotherapy.103 However, a group of 15% to
20% patients who failed after those treatment
need develop additional therapeutic options.104

Recent targeted therapies trials did not show
promising efficiency.

IMMUNOTHERAPY FOR METASTATIC
PROSTATE CANCER

Immunotherapy is a growing area of research for
prostate cancer, given the importance and need
for alternative treatments. Immunotherapy funda-
mentally encompass harnessing and exploitation
of the patient’s individual immune system to fight
against the cancer. Augmenting the strength of
the immune system by inducing specific interac-
tions to take place between T cells and their
compliment antigens on cancer cells may prove
to be useful in the targeted destruction of tumors.
Furthermore, immune checkpoint pathway CTLA-
4/B7 inhibitors like ipilimumab, tremelimumab,
and prostvac, as well as PD-1 pathway inhibitors
such as nivolumab, pembrolizumab, and pidilizu-
mab are specific types of drugs that may be help-
ful in boosting an immune response that was
initially suppressed by the growth and spread of
cancer.
Although several immunotherapies have been

FDA approved for metastatic castration-resistant
prostate cancer, there is still a major lack of effi-
cient use of immunotherapeutic agents for this dis-
ease. This is mainly because prostate cancer for a
prolonged period of time has been conceived to
be an immune desert. Unlike other solid tumors,
prostate has never shown a strong immune infil-
trate within the tumor. Further, prostate tumors
present a tumor microenvironment that is meta-
bolically hostile, with increased glycolysis. This
environment suppresses T-cell function. Further,
tumor-infiltrating T cells also have a reduced mito-
chondrial function.105 Tumor immune score is
computed based on the TIL expression within
the tumor. This along with the tumor specific in-
flammatory gene signature is used to categorize
tumors as “hot” or “cold.”106 Unlike other solid tu-
mors like urothelial and lung cancers, prostate tu-
mors have more immunosuppressive factors than
immunostimulatory factors leading to an impaired
TIL activity. However, studies that looked for other
T-cell populations report increased expression of
CD41 and CD81 forkhead box P3 (Foxp31) regula-
tory T cells in tumors.107,108 Further, a study also
reports that increased Foxp31 TILs were associ-
ated with worse survival outcomes.109 Besides
immunosuppressive lymphocytes, protolerogenic
tumor-associated macrophage has been reported
to be infiltrated in high numbers in prostate cancer
tumor microenvironment.110 M2-associated cyto-
kines and chemokines that are immunosuppres-
sive are also secreted along with transforming
growth factor-b2, by the macrophages. So, some
studies have elucidated the need for targeting
transforming growth factor-b before checkpoint
inhibition to get better therapeutic benefit.111

Prostate cancer has a low tumor mutation
burden, which results in low neoantigen expres-
sion compared with other tumor types.112 As a
result, immunotherapy is speculated to be less
effective. Despite having a low somatic alteration
burden, prostate cancer does present with a high
number of DNA damage and repair gene de-
fects.8,113,114 Mutations in DNA damage and repair
genes especially in members of the homologous
recombination repair pathway both somatic and
germline, makes prostate cancer immune sensi-
tive. So prostate cancer cannot be called a cold tu-
mor or an immune desert.
The various immunotherapies that have been

tested on prostate cancer can be broadly classi-
fied into vaccines, cell therapies, checkpoint
blockade therapies, oncolytic virus therapy, and
targeted antibodies.
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Cancer Vaccines

Vaccines are composed of an adjuvant that can
activate APCs like dendritic cells, as well as a
target protein that is associated with the can-
cer.115 Using the patient’s own dendritic cells
that are pulsed with tumor antigens, is an
approach that has lot of popularity in the vaccine
world. Peptides from tumor antigens are used to
pulse dendritic cells and have shown good
response in preclinical models.116 Therapeutic
cancer vaccines that facilitate the body’s immune
system to recognize tumor-associated antigens
and generate a T-cell response have shown
considerable success in prostate cancer. Prostate
cancer is a promising target for vaccine-based
therapy owing to the expression of several specific
tumor-associated antigens like PSA and PSMA, as
well as prostatic acid phosphatase.117

Sipuleucel-T
Interest in immunotherapy has gained momentum
with the relative success of the FDA-approved
treatment of sipuleucel-T. Sipuleucel-T, an autolo-
gous vaccine, has been derived from peripheral
dendritic cell collection by leukapheresis. This
collection of cells is stimulated by PA2024, a
fusion protein of an immune-activating cytokine,
granulocyte-macrophage colony-stimulated fac-
tor linked to the target antigen, prostatic acid
phosphatase.118,119 After 36 to 44 hours, the den-
dritic cells, which are now primed, are reinfused
back into the patient for generating a CD41 and
CD81 T-cell response that is prostatic acid phos-
phatase specific.120,121 This process is repeated
3 times at 2-week intervals over the course of
1 month to complete the full course of therapy.122

Sipuleucel-T was the first immunotherapy to be
approved by FDA for patients with metastatic
CRPC. The IMPACT trial randomized patients in
2:1 fashion and received 3 doses of sipuleucel-T
or of placebo. This study demonstrated a improve-
ment in median overall survival by 4.1 months and
a 22% decrease in the risk of death.118 Despite the
beneficial effect of sipuleucel-T, several other
prostate cancer vaccines that were tested in
phase III trials have not been that promising.

GVAX
Another cell-based vaccine, GVAX, has been syn-
thesized using prostate cancer cell lines, LNCaP
and PC3, by transducing with a retrovirus that
was made replication defective and had also
been modified genetically to be able to bear
granulocyte-macrophage colony-stimulated fac-
tor and bring about the recruitment of APC to the
injection site.123,124 Although an initial phase I/II
trial in hormone-naı̈ve patients with prostate
cancer with relapse in PSA, showed promising re-
sults,125 2 subsequent phase III clinical trials (VI-
TAL-1 and VITAL-2) did not show significant
benefit and so were terminated early. In the
VITAL-1 trial, randomization of patients with
asymptomatic metastatic CRPC was done to
receive either GVAX or docetaxel-prednisone.
Initial analysis showed that less than 30% of pa-
tients would meet the primary end point, which
was overall survival, and so the trial was termi-
nated early. In contrast, the phase III trial, VITAL-
2, on symptomatic taxane naı̈ve metastatic
CRPC patients who received GVAX alone or
GVAX plus docetaxel/prednisone, also terminated
early as a result of increased mortality among pa-
tients in the intervention group.

The flaws in the trial design could have possibly
led to the negative outcomes. There was no pla-
cebo control in the study. Moreover, before the
phase II trial VITAL-2, the recommended doses
for the combination therapy of GVAX and doce-
taxel were not determined, which may have also
contributed to experimental flaws.121,126

PROSTVAC
PROSTVAC is also another vaccine that includes
in viral vectors PSA gene and several T-cell costi-
mulatory molecules. It creates a heterologous
prime boost by combining recombinant fowlpox
and vaccinia virus.127 This vaccine infects APCs
to generate cell surface proteins expressed on
the surface of APCs finally leading to tumor cell
destruction as a result of interaction of APCs
with the T cells.127 PROSTVAC has been used in
several clinical trials. An increase in PSA
progression-free survival was seen in 63% of the
patients for a period of 6 months. Furthermore,
the phase II trial showed a significant reduction
of the PSA doubling.128 Other studies have been
established using PROSTVAC. In another phase
II study, patients with minimally symptomatic met-
astatic CRPC were included in the study and were
randomized to either receive the vaccine or pla-
cebo. Even though the study showed negative re-
sults for its primary end point (progression-free
survival), overall survival was seen to be signifi-
cantly increased.129 PROSTVAC has shown no ef-
fect on overall survival in patients with metastatic
CRPC.130

Polyinosinic-polycytidylic acid and poly-L-lysine
Although the capacity to activate a T-cell response
has been tested for several dendritic cell-based
vaccines, their effects has been limited.
Polyinosinic-polycytidylic acid, and poly-L-lysine,
an immunostimulant, is a double-stranded RNA
complex that acts like a viral mimic. It is composed
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of poly-L-lysine double-stranded RNA and
carboxymethylcellulose, polyinosinic-
polycytidylic acid. It activates dendritic cells by
binding to toll-like receptor 3, MDA5, and other
pathogen receptors.131–133 The synergy between
MDA5 and toll-like receptor 3 activation makes
Poly IC a superior vaccine. Toll-like receptor 3
contributes to CD81 T-cell activation and MDA5
is required for the survival of CD8 memory T cells.
Poly-ICLC (Hiltonol�) is being tested in several
clinical trials as an immune stimulant.
There are 4 clinical trials for Poly ICLC in pros-

tate cancer. Out of the 2 completed studies, 1 trial
tested PSMA and TARP peptide vaccine in combi-
nation with Poly IC-LC in HLA-A21 patients with
rising PSA (NCT00694551), and the other tested
combination therapies of Poly IC LC with MUC1
vaccine in patients with advanced prostate cancer
(NCT00374049). One of the studies at our institute
is testing IT/IM Poly-IC LC in patients with high-
risk, clinically localized prostate cancer
(NCT03262103).
Checkpoint Inhibition Therapy

Another type of drug is the immune checkpoint in-
hibitor that blocks proteins on the immune cells.
This drug assists in making the immune system
more effective at destroying cancer cells. They
function by releasing inhibitory responses that
regulate T-cell–mediated immunity. Immune
checkpoints are inhibitory mechanism of immune
cells used to regulate immune response. Anti-
bodies blocking immune checkpoint receptors
and that are approved for clinical use include the
CTLA-4 as well as PD-1 and its ligand PD-L1.
The first successful immune checkpoint inhibitor

to receive FDA approval was anti–CTLA-4 (ipilimu-
mab).134 Ipilimumab was also the first immune
checkpoint that was studied in prostate cancer.
CTLA4 controls T-cell activation and competes
with CD28, the costimulatory receptor, for ligand
binding, to CD80 and CD86. This leads to translo-
cation and expression of CTLA4 on the cell surface
of T cells. CTLA-4 pathway blockade was
achieved using a fully human monoclonal antibody
called ipilimumab.135 Another phase III clinical trial
in metastatic CRPC patients who had progressed
on docetaxel-chemotherapy was randomized to
receive either ipilimumab or placebo after bone-
directed radiotherapy. Although there was no
benefit in the primary end point of overall survival,
some benefit was observed in progression-free
survival with ipilimumab over placebo. There was
a significant reduction in the PSA in patients who
were treated with ipilimumab. Additionally, a
greater benefit was also seen in subset of patients,
such as lower alkaline phosphatase concentra-
tions, higher hemoglobin concentrations, and
finally absence of visceral metastases. Themedian
overall survival was significantly higher with ipili-
mumab compared with placebo.136,137

Pembrolizumab (Keytruda) has been shown
effective for a low rate hypermutated subtype of
prostate cancers.138 The effects of pembrolizu-
mab were studied on a large group of patients
who had metastatic CRPC. They were divided
into cohorts 1, 2, and 3 based on if they were
PD-L1 positive, PD-L1 negative, or bone predom-
inant, respectively. Treatment with 200mg of pem-
brolizumab showed that median overall survival
was highest for cohort 3 at 14.1 months and the
estimated 12-month survival rates were 41% for
cohort 1%, 35% for cohort 2%, and 62% for
cohort 3. This study warrants the need to further
research the effects of pembrolizumab on bone-
predominant disease.139,140

PD-1 is also expressed on activated immune
cells including B cells, T cells, and natural killer
cells. PD-1 has a tyrosine-based inhibitory motif
and also an immune-receptor tyrosine-based
switch motif that gets phosphorylated when it
binds to the B7 ligands PD-L1 or PD-L2. This
caused SH2 domain containing tyrosine phospha-
tase 2 to be recruited and finally leads to inhibition
of T-cell proliferation. PD-L1 is expressed on
APCs, T cells, vascular endothelial cells, stromal
cells, and cancer cells.141,142 PD-L1 expression
is induced owing to production of inflammatory cy-
tokines, interleukins (IL-2, IL-7, and IL-15), when
antigens expressed by MHC complex get pre-
sented to T cells. T-cell effector functions are
inhibited owing to PD-1/PD-L1 interactions
through distinct mechanisms compared with
CTLA-4.143,144 Antibody-based blockade of the
PD-1 receptor or its ligand increases the antitumor
immunity and tumor growth suppression.144 The
PD-1/PD-L1 pathway is activated in several tumor
types such as in the lung, kidney, and bladder.145 It
is clear that early phase clinical trials that are
investigating nivolumab (PD-1 blockade) and
prostate cancer have shown very small success
and that further research experiments are needed
to investigate these complex biochemical mecha-
nisms Studies of nivolumabmonotherapy, showed
no measurable responses.75,134,146,147 These
studies demonstrate that the success of immune
checkpoint inhibitors in patients with metastatic
CRPC has been limited,59,75,134 expect for some
isolated response seen in patients having muta-
tions in either BRCA 1/2, CDK12, or microsatellite
instability–high mutations. Ipilimumab has been
FDA approved as a drug therapy for metastatic
melanoma and has shown potential in treatment
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for other types of cancers like renal, lung, and
prostate. Currently, combination therapies using
ipilimumab would be more useful in the treatment
of metastatic CRPC as opposed to treatment
alone. Nevertheless, studies have illustrated that
the response rates to ipilimumab have ranged in
the 10% to 15% range, further supporting the
notion that it is not a completely effective therapy.

More in-depth and comprehensive research is
needed to assist the immune system recognize
prostate tumors and as well as activating the im-
mune cells for targeted destruction of the cancer.
Various studies are looking at whether combina-
tions of immunotherapy drugs may be more effec-
tive in treating prostate cancer compared with
single immunotherapies.
Adoptive Cell Therapy

In this form of treatment, the immune cells of the
body are geared toward eliminating cancer. The
immune cells are either isolated and expanded or
genetically engineered to improve their ability to
fight cancer. Cell therapy include TIL therapy, T
cell therapy, CAR T-cell therapy, as well as natural
killer cell therapy.

In TIL therapy, the T cells from the tumors are
expanded in the presence of IL-2 and reinfused
into the patients.148 TIL therapy has been success-
ful in melanoma as well as other solid tumors.
Recent studies have also demonstrated the ability
of using TIL therapy for patients with prostate
cancer.149

In both T-cell therapy and CAR T-cell therapy,
the T cells from patients are genetically modified
ex vivo, expanded, and readministered to the pa-
tient. In T-cell therapy, the T cells from the patient
are genetically modified to be able to target spe-
cific cancer antigens, whereas in CAR T-cell ther-
apies, the patients T cells are coupled with
synthetic receptors, CAR. CAR T-cell therapy is
advantageous over the other adoptive cell thera-
pies mainly because CARs can bind to the cancer
cells even if their antigens are not presented on
cell surface. However, 1 disadvantage with CAR
T-cell therapy is that the range of potential antigen
targets are limited, owing to the intercellular
expression of most proteins, which makes them
unavailable for CARs.

For effective CAR T-cell therapy in prostate can-
cer, the most critical step is the identification of
tumor-associated antigens that are constitutively
expressed by the cancer cells. The proteins that
have been used as TAAs for prostate cancer
CAR T cell therapy are mainly PSA, prostatic
acid phosphatase, prostate stem cell antigen
(PSCA), PSMA, and epithelial cell adhesion
molecule. Of these, PSMA and PSCA are the
CAR T-cell targeted antigens that have been
mostly used in metastatic prostate cancer. In the
phase III trials of sipuleucel-T for metastatic
CRPC patients, the antigen presenting cells were
pre-exposed to human granulocyte macrophage
colony stimulating factor and prostatic acid phos-
phatase fused protein.149 PSCA is another cell sur-
face glycoprotein expressed in prostate cells. CTL
response HLA-A2 restricted anti-PSCA peptides
has been evaluated in vitro in several
studies.150–152 CTL response has also been stud-
ied in TRAMP mouse models vaccinated with
PSCA-encoded viral vectors.153,154 Further in
xenograft models prostate cancer inhibition has
been evaluated using anti-PSCA anti-
bodies.155–157 PSMA, a transmembrane glycopro-
tein, shows higher expression in high grade
prostate tumors. Invitro studied have demon-
strated CTL response using HLA-2–restricted
PSMA peptides.158–161 In several recent studies,
chimeric anti-PSMA immunoglobulin T-cell recep-
tor constructs have been used to promote a T-cell
response. In mouse models PSMA-CAR T cells
were able to abolish metastatic prostate can-
cer.162 PSMA CAR T-cells coupled with CD28
showed significant decrease in tumor volume in
mice.163 In another study anti-PSMA CAR T cells
resistant to transforming growth factor-b caused
cell lysis of PSMA expressing cells with an in-
crease of interferon-g, IL-2, and CD81 cells.164

CAR T-cell therapy shows promise mainly in
preclinical studies on metastatic prostate cancer.
However, more investigation on risk to patients is
essential to develop plans for management of
toxicity. Further among all the TAAs the one that’s
most safe an effective is yet to be determined.
Oncolytic Virus Therapy

Immunotherapies are currently used to activate
the immune system enabling it to target and kill
the cancer cells. These new drugs can enhance
and facilitate antitumor activity by promoting the
function of specific cells, such as the T cells and
natural killer cells. However, recent studies have
suggested that, even with the use of these immu-
notherapies, cancer cells can adapt to the environ-
ment, evade the immune system, and induce
immunosuppression. Therefore, oncolytic viruses
have been proposed as a novel method to coun-
teract this tumor-associated immunosuppression
and evasion. Oncolytic viruses have even been
shown to potentiate the effectiveness of several
immunotherapeutic approaches that involve im-
mune checkpoint inhibition. Therefore, it is impor-
tant to consider the potential applications and
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practical usefulness of oncolytic viruses in combi-
nation with other drugs and immunotherapies in
targeting metastatic prostate cancer.165

Viruses typically work by infecting cells through
the injection and incorporation of their DNA or RNA
elements into the host’s genetic machinery. There-
fore, viruses can be used to target specific cancer
cells that may be susceptible and vulnerable to
such molecular modification. Cancer cells may
not have protective qualities that allow for antiviral
defense mechanisms. As such, the development
of specific oncolytic viruses that target cancer
cells, as opposed to healthy cells, can potentially
induce antitumor responses. Furthermore, onco-
lytic viruses can potentially induce a lytic reaction
in the cancer cells in which the multiplication and
growth of progeny in the host cells eventually in-
duces a burst effect. In conjunction with immuno-
therapeutic stimulation of the immune cells, this
effect may help in synergistically eliminating tumor
growth.166

Viral infection occurs because the virus recog-
nizes its target cell based on cellular surface re-
ceptors. One oncolytic virus that was engineered
from the herpes simplex virus is called T-VEC.
T-VEC is able to recognize surface receptors
such as the herpesvirus entry mediator, nectin-1,
and nectin-2.167 Engineering these oncolytic vi-
ruses can allow researchers to manipulate them
in very specific ways. For example, current
research involves the modification of their recep-
tors for entry into cancer cells as well as restriction
and deletion of certain viral protein expression via
oncogenic promoter function.168 In the context of
prostate cancer, oncolytic viruses have been engi-
neered to involve a PSA or a PSA promoter. Effec-
tively, this leads to E1A expression and viral
proliferation specific to prostate cancer cells.169

One study investigated the role of using virother-
apy in inhibiting prostate cancer growth and
metastasis. An oncolytic adenovirus, ZD55, was
developed to target SATB1. ZD55-SATB1
inhibited both viability and invasion in prostate
cancer cell lines.170 Another study aimed to under-
stand how oncolytic rhabdovirus VSV-GP func-
tioned as a therapeutic modality in prostate
cancer cells. VSV-GP infected 6 out of 7 prostate
cancer cell lines and the mouse models achieved
long-term remission. Several of the cancer cell
lines developed resistance to interferon type I,
suggesting a reduced antiviral responses.171
Targeted Antibodies

Another immunotherapy that has been shown to
be effective in eliminating cancer cells involves tar-
geted antibodies. Antibodies are proteins naturally
produced frommature B cells. Antibodies can pre-
cisely target, bind to cell surfaces, and disrupt
pathogenic cancer cell activity. After the anti-
bodies bind to the cell surface of the cancer cells,
immune cells can recognize them and induce
different immune mechanisms.172 Several
different classifications of targeted antibodies
include monoclonal antibodies, bispecific anti-
bodies, and antibody–drug conjugation.
One study evaluated the efficacy of a specif-

ically engineered antibody–drug conjugate called
MEDI3726. This molecule contains an antibody
called J591 that specifically binds to PSMA pre-
sented on cancer cell surfaces. Cancer cells typi-
cally have increased surface expression of PSMA
making this a very attractive biotarget for tumor-
mediated destruction. Also, MED13726 has
another element called the pyrrolobenzodiazepine
dimer tesirine that is, conjugated to the anti-PSMA
antibody. As the antibody binds to PSMA express
on cancer surface membranes, the entire
MEDI3726 is engulfed into a vesicle and incorpo-
rated into the tumor cell. Pyrrolobenzodiazepine
subsequently dissociated from the drug and binds
to DNA and leads to cell death. MEDI3726 has
shown potential as it led to specific cytotoxicity
and antitumor activity in prostate cancer cell
lines.173

Several studies have illustrated the efficacy of
using monoclonal antibodies to target cancer
cells. For example, it was found that N-cadherin
expression is increased in metastatic tumors of in-
dividuals with CRPC. Administering monoclonal
antibodies that targeted the ectodomain of N-cad-
herin effectively reduced proliferation and growth
of prostate cancer cells in CRPC xenografts.174

Another molecule upregulated in prostate cancer
is TRIM24. A study revealed that silencing
TRIM24 through a human monoclonal PSMA
antibody-mediated TRIM24 small interfering
RNA, drastically suppressed proliferation and in-
vasion of the PSMA-positive CRPC cells.175

Furthermore, bispecific antibodies are used to
recognize both the receptor on the surface of T cells
as well as the specific tumor antigens. Thus, this
antibody bridges the 2 cells together, which acti-
vates the T cells. TSAxCD28 bispecifics for target-
ing prostate cancer malignancy shows promising
tolerance in immunocompetent mouse models
and minor toxicity.176 Also, 3E10-AR441 bispecific
antibodies were developed and blocked genomic
signaling of androgen receptor in LNCaP cells and
inhibited prostate cancer cell growth under
androgen-simulated conditions.177 In xenograft
models, AMG 160, a bispecific antibody that tar-
gets PSMA expressing prostate cancer cells and
CD3 of T cells, caused significant decrease in tumor
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growth.178 Fig. 1 gives a representation of current
and emerging therapies for metastatic prostate
cancer. Further, in Table 1, we summarize some
of the recent clinical trials for immunotherapies in
metastatic prostate cancer.

PRECLINICAL MODELS FOR
IMMUNOTHERAPY RESEARCH FOR
METASTATIC PROSTATE CANCER

With a revolution in development of therapies that
harness the immune response of tumors, the need
to develop preclinical models that replicate the
disease and can be used to test novel immuno-
therapies becomes extremely important. Howev-
er, developing a preclinical model that can
appropriately recapitulate the disease and help
test the efficacy of immunotherapy is extremely
challenging.

Cell Line Models

Several cell lines have been used to study to
model immunotherapy for prostate cancer. The
Fig. 1. Current and emerging therapies for metastatic pro
point therapy, adoptive cell therapy, oncolytic viruses, ant
antibodies.
RM1, RM-9 murine prostate cancer cells were
derived from ras and myc transformed mouse
prostate reconstitution C57BL/6 mice
model.179,180 Syngeneic prostate cancer model
from gp100-transfected murine RM1 cells has
complete immunity and can be used to evaluate
CD81 lymphocyte-mediated antitumor immu-
nity.181 The combination of nitroxoline and PD-1
blockade in RM9-Luc-PSA mouse model can
significantly enhance antitumor immunity by
increasing CD441CD62L1CD81 memory T cells
and reducing myeloid-derived suppressor cells.182

Transgenic adenocarcinoma mouse prostate
(TRAMP)-C1, TRAMP-C2, and TRAMP-C3 were
derived from a TRAMP model. Both TRAMP-C1
and TRAMP-C2 are tumorigenic, whereas
TRAMP-C3 easily grows in vitro but does not
form tumors.183 Dexamethasone plus octreotide
enhances the antitumor efficiency of docetaxel in
a TRAMP-C1 prostate cancer model.184 TRAMP-
C1 cells showed increased expression of
CXCL16 after radiation therapy, indicating a radio-
therapy combination with immunotherapy.185
state cancer. Clockwise from top left, vaccines, check-
ibody–drug conjugate and bispecific and monoclonal



Table 1
Current clinical trials testing novel immunotherapies for metastatic prostate cancer

Trial Number Drug Phase Tumor Type Mechanism of Action

NCT03834506179 Pembrolizumab
1 docetaxel

Phase III Metastatic CRPC Pembrolizumab targets the
cellular pathway of proteins
found on immune cells and
cancer cells, known as
PD-1/PD-L1.

NCT03834519180 Pembrolizumab
1 olaparib
vs abiraterone
acetate or

enzalutamide

Phase III Metastatic CRPC Pembrolizumab targets the
cellular pathway of proteins
found on immune cells and
cancer cells, known as
PD-1/PD-L1.

NCT04262154181 Abiraterone,
atezolizumab,
lupron, and
radiation
therapy

Phase II Metastatic
hormone-sensitive
prostate cancer

Atezolizumab is a monoclonal
antibody of IgG1 isotype
against the protein PD-L1.

NCT04104893182 Pembrolizumab Phase II Metastatic castrate
resistant prostate
cancer

Pembrolizumab targets the
cellular pathway of proteins
found on immune cells and
cancer cells, known as
PD-1/PD-L1.

NCT03693612183 GSK3359609 and
tremelimumab

Phase II Castrate-resistant
prostate
adenocarcinoma

GSK3359609 is an anti-
Inducible Tcell co-stimulator
receptor agonist antibody.
Tremelimumab is a fully
human monoclonal
antibody against CTLA-4.

NCT03575819184 FOR46 Phase I Metastatic CRPC FOR 46, an antibody–drug
conjugate targeting CD46
protein.

NCT03577028185 HPN424 Phase I Metastatic CRPC HPN424 targets PSMA.

NCT02985957186 Nivolumab
1 ipilimumab
or cabazitaxel

Phase II Metastatic CRPC Nivolumab blocks cancer cells’
protective proteins against
T cells.

NCT03972657187 REGN5678
1 cemiplimab

Phase I/II Metastatic CRPC Cemiplimab targets PD-1 so it
acts as a checkpoint
inhibitor.

NCT04227275188 CART-PSMA-
TGFbRDN

Phase I Metastatic CRPC Co-expression of TGFbRdn on
PSMA-redirected CAR T cells
increase T-cell proliferation
and greater tumor
eradication.

NCT03725761189 Sacituzumab
govitecan

Phase II Metastatic CRPC Sacituzumab govitecan
targets the Trop-2 receptor
that helps the cancer to
grow, divide, and spread.

NCT03554317190 Testosterone
cypionate and
nivolumab

Phase II Metastatic CRPC Nivolumab blocks cancer cells’
protective proteins against
T cells.

NCT03338790191 Nivolumab in
combination
with rucaparib,
docetaxel, or
enzalutamide

Phase II Metastatic CRPC Nivolumab blocks cancer cells’
protective proteins against
T cells.

(continued on next page)
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Table 1
(continued )

Trial Number Drug Phase Tumor Type Mechanism of Action

NCT02601014192 Nivolumab and
ipilimumab

Phase II Metastatic CRPC Ipilimumab turns off cancer
mediated T-cell inhibition.

NCT03217747193 Avelumab,
utomilumab,
anti-OX40
antibody
PF-04518600,
and radiation
therapy

Phase I/II Metastatic CRPC Utomilumab targets (CD137)
to stimulate a more intense
immune system attack on
cancers.

Abbreviation: TGF, transforming growth factor.
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Radiotherapy induced tumor growth delay in
TRAMP-C1 prostate cancer model, but increased
macrophages and dendritic cells and also causes
upregulation of PD-1/PD-L1, CD81 T cells.186

TRAMP-C1P3 cells have been derived from
TRAMP-C1 and showed tumorigenic and meta-
static to lymph nodes. It was demonstrated that
Fms-like tyrosine kinase-3 ligand induced inflam-
matory cell infiltrate, including dendritic cells, mac-
rophages, granulocytes and CD41 and CD81 T
cells, significantly inhibited the growth of preexist-
ing orthotopic TRAMP-C1P3 tumors and also the
development of metastatic disease.187

IL-15 combination with CTLA-4 and PD-L1
blockade increased CD81 T cells, increased anti-
tumor activity, suppressed tumor growth and pro-
longed the animal survival in a TRAMP-C2
prostate tumor model.188 Imiquimod was showed
to enhance antitumor activation of CD81 T cells,
and imiquimod inhibits TRAMP-C2 cells in vivo
and in vitro.189,190 Enhanced IL-15Ralpha expres-
sion increased the CD81 T cells in TRAMP-C2 tu-
mors, which resulted in inhibition of tumor
growth.191

Syngeneic mouse models
Syngeneic mouse models, such as C57BL/6,
BALB/C and FVB mice, are widely used preclini-
cal models to study anticancer therapeutics.
These models are immunocompetent and useful
for testing immunotherapeutic agents. Carcino-
gens have been used to induce tumor formation
in various strains of mice allowing researchers
to understand and measure subsequent immune
response and antitumor activity. This
carcinogen-induced model presents a relatively
useful level of genomic instability that warrants
investigation of antitumor response.192 Further-
more, genetic manipulation of the syngeneic
model allows for the analysis of the effects of
various biomarkers involving sensitivity or
resistance responses.193 It is very clear that
owing to the ease of using these models and
also because of high reproducibility, they are
most commonly used preclinical models to test
immunotherapies. However, these models lack
the microenvironment and also the genomic het-
erogeneity seen in human cancer. Owing to the
limited number of mice strains that researchers
work with, there is a lack of interpatient genomic
heterogeneity. Also, normal progression that de-
fines the cancer growth in these models does
not adequately represent the intrapatient genetic
heterogeneity seen in normal individuals with
metastatic prostate cancer. This posits a chal-
lenge for modeling the effects of cancer immuno-
therapy.194 The other caveat is that in these
syngeneic mice the implanted tumors are poorly
differentiated and do not recapitulate the tumor
evolution seen in human beings. Thus, the typical
plasticity of the tumor evolution as well as the
adaptability of the immune editing response by
typical human beings is overtly absent in the syn-
geneic mouse models.195 Finally, a crucial
component of cancer development encom-
passes the surroundings microenvironment that
can both facilitate and inhibit to tumor growth.
Various tissue elements such as the microvascu-
lature and stem cell progenitor populations natu-
rally respond and adapt to tumor growth.
However, these molecular components are
largely absent in the subcutaneous implantation
sites located in syngeneic models.196

Genetically engineered mouse models
A better understanding of the genetic subclasses
of cancer have led to invention of genetically engi-
neered mouse models having the specific genetic
alterations incorporated and tissue specific tumor
development. Tissue-specific promoters are pre-
dominantly used for driving either the expression
of an oncogene or expression of recombinase
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enzymes that drive the deletion of tumor suppres-
sors. Viral oncogenes such as SV40 large T anti-
gen,197 or Kras and MYC198 and so on, and
tumor suppressors like PTEN and TP53 in prostate
caner,199 APC in colon cancer,200 among others,
are modeled. These models help in developing
autochthonous cancer development and also the
precancerous lesions such as intraepithelial
neoplasia in the prostate.201 Most important, tar-
geting tissue specific promoters that alter the
expression of normal tumor suppressor activity
as well as oncogenic function engenders a long
window for tumor development. Thus, there is
ample time for immunotherapeutic intervention of
gradual and adaptive immune responses.202

Mimicking the complexity of oncogenesis and tu-
mor burden seen in human patients is a goal with
genetically engineered mouse models. It is impor-
tant to consider the effects that increased muta-
tional rates have on the immune system.
Genetically altering tissue-specific genes leads to
this increase mutational response, thus promoting
the formation and existence of neoantigens. Neo-
antigens are recognized by cytotoxic T cells for
targeted tumor destruction, which can provide
helpful clues as to how to develop immunothera-
peutic vaccines.202

Studies in mouse models could potentially aid in
clinical trial design and expected outcome. One of
the mouse models that has been widely studied to
determine immunologic response in the TRAMP
model (transgenic adenocarcinoma of the mouse
prostate model).

Patient-derived xenograft
Human xenograft models are one of the oldest
models for evaluating cytotoxic therapies against
cancer. These models have priory advantage in
the evaluation of antitumor efficacy. The hosts
include athymic nude or severe combined immu-
nodeficiency (SCID) animals.203

Athymic nude mice have neutrophils and den-
dritic cells, B cells, and natural killer cells, many
aspects of the immune response, although they
lack normal thymic development and are defi-
cient in T-cell function. SCID mice lack a DNA-
dependent protein kinase, which is essential for
T-cell and B-cell development. Therefore, athy-
mic nude mice were good for engraftment of hu-
man cancer cell lines, whereas the NOD/SCID
mice are sufficient for engraftment of primary hu-
man tumors.204,205 NOD/SCID mice demon-
strated PD-1 targeted immunotherapy inhibited
both cell line–derived xenograft and patient-
derived xenograft tumor growth, indicating an
important preclinical immunotherapy model for
research.206
Humanized tumor models
Humanized tumor models depart from the previ-
ous models in the sense that they are the most
relevant and representative of the cancer growth
in humans. Various humanized mice models are
available including humanized CD341 mouse
models, humanized PBMC mouse models, and
knock-in humanized mouse models.207 These
models are vital in the study of immune responses
because they use patient derived xenografts,
which contained human tumor tissue. The human
tumor tissue is implanted into these mice models
that exhibit an intact humanized immune system.
They resemble human tissue in the sense that
they accurately create the complexity associated
with genetic heterogeneity as well as the tissue
microenvironment.208 In the humanized CD341

mouse model, the mice are initially irradiated to
destroy the host immune system. Subsequently,
they are injected or reconstituted with umbilical
cord human CD341 cells. The development of
the human immune system is monitored over 12
to 15 weeks and then the effects of the immune
response to engrafted human patient-derived
xenograft tumor is analyzed.209 Recent studies
have shown the efficacy of the CD341 humanized
mice and positive antitumor responses in the
regression of human tumor xenograft.206 Another
model, the humanized PBMC mouse models, is
usually performed owing to its very short-term
and robust reaction. This mouse model can be
used in immunocompromised mice, to reconsti-
tute the human immune system using peripheral
blood mononuclear cells. Subcutaneous or ortho-
topic implantation of patient-derived xenograft or
cell line derived xenograft can then be used to
assess antitumor response. One of the problems
with this model is that it involves a quick engraft-
ment, which limits the time for observation of
T-cell immune modulation, as well as overall anti-
tumor activity.210
FUTURE DIRECTIONS: COMBINATION
THERAPY OF VACCINES AND CHECKPOINT
INHIBITORS, WITH MOLECULARLY DRIVEN
APPROACHES

The introduction of immunotherapy to cancer
treatment has brought a revolutionary change in
the treatment for patients with cancer. As results
of studies involving single agent immunotherapies
for prostate cancer are coming out, there is a clear
need for combinatorial approaches to evoke im-
mune responses in patients with prostate cancer.
Currently, there are numerous clinical trials of
combined immunotherapy that are ongoing for
prostate cancer. As we start to see the results
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from these studies as well as new therapeutics, we
will learn novel methods to improve the benefits
from immunotherapies for prostate cancer.

Future research directions of prostate cancer
immunotherapy are mainly focus on identifying
molecular mechanism of immune resistance and
developing combination therapies. To develop
beneficial combination immunotherapies that
show promising clinical outcomes, it is important
to investigate their efficacy using complex mouse
models. The humanized tumor models can prove
to be useful because they are used in the study
of immune responses that use patient derived xe-
nografts, which contain human tumor tissue.
Mimicking the complexity of the human tumor tis-
sue, genetic heterogeneity, and microenvironment
through these mouse models, is a vital step in
improved treatment outcomes. Personalized ther-
apies combining genomically targeted therapies
(gene and cell therapies), with approaches to alle-
viate immune response is the future direction for
metastatic diseases.
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