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Abstract

Prostate cancer is a leading cause of death in men worldwide. For over 
30 years, growing interest has focused on the development of vaccines 
as treatments for prostate cancer, with the goal of using vaccines to 
activate immune cells capable of targeting prostate cancer to either 
eradicate recurrent disease or at least delay disease progression. This 
interest has been prompted by the prevalence and long natural history 
of the disease and by the fact that the prostate is an expendable organ. 
Thus, an immune response elicited by vaccination might not need to 
target the tumour uniquely but could theoretically target any prostate 
tissue. To date, different vaccine approaches and targets for prostate 
cancer have been evaluated in clinical trials. Overall, five approaches 
have been assessed in randomized phase III trials and sipuleucel-T 
was approved as a treatment for metastatic castration-resistant 
prostate cancer, being the only vaccine approved to date by the FDA 
as a treatment for cancer. Most vaccine approaches showed safety and 
some evidence of immunological activity but had poor clinical activity 
when used as monotherapies. However, increased activity has been 
observed when these vaccines were used in combination with other 
immune-modulating therapies. This evidence suggests that, in the 
future, prostate cancer vaccines might be used to activate and expand 
tumour-specific T cells as part of combination approaches with agents 
that target tumour-associated immune mechanisms of resistance.
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The prostate is a non-essential organ and, particularly in patients 
with prostate cancer who have undergone prostatectomy, any remain-
ing prostate tissue is unwanted. This feature prompted investigation of 
antitumour vaccines as potential treatments for prostate cancer, with 
the rationale of using vaccines to create a 'tissue-rejection' response to 
eliminate any remaining microscopic residual cancer cells. The targets 
of these vaccines would not necessarily need to be cancer specific, in 
contrast to vaccines targeting cancers in vital organs, for which pro-
gress in the identification of cancer-specific target antigens has stalled. 
Additionally, prostate cancer typically has a long natural history, with 
the majority of patients living over 15 years from the time of diagnosis23. 
This evidence encouraged the development of therapies such as vac-
cines, which might take time to begin working or might simply alter 
the trajectory of the disease. Results from a study in which the growth 
rates of prostate tumours were modelled suggested that vaccine treat-
ments might slow prostate cancer growth and produce better long-
term outcomes and survival than therapies such as chemotherapies, 
which might only temporarily halt cancer growth during the period of 
treatment24. Moreover, differently from most cancer types for which a 
serum biomarker is not available, the availability of prostate-specific 
antigen (PSA) as a serum biomarker of prostate cancer has enabled the 
detection of micro-metastatic disease and PSA has been used to identify 
patients at risk for disease progression and reduced survival25. Lastly, 
in the 1970s, several reports showed that some patients experienced 
regression of prostate cancer metastases following treatment with 
cryotherapy, and that this treatment led to the development of prostate 
cancer-specific antibodies26,27; these findings are anecdotal but support 
the concept that vaccines used to generate prostate-specific immunity 
might have a therapeutic benefit.

In this Review, we describe the history of vaccines as treatments  
for prostate cancer and discuss vaccines that have been assessed in 
phase III clinical trials (Table 1) as well as other vaccines and combina-
tion approaches that have been tested or are currently being evaluated 
in clinical trials (Supplementary Table 1).

Non-antigen-specific vaccines
Vaccines can be broadly classified as non-antigen specific, typically 
whole-cell vaccines, for which the specific antigenic target is not 
known, or antigen specific (Fig. 1). Whole-cell vaccine approaches 
initially leveraged knowledge of early microbial vaccines, in which 
the entire pathogen was inactivated and then readministered into the 
host in an attempt to generate protective immunity to one or more 
antigens presented by the pathogen15. This approach was favoured 
in the absence of known tumour-specific target antigens, which are 
possibly different among individuals. In early studies, irradiated pros-
tate cancer cells, chemically coupled to rabbit γ-globulin as a foreign 
protein, were used as vaccines28,29. The use of this approach showed 
modest induction of tumour-associated antibodies, and further efforts 
focused on increasing the immunogenicity of these cellular vaccines. 
In a phase I/IIb trial, an autologous prostate cancer vaccine consist-
ing of prostate cancer tissue obtained at the time of prostatectomy 
and treated ex vivo to upregulate major histocompatibility complex 
class I (MHC-I) and MHC-II expression was used to immunize patients 
at risk for prostate cancer recurrence30. In this study, after 5 years,  
a reduction in disease recurrence was observed in patients receiving 
the vaccine (PSA undetectable in 17 of 20 patients, 85%), compared with  
a non-randomized control group consisting of untreated patients (PSA 
undetectable in 10 of 21 patients, 48%). A new trial is being planned  
to confirm these results.

Key points

 • Over 175 clinical trials to assess antitumour vaccines as treatments 
for prostate cancer have been conducted over the past 30 years.

 • A total of five vaccine approaches have been evaluated in randomized  
phase III trials.

 • One vaccine approach, sipuleucel-T, has been approved by the FDA 
as a treatment for advanced prostate cancer.

 • Most vaccine approaches showed safety and biological activity, yet 
little clinical activity was observed when these vaccines were used as 
monotherapies.

 • Future exploration of prostate cancer vaccines will focus on the use 
of these agents to activate and expand tumour-specific T cells as part 
of combination therapies with agents targeting tumour-associated 
immune mechanisms of resistance.

Introduction
Prostate cancer is a substantial health concern worldwide and, cur-
rently, the most commonly diagnosed malignancy in men in the USA1. 
Surgery and/or radiation therapy is available for localized disease, but 
approximately one-third of patients will experience disease recurrence 
and approximately one-third of these individuals will ultimately die 
from prostate cancer2. Androgen deprivation has been the corner-
stone of treatment for metastatic disease for over 60 years; however, 
castration-resistant prostate cancer (CRPC) typically occurs within  
3 years from the beginning of androgen deprivation therapy and meta-
static CRPC (mCRPC) is the lethal stage of the disease3. Over the past  
15 years, substantial improvements have been observed in the treat-
ment of prostate cancer but most of these treatments involved non-
specific chemotherapy agents or agents that further suppress androgen 
receptor signalling4–7. Notable exceptions include two poly(ADP-ribose) 
polymerase (PARP) inhibitors that have been approved by the FDA for 
a subset of patients with specific mutations in DNA repair genes8,9, 
223Ra for patients with bone-restricted mCRPC10, 177Lu-PSMA-617 for 
patients with prostate-specific membrane antigen (PSMA)-expressing 
mCRPC11, PD1 inhibitors for a small number of patients with microsat-
ellite instability-high tumours or high tumour-mutational burden12, 
and sipuleucel-T, a prostate antigen-specific autologous cellular vac-
cine approved for all patients with early, asymptomatic mCRPC13. 
Sipuleucel-T is the only FDA-approved tumour vaccine used to treat 
existing cancers.

Antitumour vaccines are agents designed to be delivered to 
patients with cancer to elicit an immune response that can recognize 
and eliminate tumour cells14. Antitumour vaccine approaches are 
generally based on the delivery of tumour cells that have been inac-
tivated or, in some instances, modified to increase the recognition 
of these cells by the immune system; alternatively, tumour vaccine 
strategies use the delivery of tumour components to activate immune 
responses towards specific antigenic targets15–17. These approaches 
rely on the use of whole proteins, cancer-specific carbohydrates, pep-
tides derived from target proteins, or genetic vaccines (such as viral, 
bacterial, DNA or RNA vaccines) encoding tumour-associated antigen  
targets18–22.
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Another approach to increase the immunogenicity of tumour 
cells is transfection with genes encoding different cytokines. This 
approach was tested in the Dunning rat prostate cancer model, in 
which orthotopic injection of the syngeneic MatLyLu prostate can-
cer cell line formed anaplastic androgen-independent tumours that 
spontaneously metastasized31. Immunization of rats with irradiated 
MatLyLu cells generated no protection towards subsequent injection 
of live tumour cells unless these irradiated cells were transfected to 
express IL-2 or granulocyte–macrophage colony-stimulating factor 

(GM-CSF), suggesting that cellular vaccines engineered to secrete 
these cytokines might have antitumour efficacy32. Results from simi-
lar studies in a murine melanoma model indicated that the greatest 
stimulation of long-lasting antitumour immunity was observed with 
cellular vaccines transfected to express GM-CSF33. This approach, 
broadly known as GVAX, was then translated to human clinical trials. 
In the first clinical trial in which autologous prostate tumour cells were 
transfected to express GM-CSF16, the authors reported that the expan-
sion of autologous cells treated ex vivo with a retrovirus to express 

Table 1 | Phase III trials to assess antitumour vaccines in patients with prostate cancer

Antigen 
specificity

Vaccine type Vaccine Antigen Combination 
agents

Patients 
enrolled

Study title Results and/or 
comments

Refs.

Non-antigen 
specific

Cellular 
vaccines

GVAX NA NA 626 GVAX vaccine for prostate 
cancer versus docetaxel and 
prednisone in patients with 
metastatic hormone-refractory 
prostate cancer

Terminated (based on 
futility analysis showing 
that the chance of 
meeting the primary end 
point was <30%)

38

GVAX NA Docetaxel 408 Docetaxel in combination with 
GVAX immunotherapy versus 
docetaxel and prednisone in 
patients with prostate cancer

Terminated (accrual and 
treatment with GVAX 
stopped owing to IDMC 
recommendation)

39

Dendritic cell 
vaccines

DCVAC/PCa NA Docetaxel 
and 
prednisone

1,182 A randomized, double-blind, 
multicentre, parallel group, 
phase III study to evaluate 
efficacy and safety of DCVAC/
PCa versus placebo in men 
with mCRPC eligible for first-
line chemotherapy (VIABLE)

No improvement in 
overall survival of 
patients with mCRPC

45

Antigen 
specific

Peptide 
vaccines

Personalized 
peptide 
vaccines

HLA-A24-
restricted 
peptide 
epitopes 
from several 
proteins

NA 306 A randomized phase III trial 
of personalized peptide 
vaccination for CRPC 
progressing after docetaxel

No improvement in 
overall survival

66

Antigen-loaded 
dendritic cell 
or antigen-
presenting cell 
vaccines

Sipuleucel-T PAP NA 176 PROvenge treatment and early 
cancer treatment

In randomized trials 
conducted in patients with 
recurrent prostate cancer 
after prostatectomy, 
no difference in time to 
biochemical failure was 
observed

13,84

Sipuleucel-T PAP NA 127 Vaccine therapy in treating 
patients with metastatic 
prostate cancer that has not 
responded to hormone therapy

In a randomized trial, no 
evidence of increased 
time to progression was 
observed but prolonged 
overall survival was 
shown in patients 
receiving sipuleucel-T

77

Sipuleucel-T PAP NA 512 A randomized, double-blind, 
placebo-controlled phase III 
trial of immunotherapy with 
autologous antigen-presenting 
cells loaded with PA2024 
(Provenge(R), APC8015) in men 
with metastatic androgen-
independent prostatic 
adenocarcinoma

Prolonged overall 
survival in patients 
treated with the vaccine 
compared with patients 
receiving placebo led to 
FDA approval in 2010

13

Viral, bacterial 
and fungal 
vaccines

PROSTVAC-VF/
TRICOM

PSA GM-CSF 1,297 Phase III trial of PROSTVAC in 
asymptomatic or minimally 
symptomatic patients with 
mCRPC

PROSTVAC was safe and 
well tolerated, but no 
improvement in overall 
survival was reported

115

CRPC, castration-resistant prostate cancer; GM-CSF, granulocyte–macrophage colony-stimulating factor; IDMC, Independent Data Monitoring Committee; mCRPC, metastatic castration-
resistant prostate cancer; NA, not available; PAP, prostatic acid phosphatase; PSA, prostate-specific antigen; TRICOM, B7-1, ICAM1 and leukocyte function-associated antigen 3.
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GM-CSF could be accomplished in 8 of 11 (73%) of tumour samples. 
However, this approach of transfecting autologous tumour cells as a 
vaccine was not further pursued owing to the volume of tumour needed 
at surgery (>90%) to establish vaccine cell lines. Consequently, in sub-
sequent studies, allogeneic prostate cancer cell lines transfected to 
express GM-CSF were used. This approach was assessed in five phase I/II  
trials including patients with prostate cancer at different stages and 
using different allogeneic cell lines34–37. In a trial including patients 
with recurrent, castration-sensitive prostate cancer, the investigators 
observed a significant decrease in the rate of serum PSA rise (PSA slope) 
in 16 of 21 patients (76%; P < 0.001) treated with GVAX37. In a separate 

dose-escalation phase I/II trial including 80 patients with mCRPC, 19% 
of patients showed PSA level stabilization after receiving GVAX vaccina-
tion36. Similar findings were observed in the other trials. On the basis of 
these results suggesting that GVAX vaccines might slow the progres-
sion of prostate cancer, two randomized phase III trials were initiated 
to evaluate the efficacy of GVAX versus docetaxel chemotherapy in 
patients with mCRPC (VITAL-1), and of docetaxel chemotherapy with 
or without GVAX in patients with mCRPC (VITAL-2)38. Results from an 
interim analysis of the VITAL-1 trial showed no improvement in overall 
survival (OS) in patients treated with GVAX compared with patients 
receiving docetaxel39. Results from an interim analysis of the VITAL-2 

Non-antigen-
specific vaccines

Whole-cell vaccines

Injection site

Bystander cells in
muscle or skin
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CD8+ T cell
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Fig. 1 | Antitumour vaccine approaches in prostate cancer. The types of 
vaccine platforms that have been explored for the treatment of prostate cancer 
using antigen-specific or non-antigen-specific approaches are shown. Vaccines 
have been delivered intradermally and intramuscularly alone or in combination 
with dendritic cells. In principle, antigens are present in whole-cell vaccines,  

are delivered as proteins or peptides, or are encoded by genetic vectors that 
activate CD4+ and CD8+ T cells within local lymph nodes and spleen, which can 
then traffic to tumour sites and mediate killing of antigen-expressing tumour 
cells. APC, antigen-presenting cell; CTLA4, cytotoxic T lymphocyte antigen 4; 
MHC, major histocompatibility complex; TCR, T cell receptor.
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trial showed a greater death rate in patients treated with the combina-
tion therapy than in patients receiving docetaxel alone39. Thus, both 
trials were halted and the clinical development of GVAX for prostate 
cancer was suspended. Retrospectively, the design of these trials has 
been criticized, as little prior data were available to suggest the optimal 
dose and sequence of docetaxel to be used in combination with GVAX, 
which might have negatively affected the outcome of the VITAL-2 trial39. 
Additionally, in VITAL-1, a control group was absent; thus, GVAX might 
have provided some clinical benefit at least as good as — or even better 
than — docetaxel chemotherapy39.

GVAX was also assessed in combination with other agents. In a 
murine transgenic model of prostate cancer in which mice express the 
SV40 large T antigen under a prostate-specific promoter and develop 
spontaneous prostate tumours by 20 weeks of age, GVAX vaccination 
or cytotoxic T lymphocyte antigen 4 (CTLA4) blockade alone did not 
reduce tumour incidence, yet the combination of the two agents led to  
a reduction in prostate tumour incidence and inflammation within the 
prostate40. This approach was evaluated in a phase I dose-escalation 
trial, in which adverse events were more frequent with the combination 
therapy than those reported in clinical trials in which the single agents 
were used; however, 25% of patients had PSA declines of >50%, a higher 
frequency than previously reported for GVAX alone or CTLA4 blockade 
alone41. GVAX was also assessed in combination with androgen depri-
vation and cyclophosphamide in a trial including patients with newly 
diagnosed prostate cancer treated before prostatectomy42. In this 
trial, 29 patients were randomized to receive androgen deprivation 
using degarelix alone versus degarelix preceded by treatment with 
cyclophosphamide and GVAX (both given 2 weeks before degarelix). 
CD8+ T cell and CD4+ regulatory T cell tumour infiltration was observed 
in both treatment arms. Overall, 69% of patients treated with GVAX 
(plus cyclophosphamide and degarelix) were free of PSA recurrence 
at 2 years compared with 40% of patients treated with degarelix alone 
(not statistically significant, P value not reported). Unfortunately, 
GVAX either in combination with CTLA4 blockade or with degarelix 
has not moved forward to subsequent trials owing to the decision of 
Cell Genesys to suspend further clinical development of prostate GVAX 
following the results of the phase III trials.

Another type of whole-cell vaccine involves autologous den-
dritic cells (DCs) cultured ex vivo with either RNA from autologous 
tumour cells or with allogeneic prostate tumour cell lines. Specifically, 
DCVAC/PCa consists of autologous DCs cultured ex vivo with poly(I:C) 
and LNCaP prostate cancer cells, subsequently delivered subcutane-
ously as a vaccine43. This approach was tested in several early-phase  
clinical trials, alone or with radiotherapy or chemotherapy44. In a phase III  
trial (VIABLE trial), 1,182 men with mCRPC were randomized to receive 
DCVAC/PCa or placebo in combination with docetaxel chemotherapy45. 
No significant difference was observed between patients in the two 
groups with regard to the primary trial end point of OS (P = 0.6), or radio-
graphic progression-free survival (PFS) (P = 0.89), time to PSA progres-
sion (P = 0.39) or time to skeletal-related events (P = 0.73) — all secondary 
end points of the trial. Considering these findings, DCVAC/PCa plus 
docetaxel has not been further studied. This outcome might have been 
anticipated based on the results from the VITAL-2 trial, in which GVAX 
had been similarly evaluated in combination with docetaxel. Moreover, 
the phase III trial in which DCVAC/PCa was used in combination with doc-
etaxel was designed based on the results of a non-randomized, phase I/II 
trial including only 25 patients with progressive mCRPC44. This trial was 
almost certainly insufficient to identify the optimal treatment sequence  
and/or to justify conducting a large phase III trial in which DCVAC/PCa 

was combined with docetaxel. Based on the negative results from the 
phase III trial, DCVAC/PCa is not being pursued further.

Antigen-specific vaccines
A major disadvantage of non-antigen-specific vaccines was the absence 
of a defined target as a measure of immune response. Indeed, only 
clinical responses could be evaluated, and no known antigens were 
available to measure whether vaccination led to a biological effect. 
Additionally, this approach led to the co-administration of thousands 
of antigens that might be theoretically harmful, irrelevant or dimin-
ish the response to actually favourable antigens. In the development 
of infectious disease vaccines, such as for hepatitis B, using vaccines 
focused on a particular antigen was preferable compared with using 
an entire virus, particularly if the virus could not be cultured46. This 
antigen-specific vaccine led to a highly potent protective immunity 
and enabled measurement of whether an individual had been effec-
tively immunized. These principles have favoured the development 
of antigen-specific vaccines, in most cases with the ultimate goal of 
developing multi-valent vaccines targeting multiple defined antigens.

Cancer-associated membrane carbohydrates
Membrane-bound carbohydrate moieties, including ganglioside (GM2), 
mucin 1 (MUC1), globo H and Thompson–Friedenreich antigen, have 
been found to be expressed preferentially on the surface of a variety of 
different tumour cells, suggesting that these factors might be candi-
date targets for immunotherapeutic approaches for prostate cancer, 
similarly to what was observed for other cancer types47. In a study in 
which human prostate tissues from patients with primary or metastatic 
disease were screened by immunohistochemistry for the presence of 
cancer-specific membrane-bound carbohydrate moieties and com-
pared with tissues from healthy individuals, several membrane-bound 
carbohydrate antigens were found to be overexpressed in malignant 
prostate tissue compared with normal tissues48. The same investigators 
initiated two phase I vaccine trials including patients with biochemi-
cally recurrent, non-metastatic prostate cancer targeting the globo 
H hexasaccharide49 as well as the Thompson–Friedenreich antigen, 
each conjugated to the immunogenic foreign protein keyhole limpet 
haemocyanin (KLH) and delivered with a saponin-containing adju-
vant known as QS-21 (ref. 50). In the trial in which globo H was targeted, 
two of five patients were observed to have a decrease in the PSA slope 
from pretreatment to post-treatment49. Similar changes in PSA slopes 
were observed in the trial targeting the Thompson–Friedenreich anti-
gen, suggesting that vaccination targeting these antigens might slow 
prostate cancer progression50. Consequently, a phase II trial including  
30 patients with castration-sensitive non-metastatic prostate cancer 
with rising PSA within 2 years of definitive local therapy was conducted, 
in which patients received subcutaneous injection with six carbo-
hydrate antigens in QS-21 adjuvant for up to 1 year51; however, no changes  
in PSA slopes were observed (P = 0.89) and this approach was not fur-
ther developed. The authors of this study questioned whether the 
discordant results compared with the previous phase I trials50,52 might 
have been ascribed to the small sample size of this phase II trial or to 
the inclusion of multiple antigens, which potentially distorted the 
immune response, leading to a reduction of the therapeutic response51.

Protein vaccines
Results from studies in which recombinant protein vaccines were used 
to treat infectious diseases (for example, vaccines targeting the hepati-
tis B surface antigen) showed that immunogenicity could be augmented 
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using a cytokine adjuvant such as GM-CSF53. Based on this approach, in 
a small phase I trial including patients with prostate cancer at any stage 
after initial local therapy, PSA protein, formulated in liposomes, was 
given as a vaccine with or without GM-CSF as an adjuvant. In this study, 
8 of 10 patients developed low frequencies of T cells specific for PSA but  
no clinical results were reported. Using GM-CSF as an adjuvant showed no  
benefit in terms of increasing the magnitude of immune response 
to the PSA target18; this approach has not been pursued further. In a 
similar approach, named Proscavax, PSA protein was used with IL-2 
and GM-CSF as adjuvants. A phase II trial to assess the efficacy of this 
approach in patients with localized prostate cancer randomized to 
receive vaccination versus surveillance is ongoing; results from this 
trial have not yet been reported54.

Protein vaccines continue to be explored as anti-prostate cancer 
vaccines, but whether this approach provides advantages over simpler 
vaccine methods, such as peptide or genetic vaccines, is unknown.

Peptide vaccines
Several groups have identified MHC-I-restricted peptide epitopes 
derived from multiple prostate-specific proteins, including PSA55,56, 
prostatic acid phosphatase (PAP)57–59 and PSMA60. Phase I clinical trials 
have been conducted with these and other peptides, in which peptides 
were delivered directly, with or without various adjuvants, in patients 
with metastatic prostate cancer19,61,62. In general, results from these trials 
have shown no toxicity and some evidence of immune response being 
elicited towards the immunizing peptide but no substantial clinical 
benefit in terms of PSA decline, objective radiographic response or 
delays in disease progression. Thus, most of these trials were not further 
explored beyond phase I trials. Another group developed personalized 
peptide vaccines, in which 14 HLA-matched peptides derived from 
multiple prostate cancer-associated antigens — each chosen based 
on the patient’s pre-existing immunity to specific peptides before 
vaccination — were used as vaccines in patients with mCRPC63. This 
treatment was shown to be safe in early-phase clinical trials64,65. How-
ever, results from a phase III trial in which 310 patients with mCRPC who 
had previously received taxane chemotherapy were randomized to 
receive vaccination or placebo showed no difference in OS (P = 0.77)66. 
In this trial, patients receiving vaccination had been selected for the 
expression of peptide-specific IgG to a panel of 12 peptides and received 
up to 4 peptides for which pre-existing immunity had been shown. 
The reason for this failure is not clear but can be potentially related  
to the diversity of peptides used, not all of which would be predicted to  
expand cytotoxic T cells in all treated individuals. Indeed, the pres-
ence of pre-existing immunity, and IgG immunity specifically, does not 
necessarily mean that this immunity is therapeutic and, consequently, 
the choice of peptides used for immunization might not have led to the 
expansion of T cells with antitumour efficacy. However, considering 
these results, strategies using peptides altered to change the binding 
affinity to MHC or TCR as well as combinations of peptide vaccines with 
other immunomodulatory therapies are being explored in preclinical 
research as tools to increase the immunological and therapeutic benefit 
of peptide vaccines.

Antigen-loaded DC vaccines
The ability of DCs to take up exogenous antigens and prime T cells 
has led to a multitude of trials in which a target antigen was directly 
delivered using DCs loaded with proteins, peptides or nucleic acids67. In 
1996, autologous DCs from patients with prostate cancer were cultured 
ex vivo for the first time with either autologous tumour cell lysates or 

HLA-A2-restricted peptide epitopes from PSMA to generate cytotoxic  
T lymphocytes in vitro60. Subsequently, the same group conducted 
trials using patient autologous DCs cultured with putative HLA-A2- 
restricted MHC-I epitopes from the PSMA protein68,69. In a phase II 
trial including 37 patients with prostate cancer at different stages who 
experienced recurrence after local therapy, the investigators reported 
complete response in 1 patient and partial response in 10 patients, 3 of 
whom had at least a 50% reduction in serum PSA68. However, in this 
study, Prostascint scans, which detect prostate cancer on the basis of 
PSMA expression, were used to identify radiographic responses. The 
high variability of this method, which is no longer used in clinical prac-
tice and also detects the target of the vaccine, probably confounded 
the interpretation of clinical response. A randomized phase III trial to 
assess this approach in patients with mCRPC was planned but never 
completed, primarily owing to funding constraints. The company 
developing this vaccine opted to pursue a similar approach using 
autologous DCs as a vaccine but loaded ex vivo with autologous tumour 
lysates rather than peptides based on results from a non-randomized 
clinical trial in which prolonged OS (18.3 months) had been observed 
in patients with glioblastoma70. In another approach, DCs isolated 
from patients with prostate cancer and transfected with mRNA encod-
ing PSA were shown to stimulate a potent antigen-specific cytotoxic  
T cell response71. Similarly, in a small study including 13 patients with 
metastatic prostate cancer, autologous DCs were loaded with mRNA 
encoding PSA72, with the results showing a decreased PSA slope and 
increased PSA-specific T cell responses in all patients; unfortunately, 
this approach has not advanced further, for unclear reasons. In another 
trial, patients with mCRPC were treated with autologous DCs that had 
been cultured ex vivo with the mouse homologue of PAP, in principle 
using the xenoantigen form of the protein to circumvent immune tol-
erance to the native antigen73. T cell immune responses to the native 
protein were elicited by this approach, and 6 of 21 patients had stable 
disease following treatment. However, this approach was not pursued 
further owing to the results from concurrent trials in which a similar 
approach, sipuleucel-T, was evaluated. In the production of sipuleucel-T,  
autologous peripheral blood cells obtained through leukapheresis 
were enriched for monocyte populations and cultured ex vivo with a 
protein conjugate of human PAP and GM-CSF74. The concept was that 
GM-CSF would permit the uptake of the fusion construct and lead to 
the differentiation of monocyte populations to increase the efficacy 
of these antigen-presenting cells to present the PAP antigen when  
re-infused back into patients74. Sipuleucel-T was evaluated as a single 
agent in separate phase I/II clinical trials. In a trial in which patients 
with CRPC received three sipuleucel-T doses at 4-week intervals75, all 
patients developed T cell responses to the PAP–GM-CSF fusion protein 
(PA2024) and 38% of patients developed reactivity to the native PAP 
protein. Overall, 6 of 31 (19%) patients developed a PSA decline of at 
least 25%. In a separate trial in which patients with mCRPC received two 
sipuleucel-T doses followed by subcutaneous booster immunizations 
with the PA2024 protein, PSA decreases were observed in 3 of 21 (14%) 
individuals, with the decrease persisting for several years in 1 individual, 
suggesting that this treatment might lead to prolonged stable disease76.

These trials served as the basis for randomized phase III trials  
to evaluate sipuleucel-T in patients with early mCRPC. In the first 
phase III trial (D9901), 127 men with asymptomatic mCRPC, with tumours 
expressing PAP, were enrolled77. Patients were randomized 2:1 to receive 
three biweekly infusions of sipuleucel-T or a placebo (consisting of 
autologous cells obtained through leukapheresis that were re-infused 
without being cultured with PA2024). In this study, the primary end  
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point was time to progression (TTP). Serum PSA decreases of >25% were 
detected in 6.8% of patients receiving sipuleucel-T; however, differ-
ences in the primary end point of TTP did not reach statistical signifi-
cance (P = 0.052) as patients receiving sipuleucel-T had a median TTP 
of 11.7 weeks (95% CI 9.1–16.6) compared with 10.0 weeks for patients 
receiving placebo (95% CI 8.7–13.1)77. While the D9901 trial was ongo-
ing, a second companion phase III trial (D9902A) was also under way, 
in which patients with asymptomatic mCRPC were accrued. This trial 
was designed as a second, confirmatory study for D9901, with the same 
primary end point. Considering that the results from the D9901 trial 
did not show any difference in TTP, the D9902A trial was abandoned 
before full accrual was reached.

Results from a subset analysis of the D9901 trial showed that 
patients treated with sipuleucel-T who had a Gleason score of ≤7 had a 
significant increase in TTP (16.0 weeks) compared with patients receiv-
ing placebo (9.0 weeks; P = 0.001)78,79. This evidence led to the design 
of another phase III trial (D9902B) that, similarly to the D9901 trial, 
had TTP as the primary end point; however, in this trial, only patients 
with asymptomatic mCRPC who had tumours with a Gleason score of 
≤7 (n = 127) were enrolled. When this trial was starting, results from 
a further analysis of the previous D9901 trial showed a significantly 
higher 3-year OS in patients receiving sipuleucel-T (25.9 months) than in 
patients receiving placebo (21.4 months, HR 1.43; P = 0.01)80. Moreover, 
results from data integration of D9901 and the partially completed 
D9902A trial, including a total of 147 patients treated with sipuleucel-T 
and 78 patients treated with a placebo, showed that patients receiving 
sipuleucel-T had a median OS of 23.2 months (95% CI 19.0–31.0) versus 
18.9 months (95% CI 13.5–25.3) in the placebo group (HR 1.5; P = 0.011)80. 
Considering these findings, the D9902B trial was expanded to become 
the Immunotherapy for Prostate Adenocarcinoma Treatment (IMPACT) 
trial13. The primary end point was changed from TTP to OS, and the 
accrual goal was expanded to 512 participants, with no exclusions based 
on Gleason score. Results from the IMPACT trial confirmed that treat-
ment with sipuleucel-T provided a substantial increase in OS (25.8 and 
21.7 months in patients receiving treatment and placebo, respectively), 
which was consistent with results from the previous trials and reflected 
a significant difference in the risk of death between the two groups  
(HR 0.78, 95% CI 0.61–0.96; P = 0.03)13. No significant difference in TTP 
was observed between patients in the two arms (14.6 weeks in the sip-
uleucel-T group versus 14.4 weeks in the placebo group; P = 0.63). Based 
on this trial and on the totality of the trials preparatory to the IMPACT 
study, sipuleucel-T was approved by the FDA in 2010 as a treatment 
for patients with asymptomatic or minimally symptomatic mCRPC81. 
Sipuleucel-T was the first vaccine approved in the USA as a treatment 
for existing human cancer, rather than a vaccine that might prevent 
the development of cancer. Notably, in all the trials with sipuleucel-T, 
very few adverse events were observed. In the IMPACT trial, grade 3 or 
higher events were observed in 31.7% of patients receiving sipuleucel-T 
and in 35% of patients receiving placebo. Low-grade adverse events that 
occurred most frequently in patients receiving sipuleucel-T included 
chills, fever, headache, myalgias and flu-like symptoms13.

Since the approval of sipuleucel-T, this agent has been evaluated in 
other stages of disease and in combination with other standard agents 
used for the treatment of prostate cancer. In a phase II trial, sipuleucel-T 
was given to 37 patients in the neoadjuvant setting, 6–7 weeks before 
prostatectomy, and treatment led to an increase in tumour-infiltrating 
T cells; however, no reports of whether the treatment improved patho-
logical responses or resulted in delays in disease recurrence are avail-
able82,83. In a randomized trial including 117 patients with evidence of 

biochemical recurrence following prostatectomy, patients underwent 
androgen deprivation for 3–4 months and were subsequently rand-
omized to receive sipuleucel-T or placebo. No difference in time to 
PSA recurrence (P = 0.74) was observed between patients in the two 
groups; however, patients treated with sipuleucel-T had a 48% longer 
PSA doubling time after testosterone recovery than patients treated 
with placebo (P = 0.04), suggesting that sipuleucel-T might be com-
bined with androgen deprivation to slow disease progression84. In 
another trial, sipuleucel-T was given either before or after standard 
androgen deprivation therapy to patients with early PSA-recurrent 
prostate cancer without evidence of metastases. In this trial, the time 
to PSA recurrence after stopping therapy was similar between the two 
groups, but the sequence of treatments seemed to affect the generation 
of immune responses, as patients who received sipuleucel-T before 
androgen deprivation had greater T cell responses to the immunizing 
antigen than patients receiving the treatment after androgen depriva-
tion85. Another trial included 69 patients with mCRPC who received 
sipuleucel-T in combination or in sequence with abiraterone. In this 
study, the feasibility of using this combination was confirmed but 
clinical end points, such as PFS or OS, were not reported. PSA decreases 
of ≥50% were observed in 65.7% of patients receiving the combination 
therapy and in 58.8% of patients receiving the agents sequentially 
(P = 0.624)86. The authors concluded that sipuleucel-T could be safely 
given with abiraterone, that sipuleucel-T production was not affected 
by the concurrent use of prednisone with abiraterone and that the 
sequence of therapy might not matter. Similarly, results from a trial 
including 51 patients with mCRPC who received sipuleucel-T with or 
without a priming dose of radiation to a single metastatic lesion87 
showed that radiotherapy did not have a negative effect on the gen-
eration of immune responses; however, the combination therapy did 
not induce prolonged PFS (3.65 months) compared with sipuleucel-T 
alone (2.46 months; P = 0.06). The combination of sipuleucel-T with 
radiotherapy was assessed in another randomized phase II trial in 
which 32 patients with bone-metastatic CRPC received sipuleucel-T 
with or without 223Ra (ref. 88). Patients treated with the combination 
therapy had greater clinical responses in terms of PSA decline than 
patients in the sipuleucel-T-alone arm, with a PSA reduction of at least 
50% observed in 5 of 15 patients in the combination arm and in 0 of  
14 patients receiving sipuleucel-T alone (P = 0.04). Patients treated 
with the combination therapy also had prolonged TTP compared with 
patients receiving only sipuleucel-T (median 39 weeks versus 12 weeks; 
P < 0.01), although reduced rates of immune response were detected 
in the combination arm88. Taken together, these results suggest that 
the combination of sipuleucel-T with radiotherapy is feasible but does 
not seem to affect antitumour response.

In some studies, sipuleucel-T was combined with other immune-
active agents. Trials in which patients with mCRPC received sipuleucel-T  
in combination with IL-7 (ref. 89), atezolizumab90, ipilimumab91, 
indoximod92 or a DNA vaccine encoding the same PAP target93 have 
been conducted. In none of these trials was substantial differences 
observed in clinical outcomes, such as TTP or OS, in patients receiving 
the combination therapy compared with sipuleucel-T alone. A possi-
ble explanation for this evidence is that the 6-week treatment course 
used for sipuleucel-T delivery might not be optimal for the use of this 
agent in combination with other agents that might affect the genera-
tion or activity of the antitumour immune response. Although not yet 
published in a peer-reviewed journal, results from a study presented 
at the AUA meeting in 2022 have begun to detail the immune subsets of  
T cells present in the sipuleucel-T product, including the expression  
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of immune-checkpoint molecules94. Further similar preclinical studies 
are needed to understand the mechanisms of action and resistance 
to this therapy to identify better potential treatment combinations 
than those investigated to date and to evaluate whether the timing 
and sequence of these different combinations will result in improved 
efficacy.

Viral and bacterial vaccines
A major function of the immune system is to recognize and respond 
to microbial infections. This feature has led to the engineering of viral 
and bacterial vectors to encode tumour-associated antigens as a tool 
to elicit antitumour immunity95,96. Perhaps the best-studied approach 
has been the one using vaccinia and other poxvirus vectors. Vaccinia 
virus is a DNA orthopoxvirus that replicates in the cytoplasm97. Delivery 
of poxvirus vectors results in infected cells expressing peptides from 
virally derived proteins in MHC-I molecules, stimulating a vigorous 
cell-mediated response against the antigenic proteins98. Additionally, 
vaccinia virus has a large genome and, therefore, is an ideal vector for 
deliveries in which transduction of multiple genes or genes encoding 
large proteins are involved99. Results from early studies showed that 
immunization with recombinant vaccinia virus expressing a target 
antigen, including viruses expressing PSA, could elicit antigen-specific 
cytotoxic T cell responses in murine and primate models98,100–103. In 
the first trial in which the vaccinia virus encoding PSA was used104, the 
approach showed safety and the ability to elicit antibody responses 
to PSA. The effect of multiple immunizations with vaccina-PSA was 
evaluated in subsequent trials. In a study in which 33 patients with PSA-
recurrent prostate cancer received 3 doses of vaccinia-PSA at 4-week 
intervals, the treatment was shown to be safe and to elicit PSA-specific T 
cells105. Another dose-escalation trial involved 42 patients with mCRPC. 
In this study, no objective tumour responses were observed and vac-
cination with vaccinia-PSA did not elicit detectable antibody responses 
to PSA. However, using enzyme-linked immunosorbent spot (ELISPOT) 
assay to evaluate cells secreting IFNγ in response to antigen challenge, 
a more than twofold increase in PSA-specific T cells was observed in 3 
of 5 patients20. Taken together, results from these trials showed that the 
use of vaccinia-PSA vaccines was safe and could elicit a T cell immune 
response to the PSA ‘self’ antigen but did not elicit objective tumour 
responses.

Results from studies in murine models showed that repetitive 
immunization with vaccinia could lead to a diminished T cell response 
to the encoded target antigen owing to an overwhelming response to 
the vaccinia vector itself103,106. This evidence led to studies in which 
heterologous prime–boost approaches using other poxvirus vectors, 
specifically fowlpox virus, were used. Differently from vaccinia, few 
patients have pre-vaccination exposure and pre-existing immunity to 
fowlpox virus107. Additionally, fowlpox does not replicate and reinfect 
other primate cells — as vaccinia does103 — which probably reduces the 
risk of sensitization to the fowlpox vector. In a multi-site phase II study, 
tolerability and efficacy of different prime–boost sequences using vac-
cinia and fowlpox viruses encoding PSA were assessed in patients with 
early PSA-recurrent prostate cancer108. Specifically, patients received 
either four vaccinations with recombinant fowlpox-PSA (rF-PSA), three 
rF-PSA vaccinations followed by one vaccinia-PSA (rV-PSA) vaccination, 
or one rV-PSA followed by three rF-PSA vaccinations. The trial was not 
powered to detect differences in progression rates among the study 
arms. However, at a 19-month follow-up time, 45% of patients in all 
treatment groups were free of PSA progression and 78% of all patients 
were free of objective disease progression. The median time to PSA 

progression was greatest in patients receiving rV-PSA followed by  
rF-PSA, suggesting that this treatment sequence would be the preferred 
sequence for subsequent trials108.

In addition to studying the use of adjuvants such as GM-CSF, the  
incorporation of other immune-modulating agents directly into  
the vectors was also explored. Specifically, results from preclinical studies 
in mice showed that poxvirus vectors encoding three T cell costimulatory 
molecules — B7-1, ICAM1 and leukocyte function-associated antigen 3 
(LFA3) (TRICOM) — along with a target antigen were superior to viral 
vectors encoding the antigen alone in eliciting antigen-specific T cell 
responses109. The safety and feasibility of this approach using vaccinia 
(PROSTVAC-V) and fowlpox (PROSTVAC-F) vectors encoding PSA and TRI-
COM were first shown in a phase I trial including 10 patients with CRPC110. 
Evidence from several other small trials showed that this vaccine could 
be safely given to patients with newly diagnosed prostate cancer111 and 
in combination with standard therapies such as androgen deprivation112 
or docetaxel chemotherapy113. Subsequently, a multicentre phase II trial 
including 127 patients with mCRPC randomized to receive treatment with 
PROSTVAC-VF (a priming immunization with PROSTVAC-V followed by 
six booster immunizations with PROSTVAC-F) or placebo (using empty 
viral vectors) was conducted. In this trial, no increase in PFS, which was 
the primary end point, was observed (P = 0.6); however, an increase in OS 
was reported in patients receiving PROSTVAC-VF (25.1 months) compared 
with patients receiving placebo (16.6 months; P = 0.0061), similarly to 
what had been observed with sipuleucel-T114. Based on these results, a 
phase III trial was conducted to evaluate PROSTVAC-VF in patients with 
asymptomatic or minimally symptomatic mCRPC — the same population 
that was approved for the treatment with sipuleucel-T — with OS as the pri-
mary end point. The treatment was well tolerated but no increase in OS was 
observed in patients receiving PROSTVAC-VF treatment compared with 
patients receiving placebo115. The reason for this failure is not clear; how-
ever, between the conduct of phase II and phase III trials for PROSTVAC-VF,  
several agents had been approved for mCRPC, including abiraterone 
and enzalutamide, and ~70% of patients received subsequent therapies 
following treatment during the phase III trial116. Thus, a treatment benefit 
might have been lost owing to subsequent therapies that could have 
positively affected OS and, therefore, negated any difference between 
the study arms115. In subsequent exploratory trials, the PROSTVAC vac-
cine was given in combination with other immune-modulating agents, 
such as nivolumab117, or before prostatectomy118. In both trials, PROST-
VAC showed biological activity, with PSA declines observed in patients 
treated with nivolumab plus PROSTVAC and increased T cell infiltration 
in patients receiving PROSTVAC in the neoadjuvant setting118. However, 
the clinical development of this vaccine was discontinued following the 
results of the phase III trial115.

Listeria monocytogenes is an intracellular bacterium that has been 
investigated as a vaccine vector, in part owing to the predilection 
of this bacterium to be uptaken by DCs119. In murine models of colo-
rectal cancer and prostate cancer, a modified strain with deletions 
in two virulence factors, which limits L. monocytogenes infection of 
non-phagocytic cells and cell-to-cell spread, was shown to lead to 
potent antitumour activity120,121. This strain engineered to express four 
prostate cancer-associated antigens (PAP, NKX3.1, synovial sarcoma 
X breakpoint 2 (SSX2) and PSMA), was used in a phase I trial including 
26 patients with mCRPC122. This trial was terminated early owing to 
the absence of sufficient evidence of immune response to the target 
antigens and the absence of objective clinical responses122. In another 
trial including 50 patients with mCRPC, a different attenuated strain 
of Listeria encoding PSA (ADXS31-142) was used. Patients with mCRPC 
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received ADXS31-142 alone (n = 13) or with pembrolizumab (n = 37). No 
objective radiographic responses were observed and one (13%) patient 
in the monotherapy arm and five (17%) patients in the combination arm 
had a PSA reduction of ≥50% from baseline. However, the median OS 
was 7.5 months for patients in the vaccine-alone arm and 33.7 months 
for patients in the combination arm (P value not reported)123. Taken 
together, these results suggest that combination treatments, particu-
larly combinations with PD1-blocking agents, are preferred approaches 
for future trials to assess bacterial or viral vaccines.

Nucleic acid vaccines
Nucleic acid vaccines, in which plasmid DNA or mRNA are used to encode 
defined target antigens, are similar to viral vector vaccines in terms of 
mechanism of action but have the advantage of not expressing any 
foreign viral genes124. Thus, nucleic acid vaccines are safer than viral and  
bacterial vaccines, have a low likelihood of genome integration,  
and do not elicit an immune response towards the vectors. Plasmid 
DNA derived from bacterial DNA encodes an antigen but might also 
provide TLR9 agonist signals and activate other cytoplasmic DNA-
sensing molecules such as AIM2, RIG-I and STING125; similarly, RNA 
might activate other TLR sensors such as TLR3 and TLR7 (refs. 126,127). 
The activation of different innate-sensing pathways through these 
approaches could potentially lead to different immune responses. 
Currently, much enthusiasm exists around the development of mRNA 
vaccines as cancer vaccines considering the success of this vaccine type 
against SARS-CoV-2; however, little comparison between DNA versus 
RNA vaccines in terms of potential differences in immunogenicity 
or antitumour efficacy exists128. Conceptually, RNA vaccines have a 
potential advantage over plasmid DNA vaccines as mRNA does not 
need to pass the nuclear membrane for transcription to take place 
within transfected cells and, therefore, higher amounts of protein can 
be rapidly generated from transfected mRNA than those obtained with 
DNA. However, RNA is less stable than DNA owing to tissue RNases. 
Thus, historically, DNA vaccines have been explored the most.

Nucleic acid vaccines — plasmid DNA. The first target for DNA vac-
cines to be explored for prostate cancer treatment was PSA. In a phase I  
dose-escalation study, a plasmid encoding full-length PSA was given 
intramuscularly and intradermally to patients with advanced CRPC in 
monthly cycles for 5 months. The highest dose of vaccine (900 μg of 
DNA) elicited PSA-specific cellular and humoral antibody responses as 
measured by enzyme-linked immunosorbent assays (ELISA) for either 
PSA-specific antibodies or IFNγ release following PSA stimulation of 
lymphocytes129. To further improve the immunogenicity of this PSA 
vaccine, researchers from the same group assessed the efficacy of a 
DNA vaccine encoding the rhesus PSA gene given intradermally and 
with electroporation; electroporation was added following plasmid 
intradermal DNA delivery to increase the transfection of antigen-
presenting cells130. Patients with non-metastatic castration-sensitive 
prostate cancer were treated with androgen deprivation followed by 
the vaccine, and immune responses to PSA were detected in at least 4 
of 15 patients, and 4 of 15 patients had a ≥50% increase in PSA doubling 
time. Immune responses to PSA were also detected in patients receiv-
ing androgen deprivation alone before vaccination, complicating 
the interpretation of the findings from this trial. Consequently, this 
approach has not been pursued further.

The most studied antigen in DNA vaccine trials for prostate cancer 
has been PAP, the same target used for the sipuleucel-T vaccine. In 
a phase I dose-escalation study, a plasmid encoding PAP (pTVG-HP) 

was given to 22 patients with PSA-recurrent, non-metastatic prostate 
cancer, and was shown to be safe and to elicit CD8+ T cell immune 
responses at each dose level tested21. In a separate phase I trial, two 
different treatment schedules of pTVG-HP (six biweekly immuniza-
tions followed by quarterly immunizations versus an individualized 
schedule determined by real-time immunological monitoring) were 
assessed in 17 patients with non-metastatic CRPC131. Results from this 
study showed that multiple DNA immunizations were required to 
elicit and maintain PAP-specific immune responses. In both studies, 
increases in PSA doubling time were observed131,132. Based on these 
findings, a randomized phase II study was conducted to determine 
whether vaccination could delay the development of metastatic dis-
ease in patients with non-metastatic, castration-sensitive prostate 
cancer133. Overall, 99 patients with a pretreatment PSA doubling time of  
<12 months were randomized to receive pTVG-HP with GM-CSF adju-
vant or GM-CSF alone. No difference in overall 2-year metastasis-
free survival was observed between the two cohorts (41.8% versus 
42.3%; P = 0.97). However, the subset of patients with the most rapidly 
progressing disease (PSA doubling time of <3 months) treated with  
pTVG-HP did have increased metastasis-free survival (12.0 months 
versus 6.1 months in patients receiving GM-CSF alone; P = 0.03). Addi-
tionally, sodium fluoride uptake in micro-metastatic bone disease 
detected by 18F-NaF PET–CT was decreased in patients receiving the 
vaccine treatment, suggesting that biological activity exists but is not 
sufficient to delay disease progression133.

Together, these findings suggest that the pTVG-HP vaccine showed 
immunological activity but should not be further pursued as a single 
agent, and that DNA vaccines should be evaluated in combination with 
other vaccines or other immune-activating agents. As a result of these 
findings, in a subsequent trial, the pTVG-HP vaccine was given following 
sipuleucel-T as a prime–boost approach targeting the same target anti-
gen (PAP)93. This trial was small, but DNA booster immunizations were 
shown to augment the antibody response to PAP that was elicited by 
sipuleucel-T; however, no differences in T cell responses or in TTP were 
observed between patients in the two groups. Results from preclinical 
studies in which murine models were used showed that DNA vaccina-
tion led to an increase in PD1 expression on activated CD8+ T cells and 
that combining vaccination with PD1 or PDL1 blockade led to superior 
antitumour response, as measured by tumour growth rates and tumour 
eradication, than treatment with either agent alone, suggesting that 
DNA vaccination should be used with concurrent PD1 blockade134,135. 
The efficacy of DNA vaccination with PD1 blockade was initially shown 
in a pilot trial including patients with mCRPC. Patients were vaccinated 
with pTVG-HP either concurrently with pembrolizumab over 12 weeks 
or receiving pembrolizumab after a 12-week course of vaccination136. In 
this trial, decreases in tumour volumes were observed in 4 of 5 patients 
with measurable disease treated with the agents in combination versus 
1 of 3 patients treated sequentially. Similarly, any PSA decline from 
baseline was identified in 8 of 13 patients receiving the agents in com-
bination compared with 1 of 12 patients receiving the agents sequen-
tially (P = 0.01)136. PSA declines of >50% occurred in 2 of 13 patients 
receiving the agents in combination but not in any patient receiving 
the agents sequentially. Thus, this trial was expanded to include a total 
of 66 patients with mCRPC to evaluate the effect of treatment on TTP 
using pTVG-HP in combination with pembrolizumab. Overall, 10 of  
25 patients with measurable disease experienced decreases in tumour 
volume, but only 1 patient had a partial response and no complete 
radiographic responses were observed. The overall radiographic PFS 
rate at 6 months was 47%, the overall median time on treatment was 
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5.6 months (95% CI 5.4–10.8 months) and 32% of patients remained 
on trial beyond 6 months without progression137; the median OS was 
22.9 months (95% CI 16.2–25.6 months). Considering these findings, 
pTVG-HP in combination with PD1-blocking agents is being pursued 
in trials including patients with early recurrent prostate cancer receiv-
ing pTVG-HP in combination with nivolumab138 and in trials including 
patients with mCRPC receiving pTVG-HP in combination with a DNA 
vaccine encoding another antigen (pTVG-AR) and pembrolizumab139.

PSMA has also been evaluated as a target antigen for DNA vac-
cines. A DNA vaccine encoding an HLA-A2-binding epitope of the PSMA 
gene fused to a fragment of the tetanus toxin was tested in a phase I/II 
dose-escalation trial140. Patients received the vaccine with or without 
electroporation, and a significant increase in PSA doubling time (from 
11.97 months pretreatment to 16.82 months after treatment; P = 0.04) 
was observed in patients receiving the vaccine compared with unvac-
cinated patients140. The investigators deemed this approach worthy of 
evaluation in a randomized trial; however, to our knowledge, no further 
clinical development of this vaccine has been conducted. Another 
approach consisted of a DNA vaccine encoding fragments of PSMA and 
preferentially expressed antigen in melanoma (PRAME). In a multicen-
tre phase I trial, patients with several cancer types were immunized by 
intra-lymph node injection with DNA followed by immunization with 
peptides derived from PSMA and PRAME141. This approach was safe and 
induced immunological activity but has not been further pursued in 
patients with prostate cancer, probably owing to evidence indicating 
that only 1 of 10 (10%) patients experienced a PSA decline of >50% and 
no partial or complete radiographic responses being detected. How-
ever, in another trial, a DNA vaccine consisting of plasmids encoding 
both PSMA and PSA (INO-5150) was delivered by electroporation with 
or without a plasmid DNA encoding IL-12 (INO-9012) in 62 patients 
with biochemically recurrent prostate cancer142. No safety concerns 
were shown in this study and patients experienced an increase in PSA 
doubling time (from 6.4 months to 17.3 months; P < 0.001), which was 
associated with the development of CD8+ T cells specific for the target 
antigens and expressing CD38, perforin and PD1 (ref. 142). This vaccine 
approach is currently being evaluated in combination with PD1 blockade 
(nivolumab) and FLT3 ligand (CDX-301), an agent used to specifically 
expand DCs, in a multi-arm trial including patients with mCRPC143.

The androgen receptor (AR), the primary pharmacological target 
of prostate cancer, has also been investigated as a vaccine antigen. 
Results from preclinical studies in mouse models of prostate cancer 
showed the safety and antitumour efficacy of a DNA vaccine encoding 
the ligand-binding domain of AR (pTVG-AR)144,145. Specifically, anti-
tumour efficacy was observed when pTVG-AR was used with androgen 
deprivation (the primary treatment for prostate cancer that can lead 
to overexpression of AR), suggesting that vaccination with pTVG-AR 
might be combined with androgen deprivation146. In a phase I trial 
including patients with newly metastatic prostate cancer who had 
begun androgen deprivation within 6 months of trial entry, pTVG-AR 
was assessed in four treatment arms in which patients received one of 
two treatment schedules, with or without GM-CSF given as a vaccine 
adjuvant147. This vaccination was shown to be safe, and one schedule 
elicited more AR-specific IFNγ-secreting T cells than the other schedule;  
GM-CSF addition was not shown to augment immune responses. 
Patients who experienced immune response to the AR ligand-binding 
domain target had a longer time to development of castration-resistant 
disease (median time not reached) than patients who did not develop 
immune responses (median time 9.2 months; P = 0.003)147. The pTVG-AR  
vaccine is being further explored in ongoing trials in combination with 

pTVG-HP and pembrolizumab in patients with mCRPC139 and in patients  
with high-risk newly diagnosed prostate cancer in sequence with androgen 
deprivation therapy, with or without PD1 blockade (nivolumab)148.

Prostate cancer has traditionally been associated with a low muta-
tional burden, suggesting a low number of potential tumour-specific 
mutation-associated neoantigens (MANA)149. This evidence, together 
with the availability of prostate cancer-specific targets, impeded the 
development of personalized vaccines for prostate cancer targeting 
MANA, similarly to vaccine antigens explored in other cancer types150. 
However, in a pilot clinical trial, a personalized vaccine approach using 
a DNA vaccine encoding MANA in combination with ipilimumab and 
nivolumab following treatment with the PROSTVAC vaccine is being 
assessed in patients with metastatic castration-sensitive prostate 
cancer151.

Plasmid DNA vaccines have also been used as part of heterologous 
immunization approaches152,153. An approach known as vaccine-based 
immunotherapy regimen (VBIR), in which a chimpanzee adenovirus 
vector encoding a target was used for priming followed by vaccination 
with plasmid DNA encoding the same antigen, was tested in murine and 
non-human primate preclinical models and shown to induce potent  
T cell responses, which could be further augmented using antibodies 
targeting PD1 and CTLA4 delivered subcutaneously. This approach was 
used in a large phase I trial including patients with different stages of 
prostate cancer, and three antigens were targeted (PSA, PSMA and pros-
tate stem cell antigen). Although not yet published in a peer-reviewed 
journal, results from this trial showed few objective tumour responses 
and grade 3 or 4 adverse events in 38% of patients154. Consequently, this 
approach is not being further pursued. However, collectively, DNA vac-
cines have shown evidence of eliciting T cell immune response to the 
encoded antigen and, in combination with T cell-checkpoint blockade, 
have shown clinical activity as measured by changes in serum PSA. 
Randomized clinical trials in which DNA vaccines will be used in com-
bination with T cell-checkpoint blockade and other immunotherapy 
approaches are anticipated.

Nucleic acid vaccines — mRNA. To date, only one vaccine approach 
using mRNA through direct injection has been reported. In a phase I/IIa  
study, an mRNA vaccine, known as CV9103, encoding PSA, prostate 
stem cell antigen, PSMA and six-transmembrane epithelial antigen 
of the prostate 1 (STEAP1) was given by intradermal injection to  
76 patients with CRPC155. A total of 26 of 33 evaluable patients developed 
an immune response to one or more antigens, and 15 of 33 patients 
developed an immune response to multiple antigens. Based on 
this evidence of immunogenicity, and on the observation that the 
estimated OS of patients with metastatic disease was favourable at  
31.4 months, the vaccine was modified to include two additional 
antigens, PAP and MUC1, for further clinical evaluation. This second-
generation vaccine, named CV9104, was assessed in a randomized 
phase I/IIb trial including 197 patients with mCRPC; however, no 
increase in OS was observed in patients treated with the vaccine 
(35.5 months) compared with patients receiving placebo (33.7 months; 
P = 0.33)156. Similarly to what was observed in PROSTVAC trials, this 
failure might be ascribed to the development of other therapies for 
prostate cancer that also affected OS. The initial phase I trial155 was 
conducted in 2009, before the approval of several life-prolonging 
therapies, including enzalutamide, abiraterone, cabazitaxel and 
223Ra. The subsequent use of these therapies in patients included in 
the phase I/IIb trial to assess CV9104 (ref. 156) could have negated any 
positive clinical benefit from CV9104, particularly considering the 
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relatively small sample size; however, this approach has not been 
further pursued. Considering the success of mRNA vaccines against 
SARS-CoV-2, renewed interest has grown in mRNA vaccines as antican-
cer vaccines. We anticipate that multiple new mRNA vaccines will be 
evaluated over the next 5 years and that the efficacy of these vaccines 
might be increased in combination with T cell-checkpoint blockade as 
observed with DNA vaccines.

Lessons learned to guide future antitumour 
vaccine approaches
Therapeutic cancer vaccines targeting single or multiple target anti-
gens through different approaches have been extensively studied as 
treatments for prostate cancer over the past 20 years. Most of these 
approaches have been limited to phase I studies, and nearly all vac-
cines were safe and showed some evidence of immunological activity. 
Overall, five approaches — GVAX, DCVAC/PCa, a multi-epitope peptide 
vaccine, sipuleucel-T and PROSTVAC — have been investigated in rand-
omized phase III trials (Table 1). Among these vaccines, sipuleucel-T  
was the only agent to prolong OS in patients with mCRPC and is  
the only therapeutic cancer vaccine approach currently approved by the  
FDA for the treatment of advanced prostate cancer.

Different lessons can be learnt from the experience of vaccine 
trials. First, all vaccine approaches showed rather modest clinical 
activity when used as single agents, with objective tumour responses 
or large PSA declines occurring only in a few patients. Results from 
several studies have shown more subtle effects on disease growth, as 
exemplified by changes in PSA doubling time, rather than changes in 
tumour volumes detected by radiographic imaging, suggesting that 
vaccines might have increased efficacy in the treatment of patients 
with minimal disease burden24. However, the fact that only one vac-
cine approach (sipuleucel-T) was able to improve OS in phase III trials 
suggests that the mechanism of action of this agent could be different 
from the others. The fact that sipuleucel-T is an unpurified cellular 
immunotherapy product suggests that perhaps this product con-
tains other effector cell populations or other factors able to maintain  
T cell effector function rather than simply serving to amplify patient 
antigen-specific T cell responses74. This conclusion is supported by the 
fact that sipuleucel-T did not elicit detectable target antigen-specific 
immunity in the majority of patients, and this was certainly not higher 
than the response observed with PROSTVAC or by using a plasmid DNA 
vaccine targeting the same antigen (PAP)13,157. Moreover, the fact that 
a variety of vaccine approaches (GVAX, tumour lysate-loaded DCs, 
peptide vaccines, viral vaccines) assessed in other phase III trials did 
not improve patient OS suggests that using vaccines alone with the goal 
of amplifying and/or activating tumour-specific T cells is not sufficient 
to treat advanced prostate cancer.

Additionally, experience with vaccines suggests that the ‘failure’ 
of these tools as single-agent antitumour therapies is not ascribable 
to a deficiency of the vaccine approach, as no single vaccine seemed 
markedly different from another in terms of clinical efficacy or success 
in eliciting T cell responses to the target antigen. This evidence is of 
high relevance because a renewed interest in developing RNA-based 
antitumour vaccines is currently growing. However, this approach, 
if used as a monotherapy, will be unlikely to yield markedly better 
clinical results in patients with cancer than other vaccine approaches. 
Similarly, multiple different antigens have been used as targets in 
prostate cancer vaccines; thus, whether some individual antigens, 
or multiple targets in the case of whole-cell vaccines, serve as better 
targets than others is unclear. This issue is of current relevance as 

considerable interest has also been growing in the identification of 
mutation-associated neoantigens to be included in tumour vaccines as 
theoretically superior antigens158. Unfortunately, the low frequency of 
tumour mutations in prostate cancer precludes this approach for most 
patients with prostate cancer, and the collective experience of trials for 
other cancer types showed that objective tumour responses following 
single-agent vaccination targeting neoantigens remain infrequent and 
not substantially different from those following vaccination targeting 
shared antigens159,160.

The general 'failure' of antitumour vaccines as single-agent thera-
pies for prostate cancer and other cancers is, perhaps, not surprising. 
Antimicrobial vaccines have only been used in the setting of disease 
prophylaxis and not in the treatment of existing infections. Similarly, 
in preclinical models, many antitumour vaccines have shown greater 
efficacy in preventing the establishment of tumours than in treating 
existing tumours33. These observations serve as proof that vaccines 
can elicit immune responses with antitumour activity but suggest that 
mechanisms present within tumours can dysregulate the immune effec-
tor functions activated by vaccines. Indeed, increasing evidence indi-
cates that tumours avoid immune detection and destruction through 
multiple means161. Activation of CD8+ T cells by vaccination was shown to 
lead to increased expression of PD1 on these CD8+ T cells; additionally, 
CD8+ T cells secreting IFNγ can increase the expression of the ligand 
PDL1 within the tumour microenvironment, leading to the decreased 
antitumour activity of these PD1-expressing CD8+ T cells134. Similarly, 
advanced prostate tumours are infiltrated by regulatory cell popula-
tions, including myeloid-derived suppressor cells (MDSCs) or tumour-
associated macrophages (TAMs)162. These populations can be recruited 
specifically to prostate tumours through the release of IL-8 and poten-
tially other chemokines by these tumours163. These myeloid populations 
have a direct suppressive activity on the function of CD8+ T cells and 
can also secrete factors, including indoleamine 2,3-dioxygenase, which 
can suppress the function of CD8+ T cells and lead to the recruitment of 
regulatory CD4+ T cells164,165. Similarly, prostate cancers can secrete large 
amounts of TGFβ, which, in turn, can also lead to reduced T cell function 
and recruitment of MDSCs or TAMs166. Considering the presence of all 
these, and potentially other, immunosuppressive mechanisms within 
prostate tumours, the activation and expansion of tumour-targeted  
T cells through vaccines are likely to be circumvented or rendered free 
of consequences by numerous tumour-associated mechanisms of 
resistance and immune evasion. Directly providing increased numbers 
of activated tumour-specific T cells using chimeric antigen receptor 
(CAR) T cell approaches or activating tumour-specific T cells through 
bispecific antibodies could potentially be promising alternatives to 
vaccines; however, to date, these approaches have not been shown  
to induce sustained antitumour efficacy, similarly to what was observed 
with vaccines, and will likely be limited by the same tumour-associated 
mechanisms of resistance as vaccines167–169.

Owing to the multiple mechanisms of tumour-associated resist-
ance and immune evasion (Fig. 2), the optimal use of prostate cancer 
vaccines — and the focus of vaccine trials over the next 5–10 years — 
will likely be in combination with agents targeting these resistance 
mechanisms. Increased antitumour activity of vaccines has already been 
observed by combining plasmid DNA vaccines with PD1 blockade136,137, 
and this approach is being further investigated in several trials138,139,148. 
Additionally, a trial in which an RNA vaccine encoding five prostate 
tumour antigens is being used in combination with cemiplimab is cur-
rently under way170 as are two trials to assess viral vaccines in combina-
tion with PD1 blockade171,172. Together, results from these trials should 
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provide evidence about the efficacy of these combination approaches 
with immune-checkpoint blockade plus vaccination using different 
vaccine delivery methods. The expression of immune-checkpoint 
receptors other than PD1 is also increased on activated T cells; thus, in 
future studies, vaccination approaches will probably target multiple 
immune-checkpoint receptors173. In an ongoing trial, PROSTVAC is 
being used in combination with an antibody targeting PDL1 and TGFβ 
signalling with the aim of targeting these two separate mechanisms of 
resistance172. Trials to assess vaccines in combination with agents that 
can deplete or alter the function of MDSCs or TAMs are eagerly awaited 
as this approach will likely target a major mechanism of resistance used 
by prostate tumours. With regard to vaccine approaches, nucleic acid 
vaccines offer considerable advantages over other approaches in terms 

of cost, ease of manufacturing and safety; moreover, differently from 
peptide vaccines, DNA vaccines are not restricted to certain MHC types. 
The success of both RNA and DNA vaccines in quickly addressing the 
worldwide need for SARS-CoV-2 prophylaxis underscores the safety and 
feasibility of genetic vaccines. Additionally, the reduced cost and the 
safety of these types of vaccines will be of high importance consider-
ing that the best use of antitumour vaccines will almost certainly be as 
components in combination treatment approaches.

Conclusions
The aim of using antitumour vaccines is to elicit tumour-specific immune 
responses that can eliminate tumour cells. For over 30 years, interest 
has been growing in the development of vaccines as treatments for 

MHC class I

Deactivation Activation

Tumour cell

T cell

Cancer
cell death

CD8+ T cell
(e�ector)

Generation of activated antigen-specific CD8+ T cells

Vaccine

Prostate tumour

CTLA4PD1

PDL1

TCRPD1

CD80/CD86PDL1/PDL2

TCR CD8

MHC class I

Increase in PD1 and other checkpoint 
molecule expression

Killing of cancer cells by e�ector CD8+ T cell

Interaction between immune-checkpoint 
ligands on cancer cells and receptors 
on T cells (PD1–PDL1)

Secretion of TGFβ by tumour cells

TGFβ

Recruitment of MDSCs and TAMs

PFN IFNγ TNFGZMB

Checkpoint
inhibitors

IDO inhibitors

Macrophage
reprogramming

IL-8, TGFβ and other cytokines

TGFβ inhibitors

MDSC depletion

↑ IDO

MDSC

TAM Cancer
cell

Dendritic
cell

Fig. 2 | Mechanisms of antitumour vaccine resistance and potential 
combination approaches in prostate cancer. Antitumour vaccination leads 
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indicate pathways that can be targeted as parts of combination therapies using 
antitumour vaccines. GZMB, granzyme B; IDO, indoleamine 2,3-dioxygenase; 
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prostate cancer, prompted by the prevalence and long natural history 
of the disease and by the fact that the prostate is an expendable organ. 
Thus, a therapeutic immune response against any prostate tissue might 
be beneficial in patients following prostatectomy. Over 175 clinical trials 
have been conducted using vaccines as treatments for prostate can-
cer using a variety of approaches, including whole-cell vaccines and 
non-antigen-specific vaccines as well as antigen-specific vaccines using 
proteins, peptides, viruses, bacteria or nucleic acids to deliver a specific 
target. To date, five approaches (GVAX, DCVAC/PCa, a multi-epitope 
peptide vaccine, sipuleucel-T and PROSTVAC) have been evaluated in 
randomized phase III trials, and one of these approaches, sipuleucel-T, 
improved patient OS compared with patients receiving placebo, leading 
to the approval of this agent by the FDA as a treatment for mCRPC. Indeed, 
sipuleucel-T is the only vaccine approved by the FDA as a treatment for any 
existing cancer. Most vaccine approaches showed safety and some evi-
dence of immunological activity but clinical activity was not sufficient to 
advance to randomized clinical trials. Increased clinical activity in terms 
of PSA declines and objective responses has been observed in studies in 
which vaccines were used in combination with other immune-modulating 
therapies. This evidence suggests that, in the future, prostate cancer vac-
cines will be explored as part of combination therapies. Specifically, in 
the next 5–10 years, vaccines can be expected to be used to activate and 
expand tumour-specific T cells in combination with agents that target 
tumour-associated immune mechanisms of resistance.

Published online: xx xx xxxx
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