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ABSTRACT
T-cell checkpoint inhibitors have demonstrated dramatic clinical activity against
multiple cancer types, however little activity in patients with prostate cancer.
Conversely, an anti-tumor vaccine was approved for the treatment of prostate cancer,
having demonstrated an improvement in overall survival, despite few objective
disease responses. In murine studies, we found that PD-1 expression on CD8+ T
cells increased following anti-tumor vaccination, and that PD-1/PD-L1 blockade
at the time of immunization elicited greater anti-tumor responses. Based on these
data we initiated a pilot trial evaluating the immunological and clinical efficacy of a
DNA encoding prostatic acid phosphatase (PAP) when delivered in combination with
pembrolizumab. 26 patients were treated for 12 weeks with vaccine and received
pembrolizumab either during this time or during the subsequent 12 weeks. Adverse
events included grade 2 and 3 fatigue, diarrhea, thyroid dysfunction, and hepatitis.
Median time to radiographic progression was not different between study arms. 8/13
(62%) of patients treated concurrently, and 1/12 (8%, p=0.01) of patients treated
sequentially, experienced PSA declines from baseline. Of these, two were over 50%
and one was a complete PSA response. No confirmed CR or PR were observed, however
4/5 patients treated concurrently had measurable decreases in tumor volume at 12
weeks. PSA declines were associated with the development of PAP-specific Th1-biased
T cell immunity and CD8+ T cell infiltration in metastatic tumor biopsy specimens.
These data are the first report of a clinical trial demonstrating that the efficacy of an
anti-tumor vaccine can be augmented by concurrent PD-1 blockade.

and radium-223 [8]. Notwithstanding, the median survival
benefit of each of these agents is on the order of 3 to 4
months, demonstrating that therapies with greater benefit
are urgently needed.
T-cell checkpoint inhibitors, such as antibodies
targeting CTLA-4 or PD-1/PD-L1, have demonstrated
remarkable activity for some cancers, notably melanoma,
with profound and enduring clinical responses [9, 10].
To date, however, while some clinical responses have
been observed in patients treated with pembrolizumab in
combination with enzalutamide, little objective benefit

INTRODUCTION
Prostate cancer is the third leading cause of cancerrelated death in men in the United States [1]. Metastatic,
castration-resistant prostate cancer (mCRPC) is the lethal
form of the disease, accounting for the majority of deaths
due to prostate cancer. Over the last 10 years, several
therapies have been approved by FDA based on their
ability to prolong overall survival in this population of
patients. These agents include docetaxel [2, 3], cabazitaxel
[4], sipuleucel-T [5], abiraterone [6], enzalutamide [7],
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has been observed with these therapies employed as
monotherapies for patients with prostate cancer [11–13].
On the other hand, a vaccine aimed at increasing tumorspecific immunity has demonstrated benefit in terms
of prolonged overall survival. Sipuleucel-T, a vaccine
targeting prostatic acid phosphatase (PAP), is currently the
only anti-tumor vaccine approved by FDA for the treatment
of cancer, and was approved on the basis of improved
overall survival [5]. However, favorable radiographic and
PSA changes with sipuleucel-T treatment are rare.
We have previously reported that a DNA encoding
PAP (pTVG-HP) could be safely administered to patients
with early PSA-recurrent prostate cancer and elicit/augment
PAP-specific Th1-biased T cells [14, 15]. While PSA
declines following treatment were rare, favorable changes
in PSA doubling time were observed, and these changes
were associated with the development of Th1-biased
immunity [15, 16]. In preclinical studies, we have explored
different approaches to increase the immune response from
DNA immunization. We found that efforts to increase the
magnitude of immune response by encoding epitopes with
greater MHC class I affinity led to inferior anti-tumor
efficacy in tumor-bearing mice [17]. This was due to the
expression of PD-1 on antigen-specific CD8+ T cells
elicited with immunization, and blockade of PD-1 or PDL1 at the time of T-cell activation with immunization led to
superior anti-tumor efficacy [17, 18]. In other preclinical
studies, we found that patients previously immunized with
either pTVG-HP or sipuleucel-T developed PD-1-regulated
immune responses, and that circulating tumor cells
increased expression of PD-L1 after immunization [19].
On the basis of these data, we initiated a pilot
clinical trial evaluating a DNA vaccine delivered
concurrently or sequentially with PD-1 blockade, using
pembrolizumab, in patients with mCRPC. The goal was
to determine whether PD-1 blockade at the time of T-cell
activation with vaccination (during T-cell activation)
was superior to blockade after vaccination (following
activation that potentially induces a PD-1-regulated
immune response). We report here the safety, clinical,
and correlative immunological data from this trial. To our
knowledge, this is the first report of a clinical trial using

a PD-1 antagonist with a tumor-specific DNA vaccine
employed as a T-cell activating agent.

RESULTS
Patient population and course of study
26 patients with progressive, mCRPC were enrolled
in this trial between August 2015 and May 2017 at the
University of Wisconsin Carbone Cancer Center. The
general schema for the treatment is shown in Figure 1.
Demographic information and prior treatments are indicated
in Table 1. The median age of participants was 73 years
(range 56-85 years). Over the course of treatment, no grade
4 adverse events were observed. Grade 3 events included
one episode each of fatigue, adrenal insufficiency, diarrhea,
hepatitis, pancreatitis, and syncope. Grade 2 events believed
at least possibly related to study treatment and occurring
in over 5% of subjects overall included fatigue, diarrhea,
hypothyroidism, hyperthyroidism, and pain (Table 2). All
these events were suspected to be related to pembrolizumab.
A patient with grade 3 diarrhea (Arm 2) died within 30 days
of coming off trial, and 46 days after his last treatment with
pembrolizumab, due to multi-organ failure. While that
patient had progressive disease, he declined further therapy
or evaluation and hence attribution to the study agents
could not be excluded. All but two patients completed study
treatments; one in each study arm (20004 and 10007) had
evidence of progressive disease within the first month and
consequently came off study early. Blood was obtained at
post-treatment time points for immune analysis for one of
these patients (10007), but was not available for the other.
One patient in Arm 2 (20002), while meeting eligibility
criteria, experienced a delayed bicalutamide withdrawal
response, with a decreased PSA at day 1 of treatment, and
hence was not evaluable for PSA response.

Immunological response
Patients were evaluated prior to treatment, and
at weeks 6, 12 and 24 for evidence of T-cell immunity
to the PAP target antigen (using either PAP protein or

Figure 1: Schema. Shown is the treatment schema.
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Table 1: Demographics
Total
(N=26)

Arm 1
(N=13)

Arm 2
(N=13)

73 (56-85)

69 (62-83)

75 (56-85)

26 (100%)

13 (100%)

13 (100%)

<7

2 (8%)

0 (0%)

2 (15%)

7

5 (19%)

3 (23%)

2 (15%)

8

5 (19%)

3 (23%)

2 (15%)

9

14 (54%)

7 (54%)

7 (54%)

Prostatectomy

11 (42%)

6 (46%)

5 (38%)

Radiation therapy (primary, salvage, or palliative)

14 (54%)

6 (46%)

8 (62%)

LHRH (or orchiectomy) +/- bicalutamide

26 (100%)

13 (100%)

13 (100%)

Chemotherapy (docetaxel or cabazitaxel)

5 (19%)

2 (15%)

3 (23%)

Abiraterone

3 (12%)

1 (8%)

2 (15%)

Enzalutamide

3 (12%)

1 (8%)

2 (15%)

Other investigational agents

11 (42%)

5 (38%)

6 (46%)

24 (3-165)

25 (3-150)

24 (3-165)

Age (median and range, years)
Race:
Caucasian
Initial Gleason Score:
Unknown

Prior treatments:

Pre-treatment:
Baseline serum PSA, ng/mL (median, range)
a pool of peptides spanning the amino acid sequence
of PAP) by ELISPOT. A significant increase in PAPspecific IFNγ-secreting T cells was detected in multiple
subjects treated on either study arm (Figure 2A). 11/25
(44%, 95% CI: 27-63%) individuals had evidence of
immunity, with significant increases in PAP-specific T
cells detectable at one or more post-treatment time points.
Cytolytic type responses specific for PAP, secreting
granzyme B, were also detectable; 15/25 (60%, 95% CI:
41-77%) of individuals had evidence of PAP-specific
granzyme B-secreting cells detected at one or more posttreatment time point. IFNγ- and/or granzyme B-secreting
T cell responses to PAP were detectable in 10/25 (40%,
95% CI: 23-59%) of individuals at more than one posttreatment time point. The frequency and magnitude of
response were not different between study arms. T-cell
immunity to tetanus was detectable at more than one
post-treatment time point in 11/25 (44%, 95% CI: 2763%) patients, as expected, given that patients received a
tetanus immunization prior to study treatment to provide
a positive control. Responses to PSA were evaluated as
a non-target prostate cancer antigen. As expected, while
responses were detectable at discreet time points, IFNγand/or granzyme B-secreting T cell responses were only
www.oncotarget.com

detectable in 1/25 patients (4%, 95% CI: 0-20%) at more
than one post-treatment time point. Three patients, two in
Arm 1 and one in Arm 2, had evidence of PAP-specific
IFNγ- or granzyme B-secreting T cells at all post-treatment
time points (Figure 2B).

Clinical effects
PCWG2 criteria were used for clinical and
radiographic evaluation. As shown in Figure 3A, there was
no difference in time to progression between study arms
(HR=2.3, 95% CI: 0.8-6.9), and the overall median time
to progression was 5.7 months (range 1.0-11.7+ months).
Of the patients with measurable disease, 4/5 (80%) in Arm
1 and 1/3 (33%) in Arm 2 experienced any reduction in
tumor volume, none meeting criteria for confirmed PR.
Serum PSA declines from baseline were detected in 8/13
patients in Arm 1 compared to 1/12 patients in Arm 2
(p=0.01). Of PSA declines detected in Arm 1, one patient
had a complete PSA response, and 3 additional patients
had declines >25% (Figure 3B). Two of the patients with
the greatest PSA declines also had reductions in tumor
volume detectable by CT imaging (Figure 3C). Given that
patients in Arm 2 received pembrolizumab beginning at
25588
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Table 2: Adverse events
Grade 2

Grade 3

Arm 1

Arm 2

Arm 1

3 (23%)

3 (23%)

1 (4%)

Arm 2

Grade 4
Arm 1

Arm 2

Grade 5
Arm 1

Arm 2

General/Constitutional
Fatigue
Weight loss

1 (4%)

Endocrine
Adrenal insufficiency

1 (4%)

Hyperthyroidism

1 (8%)

1 (8%)

Hypothyroidism

2 (15%)

2 (15%)

Gastrointestinal
Abdominal pain

1 (4%)

Constipation

1 (4%)

Diarrhea

1 (4%)

GE reflux

1 (4%)
1 (4%)

Hepatitis
Nausea

1 (4%)
1 (4%)

Pancreatitis

1 (4%)

Laboratory investigations
Increased ALT
Increased AST

1 (4%)
1 (4%)

Increased alk phos

1 (4%)
1 (4%)

Metabolism/Nutrition
Hyperglycemia

1 (4%)

Musculoskeletal
Arthralgia

1 (4%)

Back pain

1 (4%)

Nervous system
Syncope

1 (4%)

Reproductive system
Scrotal pain

1 (4%)

Vascular disorders
Hot flashes

1 (4%)

Multi-organ failure

1 (4%)

All adverse events by grade > grade 1 that were believed to be at least possibly related to treatment are shown. The numbers
represent the number of patients (out of 22) experiencing a particular event at any point during the 3- to 6-month treatment
period, with the highest grade reported for any single individual.

12 weeks, we also evaluated changes in PSA as a function
of when they received pembrolizumab. As shown in
Figure 3D, changes in serum PSA were only detected with
concurrent treatment with vaccine. As further depicted by
www.oncotarget.com

the asterisks in Figure 3E, PSA declines in patients treated
in Arm 1 were associated (p=0.05) with the development
of persistent T-cell immunity to the PAP target antigen
(Figure 2A).
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Oncotarget

Figure 2: Immunological response - IFNγ and Granzyme B ELISPOT. Peripheral blood mononuclear cells were collected
from all subjects at baseline, 6 weeks, 12 weeks, and 24 weeks and evaluated for antigen-specific IFNγ or granzyme B secretion by
ELISPOT. (A) Shown are immune responses to PAP protein or peptide library, PSA peptide library (non-specific control), and tetanus
(positive control) for patients grouped by study arm. A positive antigen-specific response was defined as a statistically significant response
(compared with media control) that was at least 3-fold over the baseline value and with a frequency of at least 1/100,000 cells. Red squares
indicate positive responses, black indicates no response, and white indicates no data. (B) Shown are individual ELISPOT data for the three
individuals (two from Arm 1 – 10004 and 10006, and one from Arm 2 – 20006) who exhibited PAP-specific immunity at all post-treatment
time points in panel A.
www.oncotarget.com
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Tissue studies

1). Of these, eight had tumor present in both specimens
suitable for analysis. Tissues were stained for the presence
of CD8+ T cells and for PD-L1 expression. As shown in
Figure 4A, CD8+ T-cell infiltration was detectable and
statistically greater post-treatment in patients treated in
Arm 1 (notably patients with serum PSA declines), but
not Arm 2. Similarly, PD-L1 expression was induced,

Tissue biopsies of metastatic lesions were obtained
from 13 patients prior to treatment, 11 of whom had repeat
biopsies of the same lesions at 12 weeks. These biopsies
effectively sampled patients who had received vaccine
only (Arm 2), or vaccine with pembrolizumab (Arm

Figure 3: Clinical effects. (A) Kaplan-Meier plot of time to radiographic progression by study arm. Time to radiographic regression was

defined as the time from randomization to the date of documented radiographic progression or last available follow-up date. (B) Serum PSA
values were collected from all individuals prior to treatment and over the course of treatment. Percent changes in serum PSA values were
evaluated from day 1 of study. Blue lines show individual patients treated in Arm 1, and red lines show individual patients treated in Arm
2. (C) Shown are CT images collected at baseline and 24 weeks (top panel) or 12 weeks (bottom panel) post-treatment for two individuals
treated in Arm 1. Arrows point to lymph node metastases. (D) Percent changes in serum PSA values were evaluated from day of beginning
pembrolizumab treatment (day 1 for patients in Arm 1, and week 12 for patients in Arm 2). (E) Best % change in serum PSA from day 1
of study. Asterisks indicate those patients who had evidence of PAP-specific Th1 immunity (significant IFNγ and/or granzyme B response
detected at least twice post-treatment, Figure 2).
www.oncotarget.com
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DISCUSSION

detectable post-treatment, in patients treated in Arm 1,
but not Arm 2 (Figure 4B). Pre-treatment samples from
several of these patients (10004, 10005, 10011, 20008,
and 20009) were evaluated for microsatellite instability
by staining for mismatch repair proteins MLH1, PMS2,
MSH2, and MSH6; no evidence for microsatellite
instability was found (data not shown).

Immune based therapies have demonstrated
remarkable clinical effects, leading Science to name cancer
immunotherapy as the scientific breakthrough of the year
for 2013 [20]. A great part of this success has been due to
T-cell checkpoint inhibitors, including antibodies targeting

Figure 4: Tissue and correlative studies. (A) Metastatic tissue biopsies obtained pre-treatment and at 12 weeks were evaluated by

immunohistochemistry for CD8+ T cells and PD-L1 expression. Shown are representative sections from four individuals, two from each
study treatment arm. 25μm ruler is shown in bottom right panel. (B) CD8+ T cell numbers in pre-treatment and post-treatment biopsy
specimens were quantified by investigator blinded to treatment. Shown are the mean and standard deviation of CD8+ cell counts per mm2
from five regions per tumor section.
www.oncotarget.com
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PD-1/PD-L1 or CTLA-4. Notwithstanding, previous
evaluation of these checkpoint inhibitors as monotherapies
in advanced prostate cancer has demonstrated little benefit
[13, 21, 22]. A possible exception may be advanced
tumors with defects in DNA repair genes or rare subtypes
of “inflamed” prostate tumors that have higher numbers
of infiltrating T cells and/or PD-L1 expression on tumor
cells [11]. Conversely, sipuleucel-T, an autologous cellular
vaccine that targets the PAP prostate cancer antigen, and
which acts presumably as a T-cell activating therapy,
was demonstrated to lead to improved overall survival
in patients with advanced prostate cancer despite few
objective responses. The current trial sought to determine
if combining anti-tumor vaccination with PD-1 blockade
might be synergistic. This was based on preclinical
studies demonstrating that the anti-tumor efficacy of
DNA vaccines could be increased with PD-1 blockade
employed at the time of PD-1 upregulation that occurs
with vaccine-mediated T-cell activation [17, 18], and
that PD-1 regulated T-cell immunity occurred in patients
previously treated with a DNA vaccine encoding PAP
[19]. To our knowledge, this is one of the first reports of
a clinical trial using an anti-tumor vaccine in combination
with PD-1 blockade, and the first report using a DNA
vaccine. Our results demonstrate that this approach can
yield objective tumor responses, an elusive endpoint for
anti-tumor vaccines in advanced prostate cancers to date,
and thus could potentially be explored for other tumor
types that have demonstrated little effect from PD-1
blockade alone.
We wanted to investigate if it might be advantageous
to block PD-1 expression that occurs at the time of initial
T-cell activation with vaccination, and potentially not
permit the activated cells to become dysfunctional within
a PD-L1-expressing tumor microenvironment [18, 23].
We have previously demonstrated in mice that PD-L1
expression increases on tumors following immunization,
and that PD-L1 expression increases on circulating
prostate cancer cells shortly after vaccination in patients
with prostate cancer who developed PAP-specific IFNγsecreting T cells [17, 19]. Our results demonstrate
that while vaccination elicited PAP-specific T cells in
patients treated in either study arm, it was only when
patients received concurrent PD-1 blockade that these
cells demonstrated anti-tumor activity and CD8+ T-cell
infiltration of metastases. Based on our previous studies, it
seems likely that the infiltration of CD8+ T cells secreting
IFNγ induced the expression of PD-L1 detectable after
treatment in these individuals. Hence, contrary to the
common perception of PD-L1 expression as a biomarker
of response to PD-1 blockade, PD-L1 expression is a
biomarker of IFNγ-secreting tumor-reactive T cells in
the tumor environment on which PD-1 blockade may act.
These findings suggest that vaccination may be a general
means to increase tumor-reactive CD8+ T cells, permitting
PD-1 blockade to work for patients with immunologically
www.oncotarget.com

“cold” tumors, like prostate cancer, with low mutational
burdens and generally low numbers of infiltrating
lymphocytes.
As demonstrated in Figure 3, objective responses
and PSA declines were generally associated with the
development of IFNγ-secreting PAP-specific immune
responses in patients treated with concurrent PD-1
blockade. Unfortunately, most PSA declines and
radiographic changes reversed at the time treatment was
stopped at 12 weeks. These observations suggest that the
mechanism of anti-tumor response was specifically related
to the development of immune response from vaccination
and not, for example, due to defects in DNA repair as
have been previously associated with response to PD-1
blockade [11]. As noted, we did not detect defects in DNA
mismatch repair in patients analyzed. These findings have
implications for future clinical trial designs. First, given
that PSA declines were limited to subjects who received
concurrent treatment, and generally limited to the period
of treatment, the current trial was closed early prior to
reaching the planned accrual goal. An expansion of the
trial with continuous concurrent treatment beyond 12
weeks is currently being conducted. Second, the finding
that objective clinical changes were associated with the
development of immunity to the vaccine antigen suggest
that efforts to increase the breadth of immune response to
vaccination should yield better outcomes. We anticipate
evaluating this approach using DNA vaccines targeting
more than one antigen, ideally increasing the breadth of
immunity to multiple tumor target antigens. Third, the
finding that anti-tumor responses can occur using PD-1
blockade and a vaccine targeting a “shared” tumor antigen
suggest that it may not be necessary to identify mutationassociated neoantigens as vaccine antigens. While this
is a common contemporary approach, many cancers
have low numbers of tumor-specific mutations, and the
identification of tumor-specific neoantigens may not be
feasible. Targeting shared antigens with T-cell activating
vaccines for common cancers such as prostate cancer
and breast cancer, or other cancers with low mutation
burdens, could expand the therapeutic potential of PD-1
blockade, as these diseases are not typically responsive
to PD-1 blockade alone. Finally, given the safety of the
combination therapy, and the fact that objective changes
were observed independent of androgen signaling
pathways, we anticipate exploring this treatment approach
in earlier stages of prostate cancer.
In summary, our results demonstrate that antigenspecific T cells were elicited following vaccination
of patients with mCRPC using a DNA vaccine. When
combined with concurrent PD-1 blockade, patients with
evidence of Th1 immunity experienced PSA declines,
objective tumor responses, and CD8+ T cell infiltration
into metastatic lesions. These results suggest that the
anti-tumor effect from vaccination can be augmented by
concurrent delivery with PD-1 blockade and suggest a
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means, using tumor vaccination, to enable PD-1 blockade
in immunologically “cold” tumors, like prostate cancer.

CBC, creatinine, electrolytes, glucose, bilirubin, ALT,
AST, alkaline phosphatase, amylase, LDH, and TSH. All
toxicities were graded according to the NCI Common
Terminology Criteria Grading System, version 4. Stopping
rules were included to halt accrual if toxicity boundaries
(35% > grade 3 or 20% grade 4) were exceeded.

MATERIALS AND METHODS
Study agent and regulatory information

Clinical response evaluation

pTVG-HP is a plasmid DNA encoding the fulllength human PAP cDNA downstream of a eukaryotic
promoter [24]. The study protocol was reviewed and
approved by all local and federal (FDA, NIH Recombinant
DNA Advisory Committee) entities. All patients gave
written informed IRB-approved consent for participation.

Serum PSA values were collected every 3-6 weeks.
CT of abdomen/pelvis and bone scans were obtained
within 6 weeks prior to the first day of treatment, and then
at 12-week intervals following day 1. Tumor response
measurements were made as per Prostate Cancer Working
Group 2 (PCWG2) recommendations [25].

Patient population

Immunological response evaluation

Subjects were patients with a histological diagnosis
of prostate adenocarcinoma with metastases and castration
resistance. Patients were required to continue androgen
deprivation (surgical castration or GnRH analogue or
antagonist treatment), and were required to have progressive
disease, defined by consecutive rise in serum PSA, and/or
increase in disease burden by CT or bone scintigraphy. Prior
treatment with abiraterone and/or enzalutamide was allowed,
however treatment with cytotoxic chemotherapy within 6
months of registration was prohibited. Prior treatment with
sipuleucel-T was prohibited. Inclusion criteria required
that patients have an ECOG performance score of < 2, and
normal bone marrow, liver and renal function.

Measures of antigen-specific immune response
were performed by IFNγ and granzyme B ELISPOT with
fresh (not cryopreserved) peripheral blood mononuclear
cells (PBMC) as previously described [15, 16]. Antigens
used included tetanus toxoid protein (Calbiochem), PAP
protein (Research Diagnostics Inc.), or pools of 15-mer
peptides spanning the amino acid sequence of PAP or PSA
and overlapping by 11 amino acids (LifeTein, LLC). For
these analyses, all antigens and sera used were from the
same lots to control for possible variation over time. A
response resulting from immunization was defined as a
PAP-specific response detectable post-treatment that was
statistically significant (compared to media only control
by t-test), at least 3-fold higher than the pre-treatment
value, and with a frequency > 1:100,000 PBMC, as we
have previously reported [15].

Study design and procedures
This study was an open-label, single institution
(University of Wisconsin Carbone Cancer Center),
randomized pilot trial. The total accrual goal was 32
subjects, based on the goal of detecting an anticipated
45% increase in progression-free survival rate at 6 months
in the concurrent treatment with 80% power at the onesided 10% significance level. The trial schema is shown in
Figure 1. Patients were treated six times at 14-day intervals
with pTVG-HP plasmid co-administered with 200 mcg
GM-CSF (Leukine®, sargramostim). Vaccinations were
delivered intradermally with a 28-gauge needle on the
lateral arm in two divided injections. Patients treated
in Arm 1 received four doses of pembrolizumab (2 mg/
kg administered intravenously) at 3-week intervals,
beginning on the first day of immunization, over the first
12 weeks of treatment. Patients treated in Arm 2 received
four doses of pembrolizumab (2 mg/kg administered
intravenously) at 3-week intervals, but beginning 2
weeks after the last immunization, over weeks 12-24 of
treatment. All patients underwent blood draws within
two weeks of the first immunization, and at weeks 6, 12,
36 and 48, for immunological assessments. Patients also
received a tetanus immunization prior to study treatment
as an immunological positive control. Blood tests were
performed approximately every 3 weeks and included
www.oncotarget.com

Tissue biopsy evaluation
Biopsies were obtained from a subset of subjects
within 2 weeks prior to start of study treatment, and at
week 12, from the same metastatic lesion. Tissue sections
were stained immunohistochemically for expression
of CD8 (CRM 311 A) and PD-L1 (ACI 3171 A) using
antibodies purchased from BioCare Medical (Pacheco,
CA) as per manufacturer’s specification. CD8+ cells were
enumerated from five randomly selected 250 μm2 areas
with mean counts +/- standard deviation reported.

Statistical analysis
Outcomes and immunological parameters were
summarized using descriptive statistics in terms of means,
standard deviations, medians and ranges or frequencies
and percentages. Two-sample t tests were used to compare
antigen-specific T-cell response to media control at the
two-sided 0.05 significance level. Time to radiographic
progression was analyzed using the Kaplan-Meier
method and compared between arms using the log-rank
25594
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test. The frequencies and percentages of immunological
responses were reported along with the corresponding
95% confidence intervals which were calculated using
the Wilson-score method. Fisher’s exact test was used to
compare immunological response rates between groups.
The association between PAP-specific Th1 immunity and
PSA changes was evaluated using a generalized linear
model. Statistical analysis was conducted using SAS
software (SAS Institute Inc., Cary NC), version 9.4.

3. Tannock IF, de Wit R, Berry WR, Horti J, Pluzanska A,
Chi KN, Oudard S, Théodore C, James ND, Turesson
I, Rosenthal MA, Eisenberger MA, and TAX 327
Investigators. Docetaxel plus prednisone or mitoxantrone
plus prednisone for advanced prostate cancer. N Engl
J Med. 2004; 351:1502–12. https://doi.org/10.1056/
NEJMoa040720.
4. de Bono JS, Oudard S, Ozguroglu M, Hansen S, Machiels
JP, Kocak I, Gravis G, Bodrogi I, Mackenzie MJ, Shen
L, Roessner M, Gupta S, Sartor AO, and TROPIC
Investigators. Prednisone plus cabazitaxel or mitoxantrone
for metastatic castration-resistant prostate cancer progressing
after docetaxel treatment: a randomised open-label trial.
Lancet. 2010; 376:1147–54. https://doi.org/10.1016/
S0140-6736(10)61389-X.

Author contributions
DGM oversaw the experimental design and
immunological analysis, and wrote and edited the
manuscript. JCE was the study biostatistician, designed
the trial, analyzed all results, and edited the manuscript.
EW and CDZ conducted the laboratory analyses. MJS
and JS managed the clinical trial protocol. GL oversaw
the conduct of the clinical trial and all safety and clinical
response analyses.

5. Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ,
Penson DF, Redfern CH, Ferrari AC, Dreicer R, Sims RB,
Xu Y, Frohlich MW, Schellhammer PF, and IMPACT Study
Investigators. Sipuleucel-T immunotherapy for castrationresistant prostate cancer. N Engl J Med. 2010; 363:411–22.
https://doi.org/10.1056/NEJMoa1001294.

ACKNOWLEDGMENTS

6. de Bono JS, Logothetis CJ, Molina A, Fizazi K, North
S, Chu L, Chi KN, Jones RJ, Goodman OB Jr, Saad
F, Staffurth JN, Mainwaring P, Harland S, et al, and
COU-AA-301 Investigators. Abiraterone and increased
survival in metastatic prostate cancer. N Engl J Med. 2011;
364:1995–2005. https://doi.org/10.1056/NEJMoa1014618.

We thank the UW Hospital Infusion Center for
providing leukapheresis services, and the referring
physicians and participating patients.

CONFLICTS OF INTEREST

7. Scher HI, Fizazi K, Saad F, Taplin ME, Sternberg CN,
Miller K, de Wit R, Mulders P, Chi KN, Shore ND,
Armstrong AJ, Flaig TW, Fléchon A, et al, and AFFIRM
Investigators. Increased survival with enzalutamide in
prostate cancer after chemotherapy. N Engl J Med. 2012;
367:1187–97. https://doi.org/10.1056/NEJMoa1207506.

DGM has ownership interest, has received research
support, and serves as consultant to Madison Vaccines, Inc
which has licensed material described in this manuscript
and supported this trial. None of the other authors have
relevant potential conflicts of interest.

8. Parker C, Nilsson S, Heinrich D, Helle SI, O’Sullivan
JM, Fosså SD, Chodacki A, Wiechno P, Logue J, Seke
M, Widmark A, Johannessen DC, Hoskin P, et al, and
ALSYMPCA Investigators. Alpha emitter radium-223 and
survival in metastatic prostate cancer. N Engl J Med. 2013;
369:213–23. https://doi.org/10.1056/NEJMoa1213755.

FUNDING
Grant support was provided by NIH (P30 CA014520
and R01 CA129154), a 2014 Movember-PCF Challenge
Award from the Prostate Cancer Foundation, and with
funding support by Madison Vaccines, Inc.

9. Hodi FS, O’Day SJ, McDermott DF, Weber RW, Sosman
JA, Haanen JB, Gonzalez R, Robert C, Schadendorf D,
Hassel JC, Akerley W, van den Eertwegh AJ, Lutzky J,
et al. Improved survival with ipilimumab in patients with
metastatic melanoma. N Engl J Med. 2010; 363:711–23.
https://doi.org/10.1056/NEJMoa1003466.

REFERENCES
1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017.
CA Cancer J Clin. 2017; 67:7–30. https://doi.org/10.3322/
caac.21387.

10. Hamid O, Robert C, Daud A, Hodi FS, Hwu WJ, Kefford
R, Wolchok JD, Hersey P, Joseph RW, Weber JS, Dronca
R, Gangadhar TC, Patnaik A, et al. Safety and tumor
responses with lambrolizumab (anti-PD-1) in melanoma.
N Engl J Med. 2013; 369:134–44. https://doi.org/10.1056/
NEJMoa1305133.

2. Petrylak DP, Tangen CM, Hussain MH, Lara PN Jr, Jones
JA, Taplin ME, Burch PA, Berry D, Moinpour C, Kohli
M, Benson MC, Small EJ, Raghavan D, Crawford ED.
Docetaxel and estramustine compared with mitoxantrone
and prednisone for advanced refractory prostate cancer. N
Engl J Med. 2004; 351:1513–20. https://doi.org/10.1056/
NEJMoa041318.

www.oncotarget.com

11. Graff JN, Alumkal JJ, Drake CG, Thomas GV, Redmond
WL, Farhad M, Cetnar JP, Ey FS, Bergan RC, Slottke

25595

Oncotarget

R, Beer TM. Early evidence of anti-PD-1 activity in
enzalutamide-resistant prostate cancer. Oncotarget. 2016;
7:52810–17. https://doi.org/10.18632/oncotarget.10547.

PD-1 Expression on CD8+ T Cells. Cancer Immunol
Res. 2017; 5:630–41. https://doi.org/10.1158/2326-6066.
CIR-16-0374.

12. Slovin SF, Higano CS, Hamid O, Tejwani S, Harzstark
A, Alumkal JJ, Scher HI, Chin K, Gagnier P, McHenry
MB, Beer TM. Ipilimumab alone or in combination with
radiotherapy in metastatic castration-resistant prostate
cancer: results from an open-label, multicenter phase
I/II study. Ann Oncol. 2013; 24:1813–21. https://doi.
org/10.1093/annonc/mdt107.

19. Rekoske BT, Olson BM, McNeel DG. Antitumor
vaccination of prostate cancer patients elicits PD-1/
PD-L1 regulated antigen-specific immune responses.
Oncoimmunology. 2016; 5:e1165377. https://doi.org/10.10
80/2162402X.2016.1165377.
20. Couzin-Frankel J. Breakthrough of the year 2013. Cancer
immunotherapy. Science. 2013; 342:1432–33. https://doi.
org/10.1126/science.342.6165.1432.

13. Beer TM, Kwon ED, Drake CG, Fizazi K, Logothetis C,
Gravis G, Ganju V, Polikoff J, Saad F, Humanski P, Piulats
JM, Gonzalez Mella P, Ng SS, et al. Randomized, DoubleBlind, Phase III Trial of Ipilimumab Versus Placebo in
Asymptomatic or Minimally Symptomatic Patients With
Metastatic Chemotherapy-Naive Castration-Resistant
Prostate Cancer. J Clin Oncol. 2017; 35:40–47. https://doi.
org/10.1200/JCO.2016.69.1584.

21. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith
DC, McDermott DF, Powderly JD, Carvajal RD, Sosman
JA, Atkins MB, Leming PD, Spigel DR, Antonia SJ, et
al. Safety, activity, and immune correlates of anti-PD-1
antibody in cancer. N Engl J Med. 2012; 366:2443–54.
https://doi.org/10.1056/NEJMoa1200690.
22. Brahmer JR, Drake CG, Wollner I, Powderly JD, Picus
J, Sharfman WH, Stankevich E, Pons A, Salay TM,
McMiller TL, Gilson MM, Wang C, Selby M, et al.
Phase I study of single-agent anti-programmed death-1
(MDX-1106) in refractory solid tumors: safety, clinical
activity, pharmacodynamics, and immunologic correlates.
J Clin Oncol. 2010; 28:3167–75. https://doi.org/10.1200/
JCO.2009.26.7609.

14. McNeel DG, Dunphy EJ, Davies JG, Frye TP, Johnson LE,
Staab MJ, Horvath DL, Straus J, Alberti D, Marnocha R,
Liu G, Eickhoff JC, Wilding G. Safety and immunological
efficacy of a DNA vaccine encoding prostatic acid
phosphatase in patients with stage D0 prostate cancer. J
Clin Oncol. 2009; 27:4047–54. https://doi.org/10.1200/
JCO.2008.19.9968.
15. McNeel DG, Becker JT, Eickhoff JC, Johnson LE,
Bradley E, Pohlkamp I, Staab MJ, Liu G, Wilding G,
Olson BM. Real-time immune monitoring to guide
plasmid DNA vaccination schedule targeting prostatic acid
phosphatase in patients with castration-resistant prostate
cancer. Clin Cancer Res. 2014; 20:3692–704. https://doi.
org/10.1158/1078-0432.CCR-14-0169.

23. Oestreich KJ, Yoon H, Ahmed R, Boss JM. NFATc1
regulates PD-1 expression upon T cell activation. J
Immunol. 2008; 181:4832–39. https://doi.org/10.4049/
jimmunol.181.7.4832.
24. Johnson LE, Frye TP, Arnot AR, Marquette C, Couture
LA, Gendron-Fitzpatrick A, McNeel DG. Safety and
immunological efficacy of a prostate cancer plasmid
DNA vaccine encoding prostatic acid phosphatase (PAP).
Vaccine. 2006; 24:293–303. https://doi.org/10.1016/j.
vaccine.2005.07.074

16. Becker JT, Olson BM, Johnson LE, Davies JG, Dunphy
EJ, McNeel DG. DNA vaccine encoding prostatic acid
phosphatase (PAP) elicits long-term T-cell responses in
patients with recurrent prostate cancer. J Immunother. 2010;
33:639–47. https://doi.org/10.1097/CJI.0b013e3181dda23e.

25. Scher HI, Halabi S, Tannock I, Morris M, Sternberg CN,
Carducci MA, Eisenberger MA, Higano C, Bubley GJ,
Dreicer R, Petrylak D, Kantoff P, Basch E, et al, and
Prostate Cancer Clinical Trials Working Group. Design and
end points of clinical trials for patients with progressive
prostate cancer and castrate levels of testosterone:
recommendations of the Prostate Cancer Clinical Trials
Working Group. J Clin Oncol. 2008; 26:1148–59. https://
doi.org/10.1200/JCO.2007.12.4487

17. Rekoske BT, Smith HA, Olson BM, Maricque BB,
McNeel DG. PD-1 or PD-L1 Blockade Restores Antitumor
Efficacy Following SSX2 Epitope-Modified DNA Vaccine
Immunization. Cancer Immunol Res. 2015; 3:946–55.
https://doi.org/10.1158/2326-6066.CIR-14-0206.
18. Zahm CD, Colluru VT, McNeel DG. Vaccination with HighAffinity Epitopes Impairs Antitumor Efficacy by Increasing

www.oncotarget.com

25596

Oncotarget

