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Abstract Radiation therapy (RT) is an integral part of

prostate cancer treatment across all stages and risk groups.

Immunotherapy using a live, attenuated, Listeria monocyt-

ogenes-based vaccines have been shown previously to be

highly efficient in stimulating anti-tumor responses to impact

on the growth of established tumors in different tumor

models. Here, we evaluated the combination of RT and

immunotherapy using Listeria monocytogenes-based vac-

cine (ADXS31-142) in a mouse model of prostate cancer.

Mice bearing PSA-expressing TPSA23 tumor were divided

to 5 groups receiving no treatment, ADXS31-142, RT

(10 Gy), control Listeria vector and combination of

ADXS31-142 and RT. Tumor growth curve was generated

by measuring the tumor volume biweekly. Tumor tissue,

spleen, and sera were harvested from each group for IFN-c
ELISpot, intracellular cytokine assay, tetramer analysis, and

immunofluorescence staining. There was a significant tumor

growth delay in mice that received combined ADXS31-142

and RT treatment as compared with mice of other cohorts and

this combined treatment causes complete regression of their

established tumors in 60 % of the mice. ELISpot and

immunohistochemistry of CD8? cytotoxic T Lymphocytes

(CTL) showed a significant increase in IFN-c production in

mice with combined treatment. Tetramer analysis showed a

fourfold and a greater than 16-fold increase in PSA-specific

CTLs in animals receiving ADXS31-142 alone and combi-

nation treatment, respectively. A similar increase in infil-

tration of CTLs was observed in the tumor tissues.

Combination therapy with RT and Listeria PSA vaccine

causes significant tumor regression by augmenting PSA-

specific immune response and it could serve as a potential

treatment regimen for prostate cancer.
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Introduction

Radiation therapy (RT) is an integral part of prostate cancer

treatment across all stages and risk groups. Despite RT and

surgery, 10–40 % of patients have recurrence of their

cancer within 5 years [1–3]. The addition of androgen

deprivation therapy improves the survival of patients, but

without an enhancement in the cure rate [4, 5]. Recently, a

dendritic cell (DC)-based vaccine, Sipuleucel-T (Provenge,

APC8015, Dendreon Corp, WA, USA), was shown to

confer a survival advantage in men with metastatic cas-

tration-resistant prostate cancer (CRPC) [6] and is now

FDA approved for its treatment. This has generated

enthusiasm for immunotherapeutic strategies to be
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considered for the treatment of metastatic prostate cancer

[7]. Preclinical studies and a clinical trial with a prostate

cancer vaccine have demonstrated that RT and immuno-

therapy can be combined to enhance their mutual efficacies

[8–10]. Unlike surgery, RT does not deplete the patient of

tumor-associated antigens (TAA) and allows for the

induction of an effective immune response. Irradiated

tumor cells die slowly over time from apoptosis, necrosis

and/or mitotic catastrophe, leading to the clearance of the

dying cells by the immune system and access of tumor

antigens to the antigen processing and presentation path-

ways [11, 12]. Irradiation induces immunogenic cell death

[13–15]. Irradiation of a colon carcinoma cell line CT26

leads to the translocation of cytosolic calreticulin to the cell

membrane and provides a phagocytosis signal to dendritic

cells (DC) [15]. Irradiation also induces the secretion of

HMGB1 by tumor cells, and this acts as a ligand for toll-

like receptor (TLR) 4, which subsequently leads to DC

recruitment and activation [13, 16]. As for its direct action

on tumor cells, RT increases the cell surface expression of

MHC class I molecules and amplifies the diversity of pep-

tide antigen presentation by tumor cells [16]. It also

increases the expression of Fas/CD95, which leads to an

increased susceptibility of tumor cells to cytotoxic T lym-

phocyte (CTL)-mediated cell killing [17, 18]. Further, the

level of interferon (IFN)-c in the tumor microenvironment

and IFN-c-inducible genes is increased following RT, and

this leads to the inhibition of cellular proliferation, angio-

genesis, an increase in caspase-mediated cell killing, and an

increase in MHC class I expression on non-irradiated tumor

cells [19, 20]. RT also affects the tumor vasculature leading

to an increase in the expression of endothelial adhesion

molecules: VCAM-1, ICAM-1, P-selectin, and E-selectin

[21, 22]. These observations suggest that a combination of

RT and immunotherapy will have greater potential in

improving the chances of success for the treatment of

cancer when compared to monotherapy.

Prostate specific antigen (PSA) is a 34 kD glycoprotein

with serine protease activity that is secreted by prostate

epithelial and ductal cells [23]. There is a detectable

increase in PSA levels in nearly all patients with prostate

adenocarcinoma, which has led to its routine use in the

clinic for diagnosis, risk assessment, and treatment moni-

toring [24, 25]. PSA is exclusively expressed by the pros-

tate, which limits any potential widespread toxicity for its

use as target antigen in immunotherapy, and it has been

shown to be an immunogenic target of CTLs [26, 27].

Interestingly, multiple PSA-based immunotherapeutic

strategies including DNA vaccines, recombinant viruses,

Listeria-based vaccines, and DCs have been shown to

effectively induce PSA-specific T cell responses in pre-

clinical studies [28–31]. Finally, PSA has been validated as

an immunotherapeutic target in clinical trials [25, 32].

A live-attenuated recombinant Listeria monocytogenes

(Lm)-based PSA vaccine (ADXS31-142) has recently been

developed for therapeutic use in prostate cancer [31, 33].

The ability of Lm to elicit strong and effective innate and

adaptive immune responses makes it an ideal vector for

cancer immunotherapy. Lm is actively phagocytosed by

antigen-presenting cells (APCs) and replicates in the

cytosol after escaping from the phagosome, through the

expression of its virulence factors [34, 35]. This escape and

intracellular proliferation of Lm allows for the generation

of both CD4? and CD8? immune responses due to the

processing of antigens through both the MHC class I and

class II processing pathways [36, 37]. Antigen-specific

CD8? T cells mediate cytotoxic effects on the tumor cells,

while antigen-specific CD4? T cells help in the release

of anti-tumoral cytokines such as IFNc, TNFa, and IL-2

[36–39]. Lm-based vaccines have been shown to induce the

accumulation of T cells within the tumor microenviron-

ment, increase the secretion of cytotoxic and anti-angio-

genic cytokines, and cause a decrease in regulatory T cells

in the tumors [40, 41]. The efficacy of Lm vaccines in

inducing long-lasting tumor immunity has been demon-

strated for a number of tumor antigens including HPV16-

E7 and Her-2/neu in both transplantable and transgenic

mouse models of cancer [31, 40, 42–44].

The combination of immunotherapy and RT has been

previously studied in several animal models. Combinations

of immunomodulatory agents such as Toll-like receptor 9

(TLR9) ligands with RT have been shown to induce adaptive

immune responses and improve survival in mouse models of

glioma and lung cancer [45, 46]. It has also been observed

that the injection of immature DCs into irradiated tumors

leads to DC maturation and efficient anti-tumor immunity

[47]. RT has also been tested in combination with DNA-

based vaccines as well as using viral vectors, and these

combinations lead to an increase in CTL infiltration into the

tumors [48, 49]. Additionally, epitope spreading has been

observed with RT combinations, as evidenced by the gen-

eration of CTLs directed toward other tumor-associated

antigens than just the TAA used in the vaccine [48]. In this

study, we explore the combination of local irradiation with

immunotherapy using live-attenuated Lm-based vaccine

ADXS31-142, in a mouse model of prostate cancer.

Materials and methods

Mice and cell lines

6- to 8-week-old male C57BL/6 mice (Jackson Labs, Bar

Harbor, ME) were housed at the animal facility at the

Albert Einstein College of Medicine, and all experiments

were performed in accordance with protocols approved by
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the institutional animal care and use committee (IACUC).

The TPSA23 cell line was created by transfection of PSA

expression plasmid in the TRAMPC-1 murine prostate

adenocarcinoma cell line and has been described previ-

ously [31]. TPSA23 cells were grown and maintained in

DMEM (Atlanta Biologicals, Lawrenceville, GA) supple-

mented with 4 mM glutamine (Invitrogen, Carlsbad, CA),

1.5 g/l sodium bicarbonate (Invitrogen, Carlsbad, CA),

4.5 g/l glucose (Invitrogen, Carlsbad, CA), 5 g/ml insulin

(Sigma-Aldrich, St. Louis, MO), 10 nM dehydroisoan-

drosterone (Sigma-Aldrich, St. Louis, MO), 5 % fetal

bovine serum (Atlanta Biologicals, Lawrenceville, GA),

5 % NuSerum IV (BD Biosciences, San Diego, CA), and

5 lg/ml blasticidin (Invitrogen, Carlsbad, CA).

Vaccine preparation

The details of the construction of ADXS31-142 and the

control Listeria vaccine ADXS-HPV16E7 have been

described previously [31, 33]. The vaccine stocks were

prepared and stored as 1 ml aliquots in freezer at -70 �C.

Before injection, vaccine stocks were thawed at 37 �C for

2–3 min and then washed twice with phosphate-buffer

saline (PBS) and resuspended in PBS at a final concen-

tration of 5 9 108 colony forming units (CFU)/ml. Each

mouse was immunized intraperitoneally with 200 ll of this

suspension.

Flow cytometry antibodies

Antibodies used in the following studies were the follow-

ing: anti-CD8-FITC, anti-CD3-PE-Cy7, and anti-IFN-c
APC, all purchased from BD (Franklin Lakes, NJ). For

tetramer staining, the H-2Db PSA tetramer (HCIRNKS-

VIL) was conjugated to PE (NIH tetramer facility, Atlanta,

GA) and the ovalbumin H-2Db PE tetramer (Beckman

Coulter, Brea, CA).

RT and immunotherapy

1 9 106 TPSA23 cells were injected subcutaneously in the

flank of C57BL/6 mice on day 0. Mice (10/group) with

palpable tumors (*0.5 cm diameter) were treated as fol-

lowing: ADXS31-142 (108 CFU/mice); both ADXS31-142

(108 CFU) and RT (RT); RT only; control Listeria vaccine;

and naı̈ve untreated mice. Immunization with the Listeria-

based vaccine was performed on days 10, 17, and 21 post-

tumor implantation. On day 12 post-tumor implantation,

single fraction external beam RT of 10 Gy was delivered

using a 320 KvP, Phillips MGC-40 Orthovoltage irradiator

at a 50 cm SSD with a 2-mm copper filter and a dose rate

of 72 cGy/min after exposing the flank tumor and shielding

the thorax, head and neck, abdomen, and extremities with

lead blocks. The RT was given under anesthesia with

100 ll of a mixture of 100 mg/ml of ketamine (Fort Doge

Animal Health, Fort Doge, IA) and 20 mg/ml of xylazine

(Lloyd Laboratories, Shenandoah, IA). Tumors were

measured twice a week by calipers and mean tumor volume

(MTV) was calculated using the formula 0.5 9 W2 9 L.

Tumors, spleen, and serum were harvested from 2 mice

from each group on day 28, and the remainder when the

tumors were 20 mm in diameter.

Tumor-infiltrating lymphocyte (TIL) isolation

Excised tumors were minced into pieces smaller than

1 mm and then incubated in PBS containing 1 mg/ml

DNAse I (Roche Diagnostics, Indianapolis, IN) and 2 mg/

ml collagenase (Fisher Scientific, Pittsburgh, PA) for 1 h at

37 �C. The lysate was then passed through a 70-lm cell

strainer prior to red blood cell lysis. The single cell sus-

pension obtained was used for the further analysis of TILs.

ELISpot assay

IFN-c ELISpot assays were performed according to man-

ufacturer’s protocol using a commercial ELISpot kit

(Mabtech, Stockholm, Sweden). Briefly, plates were coated

overnight with 0.015 mg/ml of an anti-mouse IFN-c
monoclonal antibody (clone AN18). For stimulation, cells

were incubated in the presence of either 0.01 mg/ml of an

immunodominant PSA epitope HCIRNKSVIL (Biomatik

Corporation, Wilmington, DE) [50] or PMA (10 ng/ml

Fisher Scientific, Pittsburgh, PA) and 0.5 lg/ml ionomycin

(Fisher Scientific, Pittsburgh, PA), 0.01 mg/ml BSA (US

Biological, Boston, MA). The HCIRNKSVIL peptide was

pre-treated with the tris (2-carboxyethyl) phospine (TCEP)

disulfide-reducing resin (Thermo-Scientific, Rockford, IL)

to reduce any disulfide bonds. The spots were counted

using an automatic ELISpot reader (Autoimmun Diagnos-

tika, Strassberg, Germany).

Intracellular cytokine and tetramer staining

The intracellular IFN-c cytokine staining assay was per-

formed as described previously [51] using the Cytofix/

Cytoperm with GolgiStop kit (Pharmingen, Becton–Dick-

inson, San Jose, CA). For PSA tetramer staining, spleno-

cytes or TILs were cultured overnight in the presence of

IL-2 and were incubated with H-2Db PSA tetramer con-

jugated to PE (NIH tetramer facility, Atlanta, GA) in ice

for 30 min. A separate set of control population was

incubated with Ovalbumin H-2Db tetramer conjugated to

PE (Beckman Coulter, Brea, CA). Cells were then stained

with FITC-conjugated anti-CD8 mAb, PE-Cy7-conjugated

anti-CD3 mAb, and Live/Dead Fixable Cell stain kit
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(Invitrogen, Carlsbad, CA) and then washed and fixed in

4 % paraformaldehyde (Fisher Scientific, Pittsburgh, PA).

Flow cytometry samples were analyzed on an LSRII (BD,

Franklin Lakes, NJ), and the data were analyzed using the

FlowJo v7.0 (Tree Star Inc, Ashland, OR) software.

Statistical analysis

Tumor dimensions were caliper measured biweekly and

evaluated for response rate (RR), complete response (CR)

and partial response (PR). Mean tumor volume (MTV) was

calculated using the formula 0.5 9 W2 9 L (W, width and

L, length), and tumor growth delay (TGD) was calculated

based on the MTV of the combination arm. Kaplan–Meier

analysis with tumor volume and paired t test was

performed between the cohorts in SPSS v13. The study

endpoint was tumor diameter [2 cm according to the

protocols of institutional animal facility, which was

reached in the control groups in approximately 6 weeks.

Immune assays were analyzed using Student’s t test.

Results

Synergistic effect of RT and immunotherapy on tumor

growth

The ADXS31-142 PSA vaccine has previously been shown

to cause tumor growth delay of established TPSA23 tumors

in syngeneic C57BL/6 male mice [31]. However, tumors

eventually recurred in these mice after being treated with

vaccine alone. We, therefore, examined whether the com-

bination of vaccine with RT could improve the efficacy of

either immunotherapy or RT, administered as a single-

modality treatment. Since prostate cancer RT could benefit

from hypo-fractionated (larger dose per fraction) regimens

[52–54], we chose to treat the murine prostate tumors with

a single fraction of 10 Gy. A combination of ADXS31-142

PSA vaccine and RT reduces tumor growth as early as

1-week post-vaccination and causes complete regression of

established tumors in 60 % of the mice (Fig. 1a–e, Sup-

plemental Fig S1). In contrast, treatment with either RT or

ADXS31-142 alone caused a significant delay in tumor

growth, but had minimal complete regression (B10 %).

This suggests that the combination of vaccine and RT

treatment has curative effect that ultimately causes a

stronger impact on tumor treatment.

Further, we tested whether the mice surviving after

combination therapy with ADXS31-142 (PSA Vaccine) and

RT developed protective immune memory against prostate

tumors. Mice that had complete regression following

combination therapy were administered a tumor challenge

3-month post-first vaccination. TPSA23 tumor cells (1 9

106 cells) were implanted in the opposite flank as the ori-

ginal tumor, and the mice were observed for any tumor

growth. We found that the mice treated with combination

therapy did not (Fig. 2) develop tumors possibly due to the

induction of systemic and lasting immunity to the TPSA23.

Combination therapy induces PSA-specific T cell

responses and enhances their ability to secrete IFNc

To understand whether the tumoricidal effects of the

combination therapy are due to an enhancement in the

generation of PSA-specific T cell responses, we examined

the peripheral immune responses in the splenocytes of

tumor-bearing mice in each treatment cohorts. Splenocytes

were analyzed for the presence of PSA-specific CTLs by

H-2Db PSA tetramer analysis. PE-conjugated, MHC I

H-2Db PSA tetramer binds specifically to the TCRs rec-

ognizing the PSA-derived peptide epitope, HCIRNKSVIL,

and was specifically designed for this purpose by the NIH

tetramer facility. The results show that vaccination with

ADXS31-142 resulted in 4 % of PSA tetramer positive

cells and combination of RT with ADXS31-142 vaccine

resulted in 17 % of PSA tetramer positive cells (Fig. 3b) in

the splenocytes. This suggests that overall there was a

fourfold increase in the generation of PSA-specific T cells

after treatment with combination therapy when compared

to ADXS31-142 vaccine group. In naı̈ve, RT, or control

Listeria vaccine-treated group, PSA tetramer-specific T

cells were not detected (Fig. 3).

Further, we analyzed the functional ability of T cells to

synthesize cytokine IFN-c using ELISpot and intracellular

cytokine staining. We observed that there was a 7- and

13-fold increase in the number of cells secreting IFN-c after

treatment with ADXS31-142 vaccine alone and RT ? vac-

cine therapy, respectively (Fig. 4a, Supplementary Fig S2).

Analysis of the functional ability using intracellular

cytokine staining specific for IFN-c (Fig. 4b, Supplemen-

tary Fig S3) shows a twofold increase in the production of

IFN-c ? CD8? T cells following the combination therapy

when compared to ADXS31-142 alone. The results

obtained with intracellular cytokine staining were consistent

with those of ELISpot assay, suggesting the combination

therapy increases the functional ability of PSA-specific T cells

to secrete cytokine IFN-c.

Increase in PSA-specific T cell tumor infiltration

following combination therapy

Effective therapies should not only lead to an increase in

antigen-specific T cells but also cause significant infiltra-

tion of these T cells into the tumor microenvironment. We,

therefore, examined whether there is an increase in the

infiltration of the PSA-specific T cells in the irradiated
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Fig. 1 Tumor regression upon

combined RT and PSA vaccine

treatment. On day 0, C57/B6

mice (n = 50) bearing palpable

TPSA23 tumors (*5 mm in

diameter) were randomized to

one of five treatment arms:

a PSA vaccine, ADXS31-142

vaccine, b PSA vaccine,

ADXS31-142 vaccine ? RT,

c RT, d no treatment and

e control Lm vaccine

(ADXS31-134) vaccine.

Listeria vaccines (1 9 108

CFU) were administrated on

days 1, 7, and 14 while a single-

dose RT (10 Gy) was given on

day 0. Tumor volume was

measured biweekly until the

study endpoint (20 mm in

diameter) is reached. The tumor

growth of each individual

mouse from each group is

shown in a–e while the

statistical difference of mean

tumor volume from each group

is shown in f. Additive effect

(dashed line in f) is calculated

by the product of percent

decrease by individual

treatments
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tumor microenvironment (Fig. 5). To assess this, tumors

were harvested at the end of our experiments to determine

the extent of PSA-specific TILs in partially regressing

tumors of the ADXS31-142–treated group and compared

them with the tumor regrowth seen in the animals treated

with combination therapy. The results showed eightfold

increase in the infiltration of PSA-specific CD8? T cells

following vaccine alone compared to control (Fig. 5g). RT

alone or no treatment did not cause any infiltration of PSA-

specific T cells (Fig. 5g). There was a twofold increase in

PSA-specific TIL following the combination therapy

compared to RT alone (Fig. 5g).

The lower percentage of PSA-specific TILs in the

RT ? ADXS31-142 group versus the ADXS31-142–trea-

ted group may have been the result of tumors in the

combination therapy group being harvested from tumors

that were growing subsequent to a complete response, or it

is possible that the tumor recurred due to a potential defi-

ciency of PSA-specific CD8? T cells. Conversely, there

may have been significant infiltration of PSA-specific CD8

T cells at an earlier point following treatment, which

subsequently decreased over time following the therapy.

In order to determine whether there was significant CD8

T cell infiltration at an earlier time point, we repeated this

study and harvested tumors that were actively regressing

on day 25. We observed that there was a sevenfold increase

in tumor infiltration of the PSA-specific CD8 T cells in the

combination therapy group compared to the untreated mice

(Fig. 5g), supporting the hypothesis that there is an

increased infiltration of these cells earlier in the actively

regressing tumors. Overall, the combination therapy treat-

ment impacts on the immune response by causing

increased induction of PSA-specific T cells in the periphery

and consequently, an increased infiltration of these cells in

the tumor microenvironment.

Discussion

RT is an effective treatment for localized prostate cancer.

However, up to 40 % of patients fail RT [1–3, 55].

Immunotherapy has been explored as a treatment in

patients with metastatic hormone refractory prostate can-

cer. Sipuleucel-T (Provenge, recently approved by the

FDA) shows an approximately 4-month increase in sur-

vival for these patients, demonstrating an effect of immu-

notherapy to increase survival in prostate cancer [56].

Although RT has the potential to induce immune responses

Fig. 2 Protective effect against challenged TPSA23 cells in mice

cured by combined RT and Listeria PSA vaccine, ADXS31-142

vaccine treatment. Untreated mice and mice with CR from the

combined treatment group (N = 6/group) were challenged with

TPSA23 cells (1 9 106) 3 months after first vaccination. Tumor

volume was measured biweekly until the study endpoint is reached in

untreated mice. A p value is given to show the statistical difference of

tumor volume between these two groups

Fig. 3 Enrichment of splenic PSA-specific T cells in mice treated

with combined RT and Listeria PSA vaccine, ADXS31-142 vaccine.

Splenocytes of mice from each cohort were stained with

PE-conjugated PSA65–74/H-2Db tetramer, FITC-conjugated anti-

CD8, and PE-Cy7-conjugated anti-CD3 antibodies. The percentage

of PSA65–74/H-2Db tetramer? (a, b) and control OVA257–264/H-2Kb

tetramer? cells (b) within CD8?CD3? T cells is shown
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from dying tumor cells [9], a combination of immuno-

therapy and RT has not been used in clinical practice. As a

prelude to designing clinical trials of RT and tumor vac-

cine, we examined the tumoricidal and immunological

effects of combining a Listeria PSA vaccine with RT in a

murine model of prostate cancer.

Listeria monocytogenes-based vaccines have been used

previously in several mouse models of cancer [31, 40, 42,

43, 57]. The therapeutic anti-tumor efficacy of these vac-

cines correlated with the generation of TAA-specific

immune responses. Two different bioengineered strains of

Listeria monocytogenes expressing PSA have been shown

to be very effective in causing tumor regression in mouse

models of prostate cancer [31]. The study described here

demonstrates that the treatment with ADXS31-142 vaccine

causes growth retardation and partial regression of estab-

lished tumors. Interestingly, the complete regression of

tumors was only observed when ADXS31-142 Listeria

PSA vaccine was combined with a single fraction of 10 Gy

RT (Fig. 1). Furthermore, we demonstrate that the com-

bination therapy induces a systemic immune protection to

tumor challenge, 3-month post-RT (Fig. 2), indicating the

generation of a strong PSA-specific immune response with

induction of immunological memory. There was an

increase in PSA-specific CD8 T cells as measured by PSA

tetramer staining (Fig. 4) with subsequent increase in IFN-

c secretion upon stimulation with an immunodominant

PSA epitope (Fig. 3), indicating enhanced responsiveness

of the PSA-specific CD8? T cells following combination

therapy. These PSA-specific CD8 T cells actively infiltrate

Fig. 4 Increased Interferon-c
releasing splenic PSA-specific T

cells in mice treated with

combined RT and Listeria PSA

vaccine, ADXS31-142 vaccine.

Splenocytes from mice of each

cohort were stimulated with

either PSA65–74 peptide, control

peptide, or a mixture of PMA

and Ionomycin. The release of

Interferon-c from PSA-specific

T cells was detected by ELISpot

(a) and intracelluar cytokine

staining assay (b). PMA and

Ionomycin are non-specific

activators of lymphocyte and

serves as positive control for

both assays. The number of

IFN-c releasing T cells per

2.5 9 105 splenocytes is shown

in ELISpot assay (a) while the

percentage of CD8?CD3?IFN-c
cells (normalized to the positive

control) is shown in intracelluar

cytokine staining assay (b)
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Fig. 5 Accumulation of PSA-

specific T cells in tumor tissue

in mice treated with combined

RT and PSA vaccine, ADXS31-

142 vaccine. Tumor-infiltrating

lymphocytes (TILs) were

collected on d52 from mice

received PSA vaccine (a), PSA

vaccine, ADXS31-142

vaccine ? RT (b), RT (c), no

treatment (d), and Control

vaccine (e). TILs from PSA

vaccine, ADXS31-142

vaccine ? RT group were also

collected on d25 before a

significant shrinkage of tumor

volume was observed (f). Cells

were stained with PE-

conjugated PSA65–74/H-2Db

tetramer, FITC-conjugated anti-

CD8, and PE-Cy7-conjugated

anti-CD3 antibodies. Percentage

of PSA65–74/H-2Db

Tetramer?CD8? cells within

CD3? cells shown in

a–f represents data of one

mouse from each group. The

statistical difference of these

PSA-specific T cells among all

the groups is shown in g
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irradiated tumors and are found in large numbers at early

time points in actively regressing tumors following RT and

ADXS31-142 immunotherapy (Fig. 5).

PSA has been widely used previously as TAA for tar-

geting human prostate cancer in various preclinical as well

as clinical studies and several studies have shown that

tolerance against PSA in humans can be overcome by

repeated immunizations [58, 59]. Noteworthy, PSA is a

foreign antigen in mice, and thus, no tolerance is expected

toward this antigen. As a next step, we will be investigating

this combination treatment approach in further in PSA

transgenic mice, where immunological tolerance can be

addressed [60].

The dose of 10 Gy of RT was chosen for this study since

there is emerging evidence that the a/b ratio, a measure of

the response of tumor or tissue to a radiation fraction size,

of prostate cancer could be approximately 1.5, leading to a

predicted benefit in treating prostate cancer patients

with hypo-fractionated (larger dose per fraction) regiments

[52–54]. The dose for high-dose-rate brachytherapy treat-

ment for prostate cancer is about 10 Gy/fraction, and a

phase I study was recently completed for the definitive

treatment of prostate cancer with a total dose of 50 Gy

delivered in 10 Gy per fraction [61, 62]. It is also proposed

that a regimen of hypo-fractionated RT is more ablative

than standard fractionated RT (1.8–2.0 Gy fraction size)

and therefore ablative doses of hypo-fractionated RT could

release tumor antigens for induction of a strong protective

immune response to TAA. In this study, we examined the

immunological effects of one fraction of 10 Gy, which was

expected to be suboptimal towards tumor control (Fig. 1).

However, it is even more noteworthy that the combination

of Listeria PSA vaccine with a sublethal dose of RT was

tumoricidal and caused complete regression of established

tumors with RT amplifying the immune response toward

PSA.

The interaction of RT and immunotherapy are not fully

delineated, although the potential of combination therapies

are being actively studied [9]. There is evidence of radio-

sensitization in the treatment of head and neck cancers with

cetuximab, showing that RT could impact on the effec-

tiveness of an immunotherapy [63]. The use of mouse

models of cancer with combination therapies will allow us

to better understand the interplay of radiation and immu-

notherapy on the immune system and the efficacy of cancer

treatments. RT leaves the tumor antigens in the mouse and

allows for the generation of an effective immune response

to these antigens, unlike surgery. Furthermore, unlike

chemotherapy, RT is a local therapy and does not dem-

onstrate the systemic toxicity and immunosuppressive

effects of chemotherapy. In addition, there are sufficient

pre-clinical evidence to suggest that RT induces an

immunogenic cell death by increasing tumor neo-antigen

presentation in MHC I on tumor cell surface, increases

translocation of calreticulin, and secretion of HMGB1

[13–16]. In our study, the Listeria PSA vaccine potentially

amplified the immunogenic effects of RT by activating

antigen-presenting cells that were presented with PSA and

tumor antigens released from irradiated cells in the context

of innate ‘‘danger’’ signals from the bacterial cell wall and

nucleic acids of the attenuated Listeria vaccine.

Although the treatment options for early-stage prostate

cancer are multiple and highly effective, treatment for

patients with intermediate and advanced disease are limited

to RT and ADT, with less success [64]. In this setting,

where RT is already a standard part of patient care,

immunotherapy makes an attractive combination therapy to

enhance the efficacy of RT alone. The possibility exists

that combination therapy of the type described here may

allow for lower doses of RT to be used than the current

standard, thus increasing the safety of RT-immunotherapy

or hypo-fractionated regimens. Clinically, the safety of

using a live-attenuated Listeria monocytogenes-based

vaccine has been addressed in a trial of cervical cancer

with an HPV16-E7 vaccine, and this vaccine is currently in

phase II trials [65, 66]. Due to its limited toxicity and the

evidence of strong immune responses in mouse models, a

combination of RT and ADXS31-142 is promising for

further evaluation in clinical trials of prostate cancer.
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