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Background:  Immunotherapies have demonstrated clinical benefit for many types of cancers.  Sipuleucel T, an autologous 
cell-based vaccine targeting the prostate tumor antigen prostatic acid phosphatase (PAP), received FDA approval in 2010 for 
the of treatment metastatic, castration-resistant prostate cancer.  Given the cost and logistics of this autologous cell product, 
off-the-shelf vaccines are highly desirable.  We have investigated a DNA vaccine encoding PAP (pTVG-HP) in two clinical 
trials in patients with biochemically recurrent prostate cancer.  In both trials, persistent PAP-specific, Th1-type immunity could 
be elicited.  In the current study we sought to evaluate whether the immunogenicity and anti-tumor efficacy of this vaccine 
could be augmented using a prime-boost vaccination strategy with another genetic vaccine approach.  Specifically, we inves-
tigated a live attenuated double-deleted strain (LADD) of Listeria monocytogenes encoding PAP, given alone or in sequence 
with the pTVG-HP DNA vaccine, and using a humanized murine tumor model.  
Material and Methods:  Transgenic mice expressing HLA-A2.01 and HLA-DRB1*0101, but not murine MHC class I or class 
II (A2/DR), were immunized alone or with heterologous prime-boost strategies using a DNA (pTVG-HP) or listeria-based vac-
cine (LADD-PAP), each targeting PAP.  Splenocytes from immunized mice were evaluated for immune responses to MHC 
class I and class II-restricted, PAP-specific epitopes using IFNγ ELISPOT and intracellular cytokine staining (ICCS).  Anti-tu-
mor response to PAP-expressing syngeneic tumors were also assessed.
Results:   A2/DR mice immunized with LADD-PAP or pTVG-HP alone developed CD4+ and CD8+ PAP-specific immune 
responses and anti-tumor responses.  However, A2/DR mice immunized with LADD-PAP generated primarily an immune 
response to a PAP-specific MHC class I epitope while mice immunized with the DNA vaccine developed an immune response 
to PAP-specific, MHC class II epitopes.  A2/DR mice primed with pTVG-HP and then boosted with LADD--PAP developed 
more robust immune responses and anti-tumor responses.  The greater anti-tumor efficacy with this specific sequence was 
dependent on the development of a CD4+ T cell response and was not due to an adjuvant effect from Listeria.  Differences 
in T cell immunity elicited were also not due to differences in B cell antigen presentation following DNA immunization.   
Conclusions:  Prime-boost vaccination with recombinant DNA and listeria vaccines elicited CD4+ and CD8+ T cell immunity 
and anti-tumor responses in a relevant murine model.  The sequence of immunization, with DNA priming prior to a heterolo-
gous immunization approach, was superior, consistent with studies in other systems, and is likely due to the early generation 
of Th1-biased CD4+ T-cell immunity.  

ABSTRACT RESULTS

OBJECTIVE
We investigated whether the immunogenicity and anti-tumor efficacy of 
DNA and Lm vaccines targeting PAP could be enhanced using a heterolo-
gous prime/boost vaccination strategy.

0

500

1000

1500

2000

2500

PAP
pp18-26
pp112-120
pp299-307
HP161-175
HP351-365
HP181-195
HP191-205

pTVG-HP-
LADD-PAP

pTVG-HP-
LADD-PAP/
pTVG-HP

pTVG-HP 2x pTVG-HP-
LADD-empty/
pTVG-HP

Immunization Group

# 
of

 IF
N

γ-
SF

U
 p

er
 1

06  
Sp

le
no

cy
te

s

MHC class I

MHC class II

Figure 3:  Increased immunogenicity of prime-boost immunization with LADD boost not due to increased antigen load or inflammatory signals 
from Listeria alone.  Six- to ten-week old A2/DR1 mice were immunized with 100 µg pTVG-HP intradermally and then three weeks later with 
either 1 x 106 cfu LADD-PAP (n=6), 100 µg of pTVG-HP (n=5), or pTVG-HP administered intradermally with an intraperitoneal injection with 1 x 
106 cfu LADD-PAP (n=5) or LADD-empty (n=5).  One week after the last immunization splenocytes were collected for IFNγ ELISPOT analysis 
as listed in Figure 2.  Shown are box and whisker plots with the number of IFNγ spot-forming units (SFU) per million splenocytes for each stimu-
lating antigen for all animals per treatment group.  Statistical comparisons were made between the first two treatment groups, and third and 
fourth treatment groups, using a Mann-Whitney U test and no comparisons were found to have p<0.05.  
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Figure 1:  Prime/boost immunization using Lm- and DNA-based vaccines elicits significant antigen-specific anti-tumor response.  Six- to ten-week 
old A2/DR1 mice were implanted with sarcoma tumors expressing PAP.  One day after tumor implantation, mice were immunized weekly with 1 x 
106 cfu LADD-empty (red), 1 x 106 cfu LADD-PAP (green), 100 µg pTVG-HP (blue), 1 x 106 cfu LADD-PAP once followed by weekly immunization 
with 100 µg pTVG-HP (yellow), or 100 µg pTVG-HP once followed by weekly immunization with 1 x 106 cfu LADD-PAP (black) (n=3 per group).  
Tumor volumes were measured three times a week.  Shown is the average tumor volume (mm3) +/- SE for each group at each time point.  * = p < 
0.05 at day 30.  
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Figure 2:  Prime/boost immunization using Lm- and DNA-based vaccines elicits PAP-specific MHC class I- and class II-restricted epitopes.  Six- to 
ten-week old A2/DR1 mice were immunized twice three weeks apart with 1 x 106 cfu LADD-empty, 1 x 106 cfu LADD-PAP, 100 µg pTVG-HP 
followed by 1 x 106 cfu LADD-PAP, or 1 x 106 cfu LADD-PAP followed by 100 µg pTVG-HP (n=6 per group).  An additional group was immunized 
weekly with 100 µg pTVG-HP.  One week after the last immunization, splenocytes were harvested and assessed for cellular immunity by INFγ ELIS-
POT to PAP protein (red), PAP-specific HLA A2-restricted peptides (green, pp18-26, pp112-120, pp299-307), or PAP-specific, HLA-DR1-restricted peptides 
(blue, HP161-175, HP351-365, HP181-195, and HP191-205).  Shown are box and whisker plots with the number of IFNγ spot-forming units (SFU) per million 
splenocytes for each stimulating antigen for all animals per treatment group, with group median shown by the horizontal bar.  Statistical compari-
sons to mice immunized with LADD-empty control were made using Mann-Whitney U test.  * = p < 0.05

CONCLUSIONS
-PAP-specific cellular immunity and anti-tumor activity were elicited in mice after immunization with DNA- or 
listeria-based vaccines.

-Greater CD4+ and CD8+ responses, and anti-tumor responses, were elicited when mice were immunized first 
with a DNA vaccine and boosted with a listeria-based vaccine, but not when vaccines were administered in the 
opposite order.

-Anti-tumor response elicited by DNA:Listeria prime/boost is dependent on CD4+ T cells but not due to inflam-
matory signals by Listeria itself or due to B cells serving as antigen-presenting cells for DNA during priming.

Figure 4:  Differences in T-cell immunity were not due to antigen presentation by B lymphocytes.  Six-to ten-week old A2/DR1 mice were intravenously 
injected with 250 µg anti-CD20 (clone SA271G2 antibody, panel A), or IgG as a negative control (panel B), nine days before vaccination.  Mice were immu-
nized twice three weeks apart with 1 x 106 cfu LADD-PAP, 100 µg pTVG-HP, or pTVG-HP followed by LADD-PAP (n=3 per group).  One week after the 
last immunization splenocytes were collected for IFNγ ELISPOT analysis as listed in Figure 2.  Shown are box and whisker plots with the number of IFNγ 
spot-forming units (SFU) per million splenocytes for each stimulating antigen for all animals per group.   Statistical comparisons were made using 
Mann-Whitney U test, and no comparisons between groups treated with IgG versus anti-CD20 were found to have p<0.05.  
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Figure 6:  Induction of PAP-specific MHC class II-restricted immunity was not reduced using higher concentration of DNA for priming immuniza-
tion.  A2/DR1 mice were immunized with 100 µg (n=5, red) or 1000 µg of pTVG-HP (n=6, blue) followed three weeks later with 5 x 106 cfu/ml 
LADD-PAP.  One week after the last immunization splenocytes were collected for IFNγ ELISPOT analysis as in Figure 2.  Shown are box and 
whisker plots with the number of IFNγ spot-forming units (SFU) per million splenocytes for each stimulating antigen for all animals per dose treat-
ment group.  Statistical comparisons were made using Mann-Whitney U test, and no comparisons between groups treated with the different DNA 
concentrations were found to have p<0.05.  
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MATERIALS AND METHODS

Listeria monocytogenes strain (LADD) and DNA vaccines  Lm strains were constructed in the live attenuated double deleted 
(LADD) ∆act A ∆inl B strain background (10).  The human coding sequence for PAP was codon optimized for expression from Listeria 
monocytogenes and a synthetic gene was synthesized de novo (ATUM Bio, Newark, CA). LADD-PAP, the Lm strain expressing amino 
acids 33-386 of the PAP protein was constructed and by cloning the synthetic PAP gene downstream of the actA promoter and 
in-frame with the amino terminus of the ActA protein and integrated into the LADD chromosome as described (11). A DNA vaccine 
encoding prostatic acid phosphatase, pTVG-HP, used for immunization was described previously (12).  Control vaccines included a 
DNA vector not encoding PAP (pTVG4) or a Lm parental strain not encoding PAP (LADD-empty). 

Immunization scheme  Six-to-ten week old HLA-A2.01/HLA-DRB1*0101 mice were immunized two to four times at 1-3 week inter-
vals (1 week intervals in tumor-bearing animals and two immunizations 3 weeks apart for non-tumor-bearing animals) using a DNA 
vaccine and/or live, attenuated Listeria monocytogenes (LADD) vaccine.  Immunization was performed intradermally two to four times 
with 100 µg of pTVG-HP at intervals as indicated.  A2/DR1 were immunized intraperitoneally up to two times 21 days apart with 1 x 
106 cfu of LADD-PAP.  One week after the last immunization, mice were euthanized and spleens were collected for immunological 
analysis.  Where described, A2/DR1 mice were intravenously injected once with 250 µg anti-mouse CD20 (clone SA271G2, Bioleg-
end) nine days before the first vaccination to deplete B lymphocytes.

Tumor studies  For tumor therapy studies, A2/DR1 mice were injected subcutaneously in the rightflank with 1 x 104 syngeneic sarco-
ma cell line expressing PAP prepared in 50% high concentration, LDEV-free matrigel (BD Biosciences) as previously described (13).  
The next day, mice were immunized as described above.  Tumors were measured three times a week and the tumor volume was 
calculated according to the following equation: (π/6)(long axis)(short axis)2.  For the CD4+ T cell depletion studies, A2/DR mice were 
injected with 250 µg of anti-CD4+ antibody(clone GK1.5, BioXcell) or IgG as a negative control one day (day -1) before tumor implan-
tation and then every four to seven days as previously described (14). 

Immune Analysis-Interferon gamma (IFNγ) ELISPOT  Splenocytes were co-cultured with media only, hPAP protein , PAP-specific 
peptides (HLA-A2-restricted (pp18-26, pp112-120, and pp299-307 or  HLA-DR1-restricted (HP161-175, HP351-365, HP181-195, and HP191-205)) ) or Con-
canavalin A (Con A)  on an anti-mouse IFNγ antibody precoated PDVF ELISPOT 96 well plate (EMD Millipore) for 48 hours at 37oC, 
5% CO2.  IFNγ production was detected using an anti-mouse IFNγ ELISPOT according to manufacturer’s instructions (R & D Sys-
tems).  Spots were enumerated with an automated plate reader (Autoimmun Diagnostika).  The number of spots were corrected for 
media alone-negative control, and reported as the mean number of peptide-specific IFNγ spot-forming units (SFU) per 106 spleno-
cytes.  All assays were conducted in triplicate, and were conducted with splenocytes obtained directly ex vivo without prior in vitro 
stimulation.

Statistical Analysis  For all statistical analysis, comparsion of group medians was performed using a Mann-Whitney U test (for 
non-normally distributed data) as indicated (GraphPad Prismsoftware, v5.01).  For all comparisons, P values equal to or less than 0.05 
were consideredstatistically significant.

BACKGROUND
-Sipuleucel T, an autologous cell-based vaccine targeting prostatic acid phosphatase 
(PAP), received FDA approval in 2010 (1).  With the cost and logistics of this vaccine, 
there is a interest in developing off-the-shelf vaccines.

-DNA vaccine encoding PAP (pTVG-HP) could elicit PAP-specific CD8+ T cells in preclin-
ical rodent models and in patients with early recurrent prostate cancer in two phase I clin-
ical trials (2,3).  The development of persistent PAP-specific Th1-biased immunity was 
associated with favorable changes in PSA doubling time (4).

-A live attenuated double deleted Listeria monocytogenes strain (LADD) developed by 
Aduro Biotech, Inc. has deletion in the actA virulence factor and inlB to reduce hepato-
cyte uptake and toxicity (5).

-LADD strain expressing mesothelin (CRS-207) has been shown to stimulate innate and 
adaptive mesothelin-specific T cell immunity and it is currently being evaluated as an an-
ti-cancer therapy in patients with mesothelioma, gastric, and ovarian cancer (6).

-LADD strain expressing four prostate cancer associated antigens has entered clinical 
development for patients with metastatic castration-resistant prostate cancer 
(NCT02625857).

-Heterologous prime-boost strategies, by administering the same antigen through two 
different delivery methods, have been reported to induce greater numbers of antigen- 
specific T cells and increase the quality of the immune response by involving multiple 
T-cell subsets and stimulating diverse cytokine profiles compared with homologous 
boosting alone (7).

-Prime/boost strategies using a DNA vaccine priming step have been reported to induce 
greater anti-specific immunity (8,9). 

Figure 5:  The anti-tumor response elicited by pTVG-HP and LADD-PAP prime/boost was dependent on CD4+ T cells elicited.  A2/DR1 mice were injected with 
250 µg of anti-CD4+ antibody (clone GK1.5) (or IgG as a negative control) one day before tumor implantation (-1), on days three and six after implantation, and 
weekly afterwards.  Tumors were implanted and animals immunized as in Figure 1.  Tumor volumes were measured three times a week.  Shown are tumor 
growth curves (average volume (mm3) +/- SE) for mice immunized weekly with LADD-PAP (panel A), pTVG-HP (panel B), or one immunization with pTVG-HP 
followed by weekly immunization with 1 x 106 cfu LADD-PAP (panel C), in the presence of anti-CD4+ antibody or IgG control (n=6 per group).  Statistical compari-
sons were made using Mann-Whitney U test at each time point.  * = p < 0.05

Days following Tumor Implantation

A LADD-PAP

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25 30

Tu
m

or
 V

ol
um

e 
(m

m
3 )

IgG

 anti-CD4+

B pTVG-HP
*

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25 30

Tu
m

or
 V

ol
um

e 
(m

m
3 )

IgG

 anti-CD4+

C pTVG-HP LADD-PAP

0

0.5

1

1.5

2

2.5

3

0 5 10 15 20 25 30

Tu
m

or
 v

ol
um

e 
(m

m
3 )

*

*

*
IgG

 anti-CD4+


