A heterologous prime-boost vaccination strategy combining a listeria and DNA-based vaccine
encoding prostatic acid phosphatase (PAP) elicits a strong antigen-specific, anti-tumor response.
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ABSTRACT RESULTS

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 4
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
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trials in patients with biochemically recurrent prostate cancer. In both trials, persistent PAP-specific, Th1-type immunity could 3.5 3 3 T 3
be elicited. In the current study we sought to evaluate whether the immunogenicity and anti-tumor efficacy of this vaccine —=lgG ——IgG —=lgG
could be augmented using a prime-boost vaccination strategy with another genetic vaccine approach. Specifically, we inves- o 3 =55 & o5 — 25 *
tigated a live attenuated double-deleted strain (LADD) of Listeria monocytogenes encoding PAP, given alone or in sequence & E ' == anti-CD4+ E == anti-CD4+ S = 3ntH-CD4+
with the pTVG-HP DNA vaccine, and using a humanized murine tumor model. é - - £
Material and Methods: Transgenic mice expressing HLA-A2.01 and HLA-DRB1*0101, but not murine MHC class | or class o 2.5 g 2 qE’ 2 °E’ 2
I (A2/DR), were immunized alone or with heterologous prime-boost strategies using a DNA (pTVG-HP) or listeria-based vac- £ ag= LADD-empty S 3 3 *
cine (LADD-PAP), each targeting PAP. Splenocytes from immunized mice were evaluated for immune responses to MHC 3 2 ai LADD-PAP g 15 g 15 g 15
class | and class ll-restricted, EAP—specific_epitopes using IFNy ELISPOT and intracellular cytokine staining (ICCS). Anti-tu- >o % wtmpTVG-HP 5 5 s
mor response to PAP-expressing syngeneic tumors were also assessed. 15 LADD-PAP pTVG-HP & £ S
Results: A2/DR mice immunized with LADD-PAP or pTVG-HP alone developed CD4+ and CD8+ PAP-specific immune 3 ' «ampTVG-HP LADD-PAP |:_’ 1 f_’ 1 = 1
responses and anti-tumor responses. However, A2/DR mice immunized with LADD-PAP generated primarily an immune = /
response to a PAP-specific MHC class | epitope while mice immunized with the DNA vaccine developed an immune response IE 1 05 05 | 1 05
to PAP-specific, MHC class |l 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 05
dependent on the development of a CD4+ T cell response and was not due to an adjuvant effect from Listeria. Differences ' 0 : 0 ' ' ' ' ' ' 0 . ; ; . . -
) . N . . . . . : o 0 30 0 5 10 15 20 25 30 0 5 10 15 20 25 30
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 0 . .
and anti-tumor responses in a relevant murine model. The sequence of immunization, with DNA priming prior to a heterolo- 0 5 10 15 20 25 30 35 Days fO"OWI"g Tumor Implantatlon
gous immunization approach, was superior, consistent with studies in other systems, and is likely due to the early generation Days after tumor implantation 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
of Th1-biased CD4+ T-cell immunity. ] _ _ o . _ S _ . _ _ 250 pg 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
Figure 1. Prime/boost immunization using Lm- and DNA-based vaccines elicits significant antigen-specific anti-tumor response. Six- to ten-week weekly afterwards. Tumors were implanted and animals immunized as in Figure 1. Tumor volumes were measured three times a week. Shown are tumor
old A2/DR1 mice were implanted with sarcoma tumors expressing PAP. One day after tumor implantation, mice were immunized weekly with 1 x 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
10°cfu LADD-empty (red), 1 x 10° cfu LADD-PAP (green), 100 pg pTVG-HP (blue), 1 x 10° cfu LADD-PAP once followed by weekly immunization followed by weekly immunization with 1 x 10° cfu LADD-PAP (panel C), in the presence of anti-CD4+ antibody or IgG control (n=6 per group). Statistical compari-
with 100 ug pTVG-HP (yellow), or 100 ug pTVG-HP once followed by weekly immunization with 1 x 10® cfu LADD-PAP (black) (n=3 per group). sons were made using Mann-Whitney U test at each time point. * =p < 0.05
Tumor volumes were measured three times a week. Shown is the average tumor volume (mm?3) +/- SE for each group at each time point. *=p <
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-LADD strain expressing mesothelin (CRS-207) has been shown to stimulate innate and LADD-empty ~ LADD-PAP  pTVG-HP pTVG-HP LADD-PAP A M
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adaptive mesothelin-specific T cell immunity and it is currently being evaluated as an an- class Anti class
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ti-cancer therapy in patients with mesothelioma, gastric, and ovarian cancer (6). Immunization Group g
_ _ _ _ o Figure 2: Prime/boost immunization using Lm- and DNA-based vaccines elicits PAP-specific MHC class |- and class ll-restricted epitopes. Six- to E;?]urzzslbg?ﬁ:&%ﬁ;;ﬁiﬁjﬁgﬁdwﬁg <1:I§103 S ”_Eﬁiglc:zg)lrgm%%g wazfno_’:_\r/ecc;j?ﬁgd(rl::éngbmgel)ﬁ?(r)li:é)wnggrlthr?etlgr\:vgl;llzsl\l gt:r V?,T;Ln??(l%r?z?j;
-LADD strain expressing four prostate cancer associated antigens has entered clinical ten-week old A2/DR1 mice were immunized twice three weeks apart with 1 x 10° cfu LADD-empty, 1 x 10° cfu LADD-PAP, 100 ug pTVG-HP ' . Y Hg ; Hg orp ’ | HIEE
) ] ) ] 2 followed bv 1 x 10° cfu LADD-PAP. or 1 x 10° cfu LADD-PAP followed bv 100 TVG-HP (n=6 per group). An additional group was immunized LADD-PAP. One week after the last immunization splenocytes were collected for IFNy ELISPOT analysis as in Figure 2. Shown are box and
development for patients with metastatic castration-resistant prostate cancer oY ’ ) o y 10 Hg p per group). : group whisker plots with the number of IFNy spot-forming units (SFU) per million splenocytes for each stimulating antigen for all animals per dose treat-
weekly with 100 ug pTVG-HP. One week after the last immunization, splenocytes were harvested and assessed for cellular immunity by INFy ELIS- . : . ) ) ) :
(NCT02625857) . e : . e . . ment group. Statistical comparisons were made using Mann-Whitney U test, and no comparisons between groups treated with the different DNA
. POT to PAP protein (red), PAP-specific HLA A2-restricted peptides (green, pp. . .., PP.1s.1on PPoooqqr), OF PAP-specific, HLA-DR1-restricted peptides .
. 1826’ FE112:1207 T1299-307 . . - concentrations were found to have p<0.05
(blue, HP . ..., HP,., ..., HP .. ..., and HP. . . ). Shown are box and whisker plots with the number of IFNy spot-forming units (SFU) per million T
_ : _ : . . . splenocytes for each stimulating antigen for all animals per treatment group, with group median shown by the horizontal bar. Statistical compari-
Heterologogs prime-boost strategies, by admlnlstgrlng the same antigen through two sons to mice immunized with LADD-empty control were made using Mann-Whitney U test. * =p < 0.05
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 2500-
T-cell subsets and stimulating diverse cytokine profiles compared with homologous B CO N C LU S I 0 N S
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boosting alone (7). >
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_Prime/boost strategies using a DNA vaccine priming step have been reported to induce %— T 1 PPrsase I-.Pfxlz’.-s%e(:lflg ceIIu.Iar immunity and anti-tumor activity were elicited in mice after immunization with DNA- or
greater anti-specific immunity (8,9). 7 [ PP112120 | MHC class | Isteria-based vaccines.
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N [] HP1g1.175— -Greater CD4+ and CD8+ responses, and anti-tumor responses, were elicited when mice were immunized first
8 [ HP3si365 | MHC class I with a DNA vaccine and boosted with a listeria-based vaccine, but not when vaccines were administered in the
D 1000 I [ HP1g1.195 opposite order.
MATERIALS AND METHODS ? 3 HProras.
— i -Anti-tumor response elicited by DNA:Listeria prime/boost is dependent on CD4+ T cells but not due to inflam-
w500 | matory signals by Listeria itself or due to B cells serving as antigen-presenting cells for DNA during priming.
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Listeria monocytogenes strain (LADD) and DNA vaccines Lm strains were constructed in the live attenuated double deleted 0 = = - ﬁ
(LADD) Aact A Ainl B strain background (10). The human coding sequence for PAP was codon optimized for expression from Listeria L
mqnocytogenes and a synthetic.gene was synthesized de novo (ATUM Bio, NeV\{ark, CA). LADD-PAP, the Lm strain expressing amino pTVG-HP- pTVG-HP- pTVG-HP 2x pTVG-HP-
gmds 33-3?36 of the .PAP protein was constructed'and by cloning the synthetic PAP gene downstream qf the actA promoter qnd LADD-PAP LADD-PAP/ LADD-empty/
in-frame with the amino terminus of the ActA protein and integrated into the LADD chromosome as described (11). A DNA vaccine pTVG-HP TVG-HP
encoding prostatic acid phosphatase, pTVG-HP, used for immunization was described previously (12). Control vaccines included a P
DNA vector not encoding PAP (pTVG4) or a Lm parental strain not encoding PAP (LADD-empty). . .
9 PAP (pTVGA4) P 9 PAP( Pty) Immunization Group _ _ _ —
L . . . ) i . ] 1. Kantoff PW, Higano CS, Shore ND, Berger ER, Small EJ, Penson DF, et al. Sipuleucel-T immunotherapy for castration-resistant prostate cancer. N Engl J Med.
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- Figure 3: Increased immunogenicity of prime-boost immunization with LADD boost not due to increased antigen load or inflammatory signals 2010;363:411-22.
vals (1 We?;; m;t.ervalitln tuT%erefrlpg amma}l; and tW‘()L'An[;nDU)”'Z&‘t"_)nS :? weeks aEart for nonr-ftumo:l?etarlgg anllrlnatls) L:S'Pg at.DNA from Listeria alone. Six- to ten-week old A2/DR1 mice were immunized with 100 ug pTVG-HP intradermally and then three weeks later with 2. :\_/Icl;leel_ter]G:t Dunggy EJ,tDtavieS JG, fréie Tg, JO?n;ggngEf féja?b&_xi et al. Safety and immunological efficacy of a DNA vaccine encoding prostatic acid phosphatase in
vaccine and/or live, attenuated Listeria monocytogenes vaccine. Immunization was performed intradermally two to four times - 6 ) — . — ) . - : - : P : patients with stage DO prostate cancer. J Clin Oncol. 27: -54.
with 100 ug of pTVG-HP at intervals as indicated. A2/DR1 were immunized intraperitoneally up to two times 21 days apart with 1 x ?gge; ! E(AQDC;Z:;AD% PAPL(EDGI;)’ 100t“g OfspTVc? HP (nk5)];t°r thVIG :_'.P adm!n'sttered ||ntrade:mally with ?ln '?t:ja?er'rgﬂeaél'_'?g;g? W'tT 1x 3. McNeel DG, Becker JT, Eickhoff JC, Johnson LE, Bradley E, Pohlkamp I, et al. Real-time immune monitoring to guide plasmid DNA vaccination schedule targeting prostat-
108 cfu of LADD-PAP. One week after the last immunization, mice were euthanized and spleens were collected for immunological o AL (n=5) or “empty (n.— ). One week arter Ine fast immunization spienocytes were cofiected for Ny analysis ic acid phosphatase in patients with castration-resistant prostate cancer. Clin Cancer Res. 2014;20:3692-704.
analysis. Where described, A2/DR1 mice were intravenously injected once with 250 g anti-mouse CD20 (clone SA271G2, Bioleg- as listed in Figure 2. Shown are box and whisker plots with the number of IFNy spot-forming units (SFU) per million splenocytes for each stimu- 4. 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
o N o ’ lating antigen for all animals per treatment group. Statistical comparisons were made between the first two treatment groups, and third and patients with recurrent prostate cancer. J Immunother. 2010;33:639-47.
end) nine days before the first vaccination to deplete B lymphocytes
’ fourth treatment groups, using a Mann-Whitney U test and no comparisons were found to have p<0.05. 5. Brockstedt DG, Giedlin MA, Leong ML, Bahjat KS, Gao Y, Luckett W, et al. Listeria-based cancer vaccines that segregate immunogenicity from toxicity. Proc Natl Acad
. . . . . . . . Sci U S A. 2004;101:13832-7.
Tumor studies For tumor therapy studies, A2/DR1 mice were injected subcutaneously in the rightflank with 1 x 10* syngeneic sarco- 6. Jahan T, Hassan R, Alley E, Kindler H, Antonia S, Whiting C, et al. 2080_PR: CRS-207 with chemotherapy (chemo) in malignant pleural mesothelioma (MPM): Results
ma cell line expressing PAP prepared in 50% high concentration, LDEV-free matrigel (BD Biosciences) as previously described (13). n 2000 1 PAP from a phase 1b trial. Journal of thoracic oncology : official publication of the International Association for the Study of Lung Cancer. 2016;11:S156.
The next day, mice were immunized as described above. Tumors were measured three times a week and the tumor volume was o _ 7. da Silva AJ, Zangirolami TC, Novo-Mansur MT, Giordano Rde C, Martins EA. Live bacterial vaccine vectors: an overview. Brazilian journal of microbiology : [publication
calculated according to the following equation: (11/6)(long axis)(short axis)?. For the CD4+ T cell depletion studies, A2/DR mice were = 1 PP1s-26 of the Brazilian Society for Microbiology]. 2014;45:1117-29.
injected with 250 pg of anti-CD4+ antibody(clone GK1.5, BioXcell) or IgG as a negative control one day (day -1) before tumor implan- 8 1 pP112120 MHC class | 8. Sin, J.I., M. Bagarazzi, C. Pachuk, and D.B. Weiner. (1999). "DNA priming-protein boosting enhances both
tation and then every four to seven days as previously described (14). c 1 PP2gs-307 antigen-specific antibody and Th1-type cellular immune responses in a murine herpes simplex virus-2 gD
() [ HPigrars - vaccine model." DNA Cell Biol.18:771-9.
. . . . . o 1500- . 9. Sedegah, M., G.T. Brice, W.O. Rogers, D.L. Doolan, Y. Charoenvit, T.R. Jones, V.F. Majam, A. Belmonte, M.
Imm'une AnaIySIS-Inte'rferon gamma (IFNy) ELISPOT Splenocytes were (.:o—cultured with media only, hPAP protein , PAP-specific n [ HPas1.365 MHC class Il Lu, M. Belmonte, D.J. Carucci, and S.L. Hoffman. (2002). "Persistence of protective immunity to malaria
peptides (HLA-A2-restricted (me.ze’ PP412.1200 8N PP g5, OF HLA-DR1-restricted (HP,g, .., HP ;. .., HP 51105 @NA HP., 05, )or Con- "°° 1 HP4g1-195 induced by DNA priming and poxvirus boosting: characterization of effector and memory CD8(+)-T-cell
canavalin A (Con A) on an anti-mouse IFNy antibody precoated PDVF ELISPOT 96 well plate (EMD Millipore) for 48 hours at 37°C, et 1 HP1g1005 populations.” Infect Immun.70:3493-9.
5% CO,. IFNy production was detected using an anti-mouse IFNy ELISPOT according to manufacturer’s instructions (R & D Sys- - 10. Brockstedt, D. G. et al., Listeria-based cancer vaccines that segregate immunogenicity from toxicity. Proc Natl Acad Sci USA, 2004. 101(38): p 13832-7.
tems). Spots were enumerated with an automated plate reader (Autoimmun Diagnostika). The number of spots were corrected for g 11. Sinnathamby G. et al. Priming of activation of human ovarian and breast cancer-specific CD8+ T cells by polyvalent Listeria monocygenes-based vaccines. J Immunoth-
media alone-negative control, and reported as the mean number of peptide-specific IFNy spot-forming units (SFU) per 108 spleno- S 1000 er, 2009. 32(8): p. 856-69.
cytes. All assays were conducted in triplicate, and were conducted with splenocytes obtained directly ex vivo without prior in vitro o 12. Johnson, L.E., et al. Safety and immunological efficacy of a prostate cancer plasmid DNA vaccine encoding prostatic acid phosphatase (PAP). Vaccine, 2006. 24: p.
; : 293-303.
stimulation. U;‘ _I_ 13. Rekoske, B. T, et at. PD-1 or PD-L1 Blockade restores antitumor efficacy following SSX2 epitope-modified DNA vaccine immunization. Cancer Immunol Res, 2015.
_ . - : . . . . 2 4 3(8): p. 946-55.
Statistical Analysis For all statistical analysis, comparsion of group medians was performed using a Mann-Whitney U test (for L 14. Kruisbeek, A.M., In vivo depletion of CD4- and CD8-specific T cells. Curr Protoc Immunol, 2001. Chapter 4: p. Unit 4.1.
non-normally distributed data) as indicated (GraphPad Prismsoftware, v5.01). For all comparisons, P values equal to or less than 0.05 w— 500-
were consideredstatistically significant. o
%+ -+
:'F-Ll-?-v—v—rﬂ-*‘v—v—r‘,-!—v—r-v—‘lil*?-

oA vewe  phohe  LADe phver priehe ACKNOWLEDGMENTS
OBJECTIVE ! ' | '

lgG . . anti-CD20 We thank Bill Hanson for technical help in construction of the LADD-PAP vaccine strain. This work was supported by the Department of Defense Prostate
Immunization Group Cancer Research Program (W81XWH-12-1-0439 and W81XWH-15-1-0492), an AAI Careers in Immunology Fellowship, and by the National Institutes of
Health (RO1 CA188034, F30 CA210912 and P30 CA014520).

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
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gOUS prlme/bOOSt VaCCIHatlon Strategy_ 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.




