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Abstract

Plasmid DNA serves as a simple and easily modifiable form of antigen delivery for vaccines. The

USDA approval of DNA vaccines for several non-human diseases underscores the potential of this

type of antigen delivery method as a cost-effective approach for the treatment or prevention of

human diseases, including cancer. However, while DNA vaccines have demonstrated safety and

immunological effect in early phase clinical trials, they have not consistently elicited robust anti-

tumor responses. Hence many recent efforts have sought to increase the immunological efficacy of

DNA vaccines, and we have specifically evaluated several target antigens encoded by DNA

vaccine as treatments for human prostate cancer. In particular, we have focused on SSX2 as one

potential target antigen, given its frequent expression in metastatic prostate cancer. We have

previously identified two peptides, p41–49 and p103–111, as HLA-A2-restricted SSX2-specific

epitopes. In the present study we sought to determine whether the efficacy of a DNA vaccine

could be enhanced by an altered peptide ligand (APL) strategy wherein modifications were made

to anchor residues of these epitopes to enhance or ablate their binding to HLA-A2. A DNA

vaccine encoding APL modified to increase epitope binding elicited robust peptide-specific CD8+

T cells producing Th1 cytokines specific for each epitope. Ablation of one epitope in a DNA

vaccine did not enhance immune responses to the other epitope. These results demonstrate that

APL encoded by a DNA vaccine can be used to elicit increased numbers of antigen-specific T

cells specific for multiple epitopes simultaneously, and suggest this could be a general approach to

improve the immunogenicity of DNA vaccines encoding tumor antigens.
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1. Introduction

Plasmid DNA delivered by direct injection was demonstrated to be an effective means of

gene transfer in rodent studies over two decades ago [1]. Subsequently, it was demonstrated

that this could elicit antigen-specific CD8+ T cells in multiple model systems due to the

presentation of the encoded antigen, expressed by a eukaryotic promoter, via the

endogenous antigen presentation pathway [2]. In fact, plasmid DNA vaccines have been

approved by the USDA for the treatment of West Nile virus in horses, and infectious

hematopoietic necrosis virus in salmon [3,4]. The first anti-tumor DNA vaccine was

approved in the U.S. in 2010 for the treatment of canine melanoma based on results from

non-randomized clinical trials demonstrating safety and improved survival compared to

historical controls [5,6]. With the demonstration that immune responses to an encoded

antigen, and CD8+ cytolytic T cells in particular, could be elicited in larger mammals, DNA

vaccines as a therapeutic treatment for cancer have entered human clinical trials. Despite

many phase I trials that have demonstrated safety and immunological efficacy, few have

demonstrated robust immune responses with a limited number of vaccinations, few have

demonstrated marked anti-tumor responses, and hence few have progressed to phase II trials

[7]. This has been largely attributed to the low efficiency of plasmid DNA transfer to

antigen-presenting cells, the low immunogenicity of this approach relative to other methods

of antigen transfer such as by viral immunization, and potentially due to the antigens

targeted. Consequently, many recent studies have sought to identify methods able to

increase the efficiency of plasmid DNA gene transfer and/or immunogenicity of the antigen.

We have been specifically interested in developing vaccines as treatments for human

prostate cancer. Recently the Food and Drug Administration (FDA) approved the first anti-

tumor vaccine for castrate-resistant prostate cancer, Sipuleucel-T (Provenge®, Dendreon

Corp.). This autologous cellular therapy, loaded ex vivo with a prostate tumor antigen

(prostatic acid phosphatase, PAP) fused to GM-CSF, was found to confer a survival benefit

in patients with castrate-resistant metastatic disease over placebo [8]. Unfortunately, the

high cost and cumbersome production of this autologous cellular therapy have limited its

widespread implementation. We have demonstrated that a DNA vaccine encoding this same

PAP antigen was safe and immunologically effective in eliciting PAP-specific T cells in

patients with recurrent prostate cancer [9,10]. However, immune responses were not

detected in all individuals, suggesting that modifications to improve the immunogenicity of

DNA vaccines might be advantageous.

Several other antigens have been evaluated as targets encoded by DNA vaccines in clinical

trials for patients with prostate cancer [11,12]. To date, however, the optimal targets for

vaccines remain undefined and controversial. As other potential targets for anti-tumor

vaccines, we have been evaluating a family of cancer-testis antigens (CTA), the synovial

sarcoma chromosome X breakpoint (SSX) proteins [13–18]. We have specifically focused

on SSX2, which we found is expressed in ~25% of metastatic prostate cancer lesions [18],

and immune responses to which we have observed in patients with prostate cancer [14,17].

As a CTA this protein likely has limited central tolerance since its expression in normal

tissues is restricted to immune-privileged testis tissue [19]. We previously identified two

HLA-A2-restricted SSX2 epitopes (p41–49 and p103–111), T cells specific for which can
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lyse SSX2-expressing prostate cancer cells, and we demonstrated that HLA-A2 transgenic

mice immunized with a DNA vaccine encoding SSX2 develop p41–49- and p103–111-

specific T cells [17,18].

In the current study we sought to determine whether modifications to a plasmid DNA

vaccine targeting SSX2, encoding altered MHC class I epitopes, could augment the

frequency and efficacy of antigen-specific CD8+ T cells with cytolytic activity. We first

identified altered peptide ligands (APL) for SSX2 with greater or reduced HLA-A2 binding.

We then sought to establish whether immunization directly with these peptides resulted in

cross-reactive CTL specific for the native epitopes, and whether DNA vaccines encoding

these altered peptides could be used to elicit these responses in vivo. Finally, we sought to

determine whether multiple modifications, encoding epitopes with increased or decreased

MHC binding, would result in broad epitope-specific CD8+ T cells with effector function.

We found that modification to both epitopes, to increase MHC class I binding, elicited the

greatest number of antigen-specific CD8+ T cells to each epitope, with a Th1-biased

cytokine phenotype. These findings suggest that this approach could be generally applied as

a means to increase the immunological efficacy of plasmid DNA vaccines.

2. Materials and methods

2.1. Mice

HLA-A2.01/HLA-DR1-expressing, murine MHC class I/II knockout transgenic mice

(HHDII-DR1) on C57Bl/6 background were obtained from Charles River Labs (France)

courtesy of Dr. François Lemonnier [20]. Mice were maintained in microisolater cages

under aseptic conditions and all experimental procedures were conducted under an

Institutional Animal Care and Use Committee-approved protocol.

2.2. HLA-A2 T2 binding affinity assays

Modified peptides were designed from the amino acid sequence of SSX2 to have either

reduced or enhanced affinity for HLA-A2 in the SYFPEITHI and BIMAS prediction

algorithms [21,22]. These peptides were synthesized, and the purity and identity of each

peptide was confirmed by mass spectrometry and gas chromatography (United Biochemical

Research, Seattle, WA) [23]. Peptide binding affinities were assessed with TAP-deficient/

HLA-A2+ T2 cells as described previously [17,23].

2.3. Plasmid DNA vaccine constructs

A DNA vaccine encoding SSX2 (pTVG-SSX2) was described previously [17].

Modifications to the DNA vaccine were made by site-directed mutagenesis using the

Phusion™ Site-Directed Mutagenesis Kit (New England BioLabs (Ipswich, MA, USA)).

Amplified products were ligated, cloned, and sequence verified using standard molecular

biology techniques. pTVG4, pTVG-SSX2, and modified pTVG-SSX2 plasmids were

purified from E. coli using the Endo-free Plasmid Giga Kit (Qiagen, Valencia, CA).
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2.4. Peptide and DNA immunization of HHDII-DR1 mice

For peptide vaccinations, 4–6 week-old HHDII-DR1 mice were immunized subcutaneously

with 100 μg of an individual peptide in complete Freund’s adjuvant (Sigma, St. Louis, MO).

Mice were euthanized seven days later and spleens were collected, processed through a

mesh screen, and splenocytes were isolated by centrifugation after red blood cell osmotic

lysis with ammonium chloride/potassium chloride lysis buffer (0.15 M NH4Cl, 10 mM

KHCO3, 0.1 mM EDTA) [17]. For DNA vaccinations, 4–6 week-old HHDII-DR1 mice

were immunized intradermally in the ear pinna with 100 μg of DNA plasmid. Mice were

immunized at 14-day intervals. Mice were immunized two to six times, six times having

been previously found to elicit robust immune responses with the native pTVG-SSX2 DNA

vaccine [17]. Fewer immunizations were given, in a purposefully suboptimal fashion, to

detect differences in magnitude of immune response to the subdominant epitope (using four

immunizations) or to the dominant epitope (using two immunizations). Two weeks after the

last immunization, mice were euthanized and spleens were collected and processed as

described above.

2.5. IFNγ ELISPOT

Interferon (IFN)-γ enzyme-linked immunosorbent spot (ELISPOT) was performed

according to the manufacturer’s instructions (R&D Systems, Minneapolis, MN) as

previously described [9,23]. Dried plates were counted with an automated plate reader

(Autoimmun Diagnostika). The number of spots was corrected for media alone negative

control, and reported as the mean number of peptide-specific IFNγ spot-forming units (SFU)

per 106 splenocytes. All assays were conducted in triplicate, and were conducted with

splenocytes without prior in vitro stimulation.

2.6. Cytotoxicity assay – lactate dehydrogenase release

Splenocytes from immunized animals were evaluated for cytolytic activity toward peptide-

pulsed T2 cells and LNCaP human prostate cancer cells transfected to constitutively express

HLA-A2 (gift of Dr. Lawrence Fong) as previously described [23].

2.7. Intracellular cytokine staining

Splenocytes from immunized animals were pooled by treatment group, enriched for CD8+ T

cells (Stemcell Technologies, Vancouver, BC, Canada), and stimulated in vitro with 2

μg/mL of individual SSX2 peptide (or 40 ng/mL phorbol 12-myristate 13-acetate (PMA,

Sigma) and 2.6 μg/mL ionomycin (MP Biomedicals, Santa Ana, CA) as a positive control)

in RPMI medium, supplemented as above, for 6 (PMA/Ionomycin) or 24 h (peptide

stimulation). Following 6 h of treatment with 1.5 μM monensin, intracellular cytokine

staining was performed as per the manufacturer’s protocol (Cytofix/Cytoperm Kit, BD

Biosciences). Antibodies included anti-CD3-CV510, anti-CD4-AF700, anti-CD8-PECy5,

anti-IFNγ-PerCP-Cy5.5, anti-TNFα-PECy7, anti-IL-2-APC, anti-IL-4-BV421, anti-IL-10-

FITC, anti-IL-17-APC-Cy7, or corresponding fluorescently labeled IgG controls

(eBiocience, San Diego, CA).
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3. Results

3.1. Modified SSX2 peptides designed to have enhanced affinity for HLA-A2 have
increased affinity compared to native peptides

We have reported previously that SSX2 peptides p41–49, p57–65, p99–107, and p103–111

have affinity for HLA-A2 [17]. But while all four of these peptides were found to bind

HLA-A2 in vitro, studies in HHDII-DR1 transgenic mice (expressing HLA-A2) revealed

that only p41–49 and p103–111 were HLA-A2-restricted epitopes, T cells specific for which

were able to lyse an HLA-A2-expressing LNCaP prostate cancer cell line [17]. We wished

to evaluate whether the T-cell responses to any or all four of the previously identified HLA-

A2-binding SSX2 peptides could be enhanced by modifying the anchor residues of the

peptides for HLA-A2 binding, while maintaining recognition of the native peptide residues

by T cells, and whether the immunological efficacy of a DNA vaccine could be improved by

encoding these modified epitopes. Using two MHC-peptide binding algorithms, BIMAS

[21], and SYFPEITHI [22], we designed homologous peptides for p41–49, p57–65, p99–

107, and p103–111 with predicted increased or ablated HLA-A2 binding affinity (Table 1).

Using T2 binding assays, we found that all peptides designed to have enhanced binding to

HLA-A2 were able to stabilize the surface expression of HLA-A2 on T2 cells to a higher

degree than the native peptides (Fig. 1), while peptides designed to ablate HLA-A2 affinity

showed no HLA-A2 stabilization above vehicle control.

3.2. HHDII-DR1 mice immunized with modified SSX2 peptides develop enhanced peptide-
specific immune responses and CTL capable of lysing prostate cancer cells

To determine whether modified SSX2 peptides could elicit enhanced, cross-reactive peptide-

specific immune responses, immunization studies were carried out in HHDII-DR1 mice.

Animals were immunized once with either a native peptide (p41–49, p57–65, p99–107, or

p103–111) or a modified peptide. Splenocytes were collected from these animals and tested

for the frequency of peptide-specific immune responses by IFNγ ELISPOT. As shown in

Fig. 2, animals immunized with the peptides designed to enhance HLA-A2 binding for p41–

49 (Fig. 2A) and p103–111 (Fig. 2D) developed higher frequencies of peptide-specific T

cells compared to animals immunized with the native peptides. These T cells recognized the

modified immunizing peptide, but could also cross-recognize the native epitopes as assessed

by IFNγ release following peptide stimulation detected by ELISPOT (Fig. 2A and D).

Animals immunized with modified p57–65 (Fig. 2B) or p99–107 (Fig. 2C) peptides did not

develop peptide-specific T cells, suggesting that these peptides are simply not immunogenic

despite their affinity for HLA-A2.

Splenocytes isolated from peptide-immunized animals were tested for their ability to

recognize and lyse peptide-pulsed target cells and SSX2-expressing cancer cells. We found

that animals immunized with p41–49 were unable to lyse prostate cancer cell lines, however

splenocytes from animals immunized with the modified peptide p41–49-AL or p41–49-AV

(not shown) were able to lyse peptide-pulsed T2 target cells as well as the SSX2-expressing

HLA-A2+ LNCaP prostate cancer cell line (Fig. 3). Lysis was abrogated in the presence of

an HLA-A2 blocking antibody, demonstrating that peptide p41–49 is an HLA-A2-restricted

epitope presented by LNCaP cells. Splenocytes from animals immunized with the native
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p103–111 peptide or the modified p103–111-RF peptide were similarly able to lyse both

peptide-pulsed target cells and the LNCaP cell line in an HLA-A2-restricted fashion. Of

note, we have previously demonstrated that SSX2 is expressed in LNCaP cells, albeit at low

levels [14,18]. Hence, differences in % lysis observed with the p103- and p41-specific T

cells may be related to differences in presentation of each native epitope. Not unexpectedly,

no CTL lysis was observed using splenocytes isolated from animals immunized with native

or enhanced-binding p57–99 or p99–107 peptides (data not shown). These results suggest

that peptides p41–49 and p103–111 are the only SSX2-specific HLA-A2-restricted epitopes,

CTL specific for these epitopes are capable of lysing an SSX2-expressing tumor cell line in

an HLA-A2-restricted manner, and p103–111 is a dominant epitope. Additionally, in the

case of peptide p41–49, it was advantageous to immunize with the APL, potentially due to

increasing the number, avidity and/or effector function of p41–49-specific cytolytic T cells

with this APL immunization.

3.3. HHDII-DR1 mice immunized with SSX2 plasmid DNA vaccines encoding APL with
increased HLA-A2 binding develop epitope-specific immune responses at higher
frequency than animals immunized with the native vaccine

Using single peptides as vaccines there is no competition at the level of the antigen-

presenting cell among epitopes for presentation or T-cell recognition. However, other groups

have demonstrated that epitope competition can result in the development of dominant and

subdominant immune responses to multiple peptides delivered directly or encoded by a

genetic vaccine [24–26]. We hypothesized that dominant epitope-specific immune responses

generated by a DNA vaccine encoding SSX2 might mask the development of responses to

subdominant epitopes by competition for MHC presentation and/or T-cell activation.

Therefore, we tested DNA vaccines that both ablated HLA-A2 binding of a dominant

epitope (p103–111) as well as vaccines that were designed to enhance binding of a

subdominant epitope (p41–49) in an effort to identify an optimal vaccine to elicit

simultaneous immune responses to both SSX2 epitopes. Modified plasmid vaccines were

generated by utilizing site-directed mutagenesis to alter the native pTVG-SSX2 plasmid to

encode the APL identified above. Mice were immunized two to six times; six times having

been previously found to elicit robust immune responses with the native pTVG-SSX2 DNA

vaccine [17]. Two to four immunizations were given to detect differences in magnitude of

immune response to the dominant or subdominant epitopes in a purposefully suboptimal

fashion.

We first wished to determine whether the only HLA-A2-specific immune responses are

conferred by the dominant (p103–111) and subdominant (p41–49) SSX2 epitopes, and

whether responses to these epitopes might mask responses to other potentially weaker

“cryptic” epitopes (e.g. p57–65 and p99–107). Animals were immunized six times biweekly

with the native SSX2 vaccine or a modified SSX2 vaccine encoding peptides p41–49 and

p103–111 with mutations to ablate HLA-A2 binding. As expected, ablation of peptides p41–

49 and p103–111 by introduction of proline mutations abrogated immune responses to both

of these epitopes, however, animals also failed to elicit immune responses to other HLA-A2-

binding peptides p57–65 or p99–107 (Fig. 4A). These results confirm that peptides p57–65
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and p99–107 are not HLA-A2 epitopes in this system, and do not represent “cryptic”

epitopes that might be recognized following ablation of the dominant epitopes.

We next evaluated whether immunization with a DNA vaccine encoding modifications

designed to increase HLA-A2 binding of the epitopes could enhance peptide-specific

immune responses, and whether ablating binding of peptide p103–111 to HLA-A2 could

increase immune responses to the subdominant p41–49 epitope. Epitope alterations to the

DNA plasmid were based on the results from the direct peptide vaccination studies. Mice

were immunized four times with a vaccine that encoded p41-AL (pTVG-SSX2 p41-AL), a

vaccine that encoded an ablated peptide p103–111 binding to HLA-A2 (pTVG-SSX2 p103-

IP), or a vaccine that encoded both mutations (pTVG-SSX2 p41-AL/p103-IP). Interestingly,

we found that ablating binding of peptide p103–111 to HLA-A2 did not increase the number

of p41–49 peptide-specific immune responses as we had predicted (Fig. 4B), however both

constructs encoding peptide p41-AL elicited statistically significantly higher frequencies of

native p41–49 peptide-specific T cells in the immunized animals.

We next sought to determine whether immunization with DNA encoding modifications to

the dominant p103–111 epitope could elicit more robust immune responses to that epitope,

and/or whether this might lead to diminished responses to the subdominant p41–49 epitopes.

Mice were immunized two times with the native vaccine, a vaccine encoding peptide p103–

111 with enhanced HLA-A2 affinity (pTVG-SSX2 p103-RF), and a vaccine that ablated

peptide p103–111 binding to HLA-A2 (pTVG-SSX2 p103-IP). As expected, we found that a

greater number of animals had higher frequencies of peptide p103–111-specific immune

responses when immunized with p103–111-RF compared to the native vaccine (Fig. 4C).

While few responses to peptide p41–49 were detected with two immunizations only, this

frequency was not significantly affected by vaccines encoding increased (p103-RF) or

ablated (p103-IP) binding to the p103–111 epitope.

Finally, we conducted studies to determine whether modifications to both epitopes could

elicit a higher frequency of T cells specific for both p41–49 and p103–111 simultaneously.

HHDII-DR1 mice were immunized four times with the native vaccine or vaccines encoding

p41-AL alone (pTVG-SSX2 p41–49-AL) or encoding both p41-AL and p103-RF (pTVG-

SSX2 p41-AL/p103-RF). We found that the vaccine encoding both enhancing modifications

was able to elicit the highest frequency of peptide specific immune responses to both of the

native p41–49 and p103–111 epitopes (Fig. 4D). Moreover, as shown in Fig. 5, epitope-

specific CD8+ T cells of a Th1-biased phenotype (secreting IFNγ, TNFα, and/or IL-2) were

elicited with both the native and epitope-modified vaccine, but a higher frequency of

epitope-specific CD8+ T cells was identified following immunization with the epitope-

modified DNA vaccine. In addition, IL-17-expressing CD8+ T cells were also observed

following immunization with the epitope-modified DNA vaccine, suggesting a

multifunctional phenotype resulted following immunization with this epitope-modified

vaccine.
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4. Discussion

Since the concept of using APL to augment T-cell immune responses was first introduced

two decades ago, this strategy has been used to investigate multiple aspects of antigen-

specific immunity [27,28]. APL have been used by many groups to both up-regulate and

down-regulate immune responses to peptide antigens expressed by pathogens, tumor cells,

and somatic cells in applications targeting infectious diseases, cancer, and autoimmune

diseases [28]. Tumor-associated antigens (TAA) are usually weakly immunogenic,

containing epitopes that have low binding affinity for HLA molecules. Strong immune

responses have been generated to several TAA in both pre-clinical mouse studies and human

clinical trials using APL strategies [29]. For example, Lazoura et al. demonstrated that

immune responses to mucin 1 could be enhanced in mice after in vivo vaccination with

MUC1-8, an altered peptide with 100-fold increased binding to H-2Kb due to an anchor

residue modification [30]. To date, APL have demonstrated efficacy in eliciting enhanced

immune responses to many different tumor and viral antigens that are otherwise weakly

immunogenic or tolerized [24–26,31–33].

In the present study we sought to enhance epitope-specific immune responses to the SSX2

tumor antigen using an APL strategy to boost responses to multiple SSX2 epitopes

simultaneously by means of a DNA vaccine. We evaluated whether APL-encoding DNA

vaccines could elicit enhanced frequencies of SSX2 peptide-specific T cells, and specifically

CD8+ T cell responses with effector function. It should be noted that we specifically made

amino acid substitutions to peptide anchor residues to enhance HLA-A2 binding while

potentially maintaining interaction with the TCR of lymphocytes specific to these

peptide/MHC complexes.

We had previously identified that peptide p103–111 is the immunodominant HLA-A2-

restricted SSX2 epitope based on the frequency of peptide-specific T cells from immunized

animals, and that p41–49 is subdominant [17]. We found that APL for peptides p41–49 and

p103–111, modified at MHC/peptide anchor residues, had enhanced binding affinity to

HLA-A2 in vitro, and immunization with these APL could elicit greater numbers of peptide-

specific T cells in HHDII-DR1 mice after peptide immunization. T cells from these animals

were cytolytic and cross-reactive to the native epitopes. By modifying a SSX2 DNA plasmid

vaccine to incorporate these APL we were able to generate increased frequencies of peptide

p41–49- and p103–111-specific immune responses simultaneously, and with a Th1-biased

multifunctional phenotype. Our goal was to elicit multiple, epitope-specific immune

responses to potentially enhance the breadth of immune responses against epitopes that may

be presented by tumor cells, as we had previously observed that the most robust lysis of

prostate cancer cell lines in vitro by cytolytic T cells from occurred when animals developed

IFNγ-secreting immune responses to both peptides p41–49 and p103–111 [17]. The

development of tumor models expressing SSX2, to be able to test the anti-tumor efficacy of

these modified DNA vaccines, will be an aim of future studies.

Based on previous findings of T-cell competition among dominant and subdominant viral

epitopes [25,26], we had hypothesized that it may be possible to elicit enhanced immune

responses to a subdominant SSX2 epitope using an APL strategy to ablate binding of a
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dominant epitope encoded by a DNA vaccine. By encoding both epitopes within a plasmid

DNA, individual APC would process both epitopes and could possibly exhibit competition

for MHC presentation. However, we found that ablating HLA-A2 binding of the dominant

epitope (p103–111) did not elicit increased frequency of T cells specific for the subdominant

epitope (p41–49). And, as in Fig. 4A, encoding modifications to ablate binding of both

epitopes did not result in recognition of other HLA-A2-binding peptides as potential

“cryptic” epitopes. These results suggest that epitope competition is not a major mechanism

to “mask” subdominant epitopes, at least in this model system. These results differ from

what other groups have found by ablating HLA binding of dominant HBV antigen epitopes

in a DNA plasmid vaccine [26]. Riedl et al. observed uncovering of immune responses to

cryptic epitopes in mice that were immunized with a vaccine that ablated HLA affinity of

dominant epitopes. However, this un-masking was only observed in a setting of tolerance to

the dominant epitope. Thus, this difference in findings may be due to an antigen-dependent

effect, the mouse model and HLA haplotype used, or more likely, the presence or absence of

regulatory mechanisms already in place to dampen immune responses to the dominant

epitopes.

Curiously, while the studies demonstrated that immune responses elicited were Th1 biased,

IL-10-secreting p41–49-specific T cells were also elicited. IL-10 has traditionally been

associated with regulatory or tolerant immune responses, and with suppression of IFNγ

production by CD8+ T cells [34]. However, more recent murine studies have also

demonstrated a role for IL-10 in receptor-mediated CD8+ T-cell proliferation and cytolytic

activity [35]. IL-10 may also play a direct antagonistic role in tumor growth and metastasis

[36]. The function of these antigen-specific IL-10-secreting CD8+ T cells is currently

unknown, however a prior study found that mice immunized concurrently with plasmid

DNA and the protein antigen itself developed antigen-specific CD4+ T cells with immune

suppressive activity and expressing IFNγ and IL-10 [37]. Thus, it is conceivable that the

IL-10-expressing population does represent cells with decreased effector function, and may

have accounted for the decreased cytolytic activity of the cells that we observed (Fig. 2). Of

note, we have previously found that IL-10-secreting antigen-specific T cells can be

amplified with high plasmid DNA dose and repetitive immunization in rats [38]. It is further

conceivable that the p41–49 epitope shares homology with a native murine epitope. While

we have not identified any murine proteins known to share this amino acid sequence, this

could potentially explain the “subdominance” of this particular epitope and why pre-existing

tolerant IL-10-type responses might be amplified with immunization. Future studies will be

needed to determine whether these IL-10-secreting T cells have immune effector or

regulatory function, and whether they might share the same CDR3 repertoire as purely Th1-

biased cells.

An approach similar to encoding APL within a genetic vaccine is the strategy of using

xenoantigen targets. In principle, shared epitopes between two species’ proteins may be

dissimilar by a few amino acids, and in some instances this has been shown to elicit higher

frequency epitope-specific immune responses than immunizing with the autologous protein

[39–43]. In fact, the only USDA-approved anti-tumor vaccine is a DNA plasmid encoding

the human tyrosinase xenoantigen for the treatment of canine melanoma [44]. We have

similarly evaluated a xenoantigen approach to DNA vaccination by immunizing Lewis strain
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rats with DNA encoding human PAP [45]. However, we found that immune responses

developed to uniquely human epitopes without cross-reactivity to rat PAP [46]. Thus, while

this strategy can work to elicit cross-reactive immunity, it is equally likely that encoded

foreign epitopes may weaken MHC binding of epitopes that are otherwise immunogenic,

thereby dampening the epitope/MHC:TCR interaction. Hence, we believe that immunization

with epitope-specific modifications with defined MHC binding affinity, as in the current

study, and potentially targeting multiple MHC class I types, offers a more rational approach

for future DNA vaccination strategies to increase the number and function of tumor antigen-

specific CD8+ T cells.
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Fig. 1.
Modified SSX2 peptides have enhanced or reduced HLA-A2 affinity in vitro compared to

native peptides. Shown is the relative HLA-A2 binding affinity of each modified SSX2

peptide as determined by mean fluorescence intensity (MFI) of HLA-A2 stabilization on T2

cells. Values were measured in triplicate, ± SD, for each peptide and normalized to the MFI

of a no-antigen vehicle control. Results are representative of two independent experiments.

A known HLA-A2-binding peptide derived from the influenza A matrix protein

(GILGFVFTL, Flu) was used as a positive control for comparison.
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Fig. 2.
HHDII-DR1 mice immunized with modified peptides p41–49 and p103–111 develop

increased peptide-specific immune responses. Splenocytes from individual mice immunized

once with either a native SSX2 peptide, an HLA-A2 enhanced-binding peptide, or an HLA-

A2 reduced-binding peptide were analyzed for the frequency of peptide-specific immune

responses by IFNγ ELISPOT. Splenocytes were evaluated for responses to each of the

immunizing peptides or concanavalin A (ConA) positive control. The influenza A matrix

protein HLA-A2 epitope (GILGFVFTL, Flu) was evaluated as a negative control. Each

colored symbol represents the frequency of peptide-specific IFNγ-secreting responses from

an individual mouse for the modified p41–49 group (panel A), modified p57–65 group

(panel B), modified p99–107 group (panel C), and modified p103–111 group (panel D), with

n = 4–8 mice per group.
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Fig. 3.
HHDII-DR1 mice immunized with modified SSX2 peptides develop CTL capable of lysing

peptide-pulsed target cells and the LNCaP cancer cell line. Splenocytes from HHDII-DR1

mice vaccinated with native SSX2 peptides p41–49 (panel A), p103–111 (panel C) or

modified SSX2 peptides p41-AL (panel B) or p103-RF (panel D), were stimulated with the

native peptide for five days and tested for specific lysis of peptide-pulsed T2 target cells (left

panels), the HLA-A2+ LNCaP prostate cancer cell line, or the LNCaP cell line pre-incubated

with an HLA-A2 blocking antibody (right panels). Shown are the means and standard

deviations of percent specific lysis at three effector-to-target ratios. Data is from individual

mice and representative of multiple independent experiments.
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Fig. 4.
HHDII-DR1 mice immunized with SSX2 plasmid DNA vaccines encoding APL develop

epitope-specific immune responses at higher frequency than animals immunized with the

native vaccine. (Panel A) Splenocytes from individual mice immunized with either native

pTVG-SSX2 plasmid vaccine (n = 6) or pTVG-SSX2 p41-VP/p103-IP (encoding epitopes

with ablated HLA-A2 binding, n = 6) were analyzed for the frequency of peptide-specific

immune responses by IFNγ ELISPOT. (Panel B) Splenocytes from individual mice

immunized with either native pTVG-SSX2, a plasmid encoding p41-AL (enhanced binding),

a plasmid ablating p103–111 HLA-A2 binding (p103-IP), or a plasmid encoding both

mutations (p41-AL/p103-IP), were analyzed for the frequency of peptide-specific immune

responses by IFNγ ELISPOT (n = 5 for each treatment group). (Panel C) Splenocytes from

individual mice immunized with either native pTVG-SSX2, a plasmid encoding p103-RF, or

a plasmid ablating p103–111 HLA-A2 binding (p103-IP), were analyzed for the frequency

of peptide-specific immune responses by IFNγ ELISPOT (n = 11 for each treatment group).

(Panel D) Splenocytes from individual mice immunized with native pTVG-SSX2, a plasmid

encoding p41-AL, or a plasmid encoding both p41-AL and p103-RF (p41-AL/p103-RF)

were analyzed for the frequency of peptide-specific immune responses by IFNγ ELISPOT (n

= 6 for each vaccine). Splenocytes were stimulated for 48 h with each of the stimulator

peptides indicated or a concanavalin A positive control prior to IFNγ detection. Flu peptide

was evaluated as a negative control. Each colored symbol represents the frequency of

peptide-specific IFNγ-secreting responses from an individual mouse. * Indicates a

significant (P < 0.05) difference in the mean number of IFNγ spot-forming units (SFU)

between the 2 groups (2-tailed t test).
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Fig. 5.
HHDII-DR1 mice immunized with SSX2 plasmid DNA vaccines develop epitope-specific

immune responses with a multi-functional phenotype. (Panel A) Splenocytes from animals

(n = 3–4 animals per group) immunized with pTVG4 (control vector), pTVG-SSX2, or

pTVG-SSX2 p41-AL/p103-RF (pTVG-SSX2opt) were pooled, enriched for CD8+ T cells,

and stimulated with p41–49 or p103–111 peptide overnight. The frequency of CD3+ CD8+

T cells secreting Th1 (IFNγ, TNFα, or IL-2), IL-4, IL-10, or IL-17 under each antigen-

stimulating condition and for each experimental group was determined by intracellular

cytokine staining. (Panel B) The CD3+ CD8+ T cells secreting Th1 cytokines (IFNγ, TNFα,

or IL-2) were subdivided among those concurrently expressing one or more of these

cytokines.
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Table 1

Predicted HLA-A2 affinity of modified SSX2 peptides.

Name Sequence BIMAS (t1/2 min) SYFPEITHI (arbitrary units) Purpose

p41 KASEKIFYV 1017 22 Native peptide

p41-AV KVSEKIFYV 6407 22 Enhances

p41-AL KLSEKIFYV 73,228 28 Enhances

p41-VP KASEKIFYP 0.218 12 Reduces

p57 AMTKLGFKA 20 16 Native peptide

p57-AV AMTKLGFKV 291 22 Enhances

p57-AP AMTKLGFKP 0.06 12 Reduces

p99 MTFGRLQGI 2 20 Native peptide

p99-TI MIFGRLQGI 20 24 Enhances

p99-TP MPFGRLQGI 0.9 16 Reduces

p103 RLQGISPKI 10 23 Native peptide

p103-RF FLQGISPKI 48 24 Enhances

p103-IV RLQGISPKV 69 25 Enhances

p103-IP RLQGISPKP 0.01 15 Reduces

Shown are the peptide names, amino acid sequences, and predicted HLA-A2 affinity scores of modified SSX2 peptides. Highlighted are the amino
acid changes to the anchor residues of the native peptide designed to enhance or reduce binding to HLA-A2. Predicted HLA-A2 peptide affinities
were determined using two different peptide prediction algorithms (BIMAS and SYFPEITHI) [21,22].
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