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Abstract
Alphaviral replicons can increase the efficacy and immunogenicity of naked nucleic acid vaccines.
To study the impact of apoptosis on this increased effectiveness, we co-delivered an anti-apoptotic
gene (Bcl-XL) with the melanocyte/melanoma differentiation antigen TRP-1. Although cells co-
transfected with Bcl-XL lived longer, produced more antigen and elicited increased antibody
production in vivo, co-delivery of pro-survival Bcl-XL with antigen significantly reduced the ability
of the replicase-based vaccine to protect against an aggressive tumor challenge. These data show for
the first time that the induction of apoptotic cell death of transfected cells in vivo is required for the
increased effectiveness of replicase-based vaccines. Our findings also provide an explanation for the
paradoxical observation that replicase-based DNA vaccines are much more immunogenic than
conventional constructs despite reduced antigen production.
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1. Introduction
The role of apoptosis in the induction or prevention of an immune response has recently been
debated. While some groups have shown that the uptake of apoptotic cells by dendritic cell
results in T-cell tolerance [1–3], others have demonstrated that antigen produced by apoptotic
cells increased the immunogenicity of the antigen [4–6]. The reason for this apparent
controversy may be due to artifacts such as induction of heat shock proteins in vitro due to cell
culture or assay conditions, which can stimulate dendritic cells [7,8]. In addition, it is certainly
misleading to view apoptosis as a single, defined pathway by which cells undergo
(programmed) cell death. A wide variety of stimuli induce apoptosis. While all of them
eventually result in the death of the cell, the context of the death process varies widely [9].
Therefore, a distinction can be made between bland apoptosis, inflammatory apoptosis, and
immune apoptosis [10,11]. This classification provides an explanation for how programmed
cell death can result in ignorance of antigen by the immune system (e.g., when it occurs as part
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of a developmental process), tolerance (e.g., when self-antigen from naturally dying host cells
are presented to naïve T cells), or immunity (e.g., when cells die as a consequence of infection).

Mammalian cells have developed a variety of mechanisms to recognize and respond to viral
infections. When RNA viruses replicate in a host cell they produce dsRNA, which acts as a
very strong inducer of anti-viral pathways. The key molecules in this process are RNase L and
the RNA-dependent protein kinase PKR, which are responsible for degradation of mRNA and
inhibition of protein translation, respectively, which leads to the apoptotic death of the virus
infected cell [12–15]. Recognition of a viral infection by a mammalian cell induces apoptosis
to limit or prevent virus propagation. During this process, various factors are released and
molecules expressed that attract and activate antigen-presenting cells thus initiating an immune
response to viral antigens.

We and others have previously described a new generation of nucleic acid vaccines where
expression of the encoded antigen is under the control of an alphaviral RNA replicase enzyme
[16–21]. While these replicase-based DNA vectors were originally developed with the goal to
produce more antigen, we have consistently found that the increased efficacy of these vaccines
may not simply be based on increased antigen production [22,23]. Instead, cells trans-fected
with replicase-based nucleic acid vaccines appear to respond to the transfection by activating
the same anti-viral defense pathways (including the PKR and RNase L pathway) that are
triggered by the infection with an alphavirus. We hypothesize that the “stress”-response of the
cell, including the eventual apoptotic death, provides a strong adjuvant-type signal that
enhances the immune response to the plasmid-encoded antigen. In this model, induction of
apoptosis is crucial for the increased immunogenicity of replicase-based nucleic acid vaccines.
Others have previously demonstrated that the induction of apoptosis by co-delivery of either
the genes for CD95/Fas or caspases enhances the immunogenicity and efficacy of conventional
DNA vaccines [24,25] establishing a link between apoptosis and enhanced immune responses.
In our study, we asked the question whether apoptosis induced by replicase-based DNA
vaccines plays a significant role in the efficacy of these vectors. We used Bcl-XL [26] to
interfere with vaccine-induced apoptosis [6,23], since this member of the Bcl-2 family of anti-
apoptotic proteins has previously been shown to prolong the survival of alphavirus-infected
cells [27]. Here, we demonstrate for the first time that interfering with apoptosis in cells
transfected with a replicase-based DNA vaccine significantly reduces the efficacy of these
vaccines. Thus, these data validate our hypothesis that “inflammatory apoptosis”, induced by
alphavirus replicase-based vaccines, is critical for the immunogenicity of this new generation
of nucleic acid vaccines.

2. Materials and methods
2.1. Plasmids and in vitro expression

Sindbis replicase-based plasmid vectors encoding EGFP and human or mouse TRP-1 have
been described previously [23] as well as pSport-hTRP1 (here designated pCMV-hTRP1)
[22]. pEGFP-C1 (here designated pCMV-EGFP) was obtained from Clontech Laboratories
(Palo Alto, CA). pcDNA-hBcl-XL has previously been described [28]. Plasmids were purified
using EndoFree purification columns (Qiagen, Hilden, Germany) and stored at 4 °C in TE-
buffer. Transfection of BHK-21 (ATCC, Manassas, Virginia) cells with Lipofectamine PLUS
(Invitrogen, Carlsbad, CA) was performed according to manufacturer’s instructions. Briefly,
1 μg DNA (single plasmid or 1:1 (w/w) plasmid mix for co-transfection experiments) was
incubated with 15 μl PLUS-reagent for 15 min in 150 μl OptiMEM (Gibco/Invitrogen, Grand
Island, NY) and subsequently with 15 μl Lipofectamine in 150 μl OptiMEM for 15 min. The
resulting complexes were added to cells grown overnight in 6 well plates. In vitro expression
of Bcl-XL was determined by Western blotting (NuPage system, Novex, San Diego, CA)
followed by immunostaining of BHK-21 cell lysates. As a positive control, blots were double-
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stained with anti-GAPDH (clone 6C5, Research Diagnostics, Flanders, NJ). Antibody binding
was detected using a biotin conjugated secondary antibody (goat anti-mouse/HRP, Amersham,
Piscataway, NJ) and ECL-reagent (Pierce, Rockford, IL). The anti-Bcl-XL antibody (anti-
human Bcl-XL clone 2H12) [29] was a kind gift of Dr. Yi-Te Hsu (University of Charleston,
SC). In vitro expression of EGFP in transfected BHK-21 cells was determined by flow
cytometry (FACScan, Becton Dickinson, San Jose, CA).

2.2. In vitro cell survival assay
BHK cells (1 × 105 cells per well, 6-well plate) were cultured for 24 h and transfected with 1
μg of DNA/well (mix of two plasmids—1:1, w/w) using LipofectAMINE PLUS. Cells were
harvested 24 h after transfection and seeded in quadruplicate at approximately 50 cells per well
in 96 well plates. Living EGFP+ cells were counted daily in a blinded fashion using a
fluorescence microscopy [23]. For the apoptosis-inhibition assays, cells were kept in the
presence of 20 μM/ml caspase inhibitors (peptides zVAD-fmk, BD-fmk and zFA-fmk; Enzyme
Systems Products, Livermore, CA). Fresh caspase inhibitor was added every 24 h.

2.3. Cell sorting
BHK-21 cells were transfected with pCMV-EGFP using LipofectAMINE PLUS. After 24 h,
cells were harvested with trypsin and double-sorted (Clinical Services Program, SAIC-
Frederick, Maryland) using a FACStar Plus (Becton Dickinson).

2.4. Mice and immunization
C57BL/6 mice (National Cancer Institute/FCRDC, Frederick, MD) were used at 6–10 weeks
of age. Plasmid-mixtures (1:1, w/w) were coated onto gold particles as described previously
[30] and shot into the skin of the shaved abdomen using the Helios gene gun (BioRad, Hercules,
CA) with helium at a pressure of 400 psi. Mice were immunized five times at weekly intervals
with three shots per immunization (estimated amount of DNA is 3 μg). Seven to 10 days after
the last immunization, mice were challenged subcutaneously with 1 × 105 B16.F10 (FCRDC,
Frederick, MD). Tumor growth was monitored for at least 3 weeks after challenge in a blinded
fashion. Five to eight mice per group were immunized and challenged in each experiment.

2.5. Serology
Mice immunized with TRP-1 DNA were bled 3 days before challenge. Serum was diluted in
PBS/1% BSA and tested by ELISA. Plates (Nunc, Roskilde, Denmark) were coated with 50
ng recombinant mTRP-1 [31] per well. Secondary goat anti-mouse/HRP antibody (Amersham)
was used at 1:3000. The color reaction after addition of TMB substrate solution (Endogen,
Woburn, MA) was measured at 450 nm.

3. Results
3.1. Bcl-XL expression increases survival of cells co-transfected with either conventional or
replicase-based DNA

We have previously shown the induction of caspase-dependent apoptosis in cells transfected
with replicase-based DNA or RNA [23]. In addition, we have found that trans-fection with
conventional, CMV-promoter driven DNA plasmids induces apoptosis but the rate of cell death
induced by conventional DNA is much lower than that by replicase-based DNA. The survival
of transfected cells can significantly be increased with a caspase-inhibitor demonstrating that
the cell death appears to be caspase-dependent apoptosis (Fig. 1A). Furthermore, the cell death
induced by the conventional DNA plasmid is dependent on the expression level of the transgene
in individual transfected cells as demonstrated by differences in the survival curves of trans-
fected cells sorted based on antigen expression (Fig. 1B). The high-expressor cells, which died
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most rapidly after transfection with the conventional plasmid, could be rescued by the addition
of two different caspase inhibitors (Fig. 1C).

In contrast to the conventional plasmid, the survival of BHK-21 cells transfected with the
replicase-based plasmid (pSin) is still significantly lower than of cells trans-fected with the
conventional plasmid (P = 0.0001 for co-transfection with empty pcDNA plasmid, by
StatView) (Fig. 2A). To determine the functionality of the Bcl-XL construct and its impact on
cell death triggered by the two types of plasmids, BHK-21 cells were co-transfected with Bcl-
XL and either replicase-based or conventional plasmid and counted daily. Bcl-XL
overexpression significantly improved survival of cells transfected with either EGFP-construct
(P = 0.017 for pCMV-EGFP and p < 0.0001 for pSin-EGFP using StatView) (Fig. 2A);
however, the survival benefit was much more pronounced with the replicase-based plasmid.
There was nearly a doubling of the survival time of Bcl-XL/pSin-co-transfected cells (Fig. 2A).
In addition, the level of EGFP expression, as measured by flow cytometry, was elevated in
cells co-transfected with Bcl-XL compared to empty plasmid all time points after transfection
(not shown). Again, the effect was much more pronounced with the replicase-based plasmid
than the conventional plasmid (5% increase for pCMV-EGFP versus 30% increased antigen
production for pSin 48 h after transfection). Thus, Bcl-XL co-delivery increased antigen
production in individual cells and increased the apparent number of cells transfected. These
findings raised the question of how prolonged survival and increased antigen production
associated with Bcl-XL co-transfection affected the in vivo immunogenicity of the antigens
encoded on the co-delivered plasmids.

3.2. Bcl-XL is expressed in cells co-transfected with a conventional or a replicase-based
plasmid

To achieve elevated production of alphaviral progenitors in an infected cell, the alphaviral
replicase enzyme complex must take control of the antigen expression of the host cell.
Therefore, it is possible that antigen expression from a conventional plasmid (in this case
encoding Bcl-XL) is affected by the activity of the replicase in cells double co-transfected with
a replicase-based plasmid. To assess production of Bcl-XL from a conventional pcDNA-based
plasmid we analyzed lysates of cells transfected with either a conventional or a replicase-based
plasmid encoding EGFP by immunostaining of Western blots with an anti-Bcl-XL antibody.
Although Bcl-XL expression was reduced under conditions of co-transfection and co-
expression, the level of Bcl-XL expression in cells co-transfected with the conventional or
replicase-based EGFP plasmid were comparable (Fig. 2B).

3.3. Co-immunization with Bcl-XL increases antibody titers to the co-delivered antigen
To test the in vivo impact of Bcl-XL expression on the immunogenicity of DNA vaccines we
used a previously described B16 murine melanoma model [22]. DNA plasmids encoding the
melanoma/melanocyte associated tyrosinase-related protein-1 (TRP-1) were delivered by gene
gun into the epidermis of mice. Mice are protected from subcutaneous challenge with B16
melanoma by repeated immunization with a conventional (pCMV-hTRP1) or a replicase-based
plasmid (pSin-hTRP1) encoding the xenogeneic, cross-reactive variant of the murine TRP-1
antigen (human TRP-1) [22,32]. When delivering the non-mutated murine TRP-1 antigen, only
the replicase-based plasmid (pSin-mTRP1) was effective. In the current study, gold particles
were coated with the TRP-1 plasmids (pCMV-hTRP1 or pSin-hTRP-1) and either empty
(pcDNA) plasmid or the Bcl-XL plasmid to ensure co-delivery into the same cells [33]. Mice
were immunized five times weekly and bled one week after the last boost. When TRP-1
plasmids were co-delivered with Bcl-XL, serum antibody titers to TRP-1 were increased
suggesting prolonged survival of the transfected cells and/or increased antigen production in
vivo (Fig. 3). This raised the question of whether the co-immunization with the Bcl-XL gene
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would improve or impair tumor rejection induced with the two types of DNA vectors encoding
a melanoma antigen.

3.4. Co-immunization with Bcl-XL decreases the efficacy of a replicase-based but not a
conventional melanoma DNA vaccine

Previous reports have demonstrated a significant role for T cells in the prevention of B16
melanoma, and we have shown a dominant role of CD8+ cells induced by a replicase-based
DNA plasmid encoding TRP-1 in the rejection of melanoma [22,34,35]. Similarly, combined
DNA immunization against h-gp100 and mTRP-2 yielded a protective response against B16
dependent on CD8+ cells [36]. Therefore, the increased antibody titers after co-immunization
with Bcl-XL (Fig. 3) would not be expected to directly correlate with tumor protection. Mice
immunized as described above were challenged with B16 subcutaneously, and tumor growth
was monitored for 3 weeks. Tumor growth in mice immunized with a conventional DNA vector
(pCMV-hTRP1) together with the plasmid control did not significantly differ from tumor
growth after co-immunization with a Bcl-XL plasmid (Fig. 4A). This indicates that the efficacy
of this pCMV-promoter driven vector does not depend on the induction of apoptosis in the
transfected cells. In contrast, co-delivery of the anti-apoptotic gene significantly reduced the
efficacy of the replicase-based plasmid (pSin-hTRP1) thus demonstrating an important role of
vaccine-induced apoptosis in the superior efficacy of these vaccines (Fig. 4B).

4. Discussion
DNA vaccines employing an alphaviral replicase (“replicase-based DNA vaccines”) were
developed to improve the immunogenicity and efficacy of conventional DNA vaccines.
Alphaviruses are among the most efficient replication systems in nature. Since they rapidly
amplify their genome in infected cells using an RNA polymerase (replicase–enzyme complex)
[37], the expression of an antigen under the control of this enzyme was thought to improve the
immunogenicity of a replicase-based DNA vaccine. Although replicase-based DNA vaccines
have proven to be clearly superior to conventional DNA vaccines in pre-clinical murine models
of infectious disease and cancer [16,20,21,23,38–40], the underlying mechanisms have
remained less clear. For instance, the increased immunogenicity is not always associated with
increased antigen production. Furthermore, in reports using replicase-based vectors to produce
more antigen, the increase is considerably less than would be expected based on the
observations made in alphavirus infected cells [17,41,42]. Therefore, we sought to identify the
molecular mechanism, which allows replicase-based DNA or RNA vaccines to stimulate the
immune system more effectively.

Like many viruses, alphaviruses trigger the apoptotic death of the infected host cell [27,43,
44]. Although the induction of Sindbis virus-induced host cell death had been reported to occur
during virus entry [45], we and others have previously demonstrated that “naked” replicase-
based nucleic acid vaccines also cause caspase-dependent apoptotic death of transfected cells
[6,23,39]. The molecular “switch” for the programmed cell death appears to be double-stranded
RNA produced by alphaviral replicase as an intermediary molecule during RNA replication.
Consequently, we have been able to demonstrate that the immunogenicity of replicase-based
DNA vaccines is significantly impaired in mice that lack a dsRNA-activated pathway (RNase
L-pathway) [22]. Nevertheless, the link between the induction of apoptosis by replicase-based
nucleic acid constructs and increased immunogenicity has so far only been hypothetical.

Inducing apoptosis by co-delivering a pro-apoptotic signal (overexpression of caspase 3, or
CD95/Fas) with a conventional DNA vaccine has been reported to yield enhanced immune
responses [24,25]. In this study, we used the reverse approach of interfering with the induction
of apoptosis in transfected cells by co-delivering an anti-apoptotic signal. This was
accomplished by using gene gun immunization to introduce two independent plasmids into the
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same cell. To impede apoptosis, we used an anti-apoptotic member of the Bcl-2 family, Bcl-
XL, which together with other molecules in this family, has been shown to inhibit alphavirus-
induced apoptosis [46]. In vitro, the co-transfection yielded increased antigen production,
which was reflected by increased antibody production in vivo. However, interfering with
apoptosis in vivo significantly decreased the efficacy of a replicase-based DNA vaccine
encoding mTRP-1. The efficacy of conventional DNA, however, was not significantly affected
by Bcl-XL, suggesting that induction of apoptosis was a major reason for the increased
immunogenicity of replicase-based vaccines, but does not play a significant role after
immunization with conventional DNA constructs. Co-immunizing with a replicase-based
plasmid and a Bcl-XL plasmid did not prevent the induction of a protective immune response.
However, it suggested that, without the ability to trigger host cell apoptosis, the replicase-based
vaccine would still be able to deliver the same immunostimulatory signals as a conventional
DNA vaccine. Alternatively, the prevention of apoptosis by Bcl-XL in vivo may not be
complete, thus only delaying or reducing the extent of replicase-induced programmed cell
death. This may reduce, but not abrogate the apoptosis-mediated adjuvant-type signal delivered
to the immune system as observed in Bcl-overexpressing cells infected with alphaviral vectors
[27]. Similarly, treatment of transfected cells in vitro with caspase inhibitors does not prevent
cell death but only prolongs survival. As demonstrated in a different model system, the effect
of Bcl-XL co-immunization is not due to a significant change in the T helper cell-profile or the
immune response that is induced. Due to the use of gene gun delivery, the immune response
can be characterized as predominantly Th2 (Bergmann-Leitner, unpublished observation).

Our findings indicate that both conventional and replicase-based DNA vaccines induce
apoptosis in trans-fected cells. These data raise the question: how do these vectors differentially
stimulate the immune system? First, all cells transfected with the replicase-based vector are
affected and die rapidly from apoptosis. Independent of the amount of plasmid (or self-
replicating RNA) they produce comparable amounts of antigen and presumably also
comparable amounts of dsRNA identified as the most likely trigger of the apoptotic cascade
[22,23]. In contrast, the antigen expression from cells transfected with conventional plasmids
likely depends on the amount of plasmid taken up [23]. The most striking finding in this report
is that plasmid uptake and antigen expression correlate with the level of apoptosis induced.
Second, the mechanism of apoptosis induced by replicase-based vectors appears to be primarily
mediated through the production of dsRNA by the alphaviral replicase while the precise
mechanism responsible for apoptosis after transfection with conventional DNA plasmids is
not clear. Although Bcl-XL can interfere with both types of apoptotic pathways as indicated
by increased antigen production, only the efficacy induced by the replicase-based vectors is
affected.

This study shows for the first time that apoptosis of cells transfected with replicase-based
nucleic acid is directly responsible for increased immunogenicity and efficacy of this new
generation of vaccines. Besides the elucidation of the underlying mechanism, our findings also
underscore the potential of modulating host cell apoptosis as a means of delivering a strong
adjuvant signal together with a vaccine. Triggering pro-inflammatory apoptotic pathways with
molecular adjuvants would allow the induction of powerful immune responses while avoiding
the harmful side effects associated with strong conventional adjuvants.
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Fig. 1.
Induction of apoptosis by a conventional DNA vaccine: (A) Reduced cell proliferation after
transfection with a conventional DNA plasmid is—at least in part—due to caspase-dependent
apoptosis and cell survival can be prolonged with a caspase-inhibitor (zVAD-fmk). (B) Sorting
of BHK-21 cells transfected with a conventional, EGFP expressing plasmid into three groups
24 h after transfection. Shown is the setting of the sorting windows in an FSC-FL1 scattergram.
Medium-expressor cells are defined as cells expressing EGFP levels comparable to cells
transfected with the replicase-based EGFP plasmid [23]. (C) Sorted cells are cultured and their
survival is monitored. (D) Cell survival in the high-expressor group can be significantly
prolonged by the addition of two different caspase inhibitors (zVAD-fmk, BD-fmk). Shown
are the average values of quadruplicate wells (96-well plate) based on the number of cells
seeded (set to 100%).
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Fig. 2.
Effect of Bcl-XL co-expression in vitro: (A) The biological effect of Bcl-XL expression on
cells co-transfected with a conventional plasmid (pCMV-EGFP) or replicase-based plasmid
(pSin-EGFP) was measured by counting transfected cells using a fluorescence microscope
daily for 1 week. Quadruplicate wells were counted in a blinded fashion, and the experiment
was repeated with similar results. Data are shown in percent (with SE) based on the cell count
24 h after transfection, which was set to 100%. (B) Bcl-XL expression is not suppressed by co-
transfection of cells with a replicase-based plasmid: BHK-21 cells were transfected with
pcDNA-Bcl-XL and either a conventional DNA plasmid (pCMV-EGFP) or replicase-based
plasmid (pSin-EGFP). To determine whether co-delivery with another plasmid in vivo could
affect Bcl-XL expression, Bcl-XL was detected by immunostaining of cell lysates after PAGE
and Western blotting. The experiment was repeated yielding the same result.

Leitner et al. Page 11

Vaccine. Author manuscript; available in PMC 2006 July 4.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Co-immunization with Bcl-XL increases antibody titers to the co-delivered antigen: Serum
antibody titers after DNA co-immunization of TRP-1 with Bcl-XL. Mice were immunized five
times by gene gun using gold particles that carried both TRP-1 and Bcl-XL plasmid. The serum
was diluted 1:5, 1:25, 1:125, 1:625, and analyzed by ELISA using recombinant mTRP-1 as
plate-antigen. Shown is one representative experiment of four.
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Fig. 4.
Interfering with apoptosis reduces the efficacy of a replicase-based, but not a conventional
melanoma DNA vaccine encoding TRP-1: Animals were immunized weekly by gene gun five
times with either (A) conventional (pCMV-hTRP1) or (B) replicase-based (pSin-hTRP1)
plasmid. Seven to 10 days after the last immunization mice (n = 5 per group) were challenged
subcutaneously with 1 × 105 B16 melanoma cells. Shown are averages and SE of tumor sizes
from a representative experiment (the experiment was repeated three times).
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