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Recently, self-replicating and self-limiting RNA vaccines (RNA replicons) have emerged as an important
form of nucleic acid vaccines. Self-replicating RNA eventually causes lysis of transfected cells and does not
raise the concern associated with naked DNA vaccines of integration into the host genome. This is particularly
important for development of vaccines targeting proteins that are potentially oncogenic. However, the potency
of RNA replicons is significantly limited by their lack of intrinsic ability to spread in vivo. The herpes simplex
virus type 1 protein VP22 has demonstrated the remarkable property of intercellular transport and provides
the opportunity to enhance RNA replicon vaccine potency. We therefore created a novel fusion of VP22 with a
model tumor antigen, human papillomavirus type 16 E7, in a Sindbis virus RNA replicon vector. The linkage
of VP22 with E7 resulted in a significant enhancement of E7-specific CD8" T-cell activities in vaccinated mice
and converted a less effective RNA replicon vaccine into one with significant potency against E7-expressing
tumors. These results indicate that fusion of VP22 to an antigen gene may greatly enhance the potency of RNA

replicon vaccines.

Recently, self-replicating RNA vaccines (RNA replicons)
have emerged as an important strategy to enhance the potency
of nucleic acid vaccines for cancer immunotherapy (for a re-
view, see reference 19). RNA replicon vaccines may be derived
from alphavirus vectors, such as Sindbis virus (13), Semliki
Forest virus (3, 4), or Venezuelan equine encephalitis virus
(27) vectors. These vaccines are self-replicating and self-limit-
ing and may be administered as either RNA or DNA, which is
then transcribed into RNA replicons in transfected cells or in
vivo (4, 18). Self-replicating RNA eventually causes lysis of
transfected cells (33). These vectors therefore do not raise the
concern associated with naked DNA vaccines of integration
into the host genome. This is particularly important for devel-
opment of vaccines targeting proteins that are potentially on-
cogenic, such as the human papillomavirus (HPV) E6 and E7
proteins.

One limitation on the potency of RNA replicon vaccines is
their inability to spread in vivo. We reasoned that a strategy
that facilitates the spread of antigen may significantly enhance
the potency of RNA replicon vaccines. One potential strategy
to enhance the spread of antigen is the employment of the
herpes simplex virus type 1 (HSV-1) protein VP22, which has
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demonstrated the remarkable property of intercellular trans-
port and is capable of distributing protein to many surrounding
cells (10). Previously, VP22 has been linked to p53 (26) or
thymidine kinase (8), facilitating the spread of linked protein
to surrounding cells in vitro. We therefore investigated the use
of VP22 linked to a model antigen (HPV-16 E7) in the context
of a Sindbis virus-derived RNA replicon vaccine and explored
whether it led to enhancement of antigen-specific immune
responses and antitumor effects.

HPV-16 E7 was used as a model tumor antigen for our
vaccine development because HPVs, particularly HPV-16, are
associated with most cervical cancers. HPV E7 is expressed in
most HPV-containing cervical cancers and is important in the
induction and maintenance of cellular transformation. There-
fore, vaccines targeting E7 protein may provide an opportunity
to prevent and treat HPV-associated cervical malignancies.
Our data indicated that a Sindbis virus RNA vaccine encoding
HSV-1 VP22 linked to E7 significantly increased activation of
E7-specific CD8™" T cells, resulting in potent antitumor immu-
nity against E7-expressing tumors.

MATERIALS AND METHODS

Plasmid DNA constructs and preparation. The Sindbis virus RNA replicon
vector SINrep5 has been described previously (5). SINrep5 was kindly provided
by Charles M. Rice at the Washington University School of Medicine, St. Louis,
Mo. For the generation of pcDNA3-VP22, VP22 was subcloned from pVP22/
myc-His (Invitrogen, Carlsbad, Calif.) into the unique EcoRV and BamHI clon-
ing sites of the pcDNA3.1(—) expression vector (Invitrogen). The generation of
pcDNA3-E7 has been described previously (6). For the generation of pcDNA3-
VP22/E7, VP22 was subcloned from pcDNA3-VP22 into the unique EcoRV and
BamHI cloning sites of pcDNA3-E7. For the generation of SINrep5-VP22,
SINrep5-E7, and SINrep5-VP22/E7, DNA fragments encoding VP22, HPV-16
E7, and chimeric VP22/E7 were isolated by digesting pcDNA3-VP22, pcDNA3-
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E7, and pcDNA3-VP22/E7, respectively, with Xbal and Pmel restriction en-
zymes. These isolated DNA fragments were further cloned into the correspond-
ing Xbal and Pmel sites of the SINrep5 vector to generate SINrep5-VP22,
SINrep5-E7, and SINrepS5-VP22/E7 constructs. The accuracy of these constructs
was confirmed by DNA sequencing.

In vitro RNA preparation. The generation of RNA transcripts from SINrep5-
VP22, SINrep5-E7, SINrep5-VP22/E7, and SINrepS was performed using the
protocol described by Mandl et al. (24). Spel was used to linearize DNA tem-
plates for the synthesis of RNA replicons from SINrep5-VP22, SINrep5-E7,
SINrep5-VP22/E7, and SINrep5. RNA vaccines were transcribed in vitro and
capped using SP6 RNA polymerase and capping analog from the in vitro tran-
scription kit (Life Technologies, Rockville, Md.) according to the vendor’s man-
ual. After synthesis, DNA was removed by digestion with DNase 1. Synthesized
RNA was then purified by precipitation. RNA concentration was determined by
optical density measured at 260 nm. The integrity and quantity of RNA tran-
scripts were further checked using denaturing gel electrophoresis (24). The
purified RNA was divided into aliquots to be used for vaccination in animals and
for transfection of a BHK21 cell line. The protein expression of the transcripts
was characterized by transfection of the RNA into BHK21 cells using electro-
poration with the Cell-Porator electroporation system (Life Technologies) ac-
cording to the vendor’s manual and characterized using Western blot analysis.

Cell lines. Baby hamster kidney (BHK21) cells were obtained from the Amer-
ican Type Culture Collection (Manassas, Va.) and grown in Glasgow minimum
essential medium supplemented with 5% fetal bovine serum, 10% tryptose phos-
phate broth, 2 mM glutamine, and antibiotics. Cells were kept at 37°C in a
humidified 5% CO, atmosphere and were passaged every 2 days. The production
and maintenance of TC-1 cells have been described previously (20).

RNA vaccination. Six- to eight-week-old female C57BL/6 mice from the Na-
tional Cancer Institute (Frederick, Md.) were purchased and kept in the oncol-
ogy animal facility of the Johns Hopkins Hospital (Baltimore, Md.). All animal
procedures were performed according to approved protocols and in accordance
with recommendations for the proper use and care of laboratory animals. Mice
were vaccinated intramuscularly with 1 pg of various SINrep5S RNA vaccines in
the right hind leg.

Cytotoxic T-lymphocyte (CTL) assays. Splenocytes were harvested 2 weeks
after RNA vaccination and cultured with the major histocompatibility complex
(MHC) class I-restricted E7 peptide (amino acids [aa] 49 to 57) (11) in a total
volume of 2 ml of RPMI 1640 supplemented with 10% (vol/vol) fetal bovine
serum, 50 U of penicillin-streptomycin per ml, 2 mM L-glutamine, 1 mM sodium
pyruvate, and 2 mM nonessential amino acids in a 24-well tissue culture plate for
6 days. TC-1 tumor cells were used as target cells. Splenocytes were mixed with
TC-1 cells (10* per well) at various effector/target (E/T) ratios (1:1, 5:1, 15:1, and
45:1) in a final volume of 200 pl. After 5 h of incubation at 37°C, 50 pl of the
cultured medium was collected for CTL assays. Cytolysis was determined by
quantitative measurements of lactate dehydrogenase (LDH) using CytoTox96
nonradioactive cytotoxicity assay kits (Promega, Madison, Wis.) according to the
manufacturer’s protocol. The percentage of lysis was calculated from the follow-
ing equation: 100 X (4 — B)/(C — D), where A4 is the reading of experimental-
effector signal value, B is the effector spontaneous background signal value, C is
maximum signal value from target cells, and D is the target spontaneous back-
ground signal value.

Enzyme-linked immunosorbent assay (ELISA). For the determination of
gamma interferon (IFN-v) in the supernatant of cultured splenocytes, spleno-
cytes were harvested 2 weeks after vaccination and cultured with 1 pg of E7
peptide (aa 49 to 57) containing MHC class I epitope (11) per ml or 10 pg of E7
peptide (aa 30 to 67) containing MHC class II peptide (29) per ml in a total
volume of 2 ml of RPMI 1640 supplemented with 10% (vol/vol) fetal bovine
serum, 50 U of penicillin and streptomycin per ml, 2 mM L-glutamine, 1 mM
sodium pyruvate, and 2 mM nonessential amino acids, in a 24-well tissue culture
plate for 6 days. The supernatants were harvested and assayed for the presence
of IFN-y using ELISA kits (Endogen, Woburn, Mass.) according to the manu-
facturer’s protocol.

For the detection of HPV-16 E7-specific antibodies in the sera, a direct ELISA
was used as described previously (31). Briefly, a 96-microwell plate was coated
with 100 pl of 0.5 wg of bacterium-derived HPV-16 E7 proteins per ml and
incubated at 4°C overnight. The wells were then blocked with phosphate-buff-
ered saline (PBS) containing 20% fetal bovine serum. Sera were prepared from
mice on day 21 postimmunization, serially diluted in PBS, added to the ELISA
wells, and incubated at 37°C for 2 h. After washing with PBS containing 0.05%
Tween 20, the plate was incubated with a 1/2,000 dilution of a peroxidase-
conjugated rabbit anti-mouse immunoglobulin G (IgG) antibody (Zymed, San
Francisco, Calif.) at room temperature for 1 h. The plate was washed, developed
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with 1-Step Turbo TMB-ELISA (Pierce, Rockford, Ill.), and stopped with 1 M
H,SO,. The ELISA plate was read with a standard ELISA reader at 450 nm.

Intracellular cytokine staining and flow cytometry analysis. Splenocytes from
vaccinated mice were collected 2 weeks after vaccination and incubated with 1 pg
of E7 peptide (aa 49 to 57) per ml in a total volume of 2 ml of culture medium
for 6 days. Cell surface marker staining of CD8 and intracellular cytokine stain-
ing for IFN-y as well as FACScan analysis were performed using conditions
described previously (6). Phycoerythrin-conjugated CD8 antibody, fluorescein
isothiocyanate (FITC)-conjugated anti-IFN-y antibody, and the immunoglobulin
isotype control antibody (rat IgG1) were all purchased from PharMingen (San
Diego, Calif.). Analysis was performed on a Becton Dickinson FACScan with
CELLQuest software (Becton Dickinson Immunocytometry Systems, Mountain
View, Calif.).

In vivo tumor protection experiments. For the tumor protection experiment,
mice (five per group) were immunized intramuscularly with 1 pg of SINrep5-
VP22, SINrep5-E7, SINrep5-VP22/E7, or SINrep5 (no insert) RNA vaccine per
mouse. Fourteen days after immunization, mice were injected intravenously with
10* TC-1 tumor cells per mouse through the tail vein. Three weeks later, mice
were euthanatized. The lung weight and number of pulmonary nodules in each
mouse were evaluated and counted by experimenters in a blinded fashion.

In vivo antibody depletion experiments. The procedure for in vivo antibody
depletion has been described previously (20, 32). In brief, mice (five per group)
were vaccinated with 1 g of self-replicating SINrep5-VP22/E7 RNA per mouse
intramuscularly and challenged with 10* TC-1 tumor cells per mouse via tail vein
injection 2 weeks after vaccination. Depletions were started 1 week prior to
tumor challenge. Monoclonal antibody (MAb) GK1.5 (7) was used for CD4
depletion, MAb 2.43 (28) was used for CD8 depletion, and MAb PK136 (17) was
used for NKI1.1 depletion. Flow cytometry analysis revealed that >95% of the
appropriate lymphocyte subset was depleted while other subsets were at normal
levels. Depletion was terminated on day 21 after tumor challenge.

In vitro cell death analysis. BHK21 cells (107) were transfected with 4 pg of
SINrep5, SINrep5-E7, SINrep5-VP22, or SINrep5-VP22/E7 RNA transcripts as
described above. Untreated BHK21 cells or BHK21 cells electroporated without
SINrep5 RNA were used as controls. Transfected BHK21 cells were collected
24 h after transfection. The percentages of apoptotic and necrotic BHK21 cells
were analyzed using annexin V apoptosis detection kits (PharMingen) according
to the manufacturer’s protocol, followed by flow cytometry analysis.

In vivo cell death assay. Mice were immunized with self-replicating SINS-
VP22/E7 RNA injected intramuscularly into the right leg. Normal saline without
self-replicating RNA was also injected intramuscularly into the left leg as a
control. Mice were sacrificed 4 days after immunization. For the detection of
apoptotic cells, a modified terminal deoxynucleotidyltransferase-mediated
dUTP-biotin nick end labeling (TUNEL) assay was performed (15). The forma-
lin-fixed and paraffin-embedded tissue was cut into 5-um slices. After deparaf-
finization, the tissue was placed into a plastic jar containing 0.1 M citrate buffer,
pH 6.0, and microwave irradiation was performed for 1 min. Then, the slides
were immersed in 0.1 M Tris-HCI containing 3% bovine serum albumin and 20%
normal bovine serum, pH 7.5, for 30 min at room temperature. After that, the
slides were rinsed twice with PBS at room temperature. The slides were then
incubated with 50 pl of TUNEL reaction mixture that was provided in an in situ
cell detection kit (Roche Diagnostics GmbH) for 60 min at 37°C in a humidified
chamber. Each slide was rinsed three times in PBS for 5 min. Subsequently, 0.3%
H,0, in methanol was added for 10 min at room temperature in order to
eliminate endogenous peroxidase. Fifty microliters of Converter-POD (Roche
Diagnostics GmbH) was added and incubated for 30 min at 37°C in a humidified
chamber. The slides were rinsed again three times in PBS at room temperature
for 5 min, followed by addition of 50 wl of diaminobenzidine substrate solution
and incubation for 3 min at room temperature. Finally, the slides were washed
extensively in tap water and counterstained with Mayer’s hematoxylin. Apoptotic
index is used as a measure of the extent of apoptosis in the stained slides
following inspection under a light microscope. Apoptotic index is defined as
percentage of apoptotic cells and bodies per 100 cells (21).

CTL assay using DCs incubated with BHK21 cells transfected with various
SINrep5 RNAs. CTL assays using dendritic cells (DCs) incubated with BHK21
cells transfected with various SINrepS RNAs were performed using a protocol
similar to one described previously (1, 2) with modifications. Briefly, DCs were
generated by culture of bone marrow cells in the presence of granulocyte-
macrophage colony-stimulating factor as described previously (22). These DCs
were characterized by flow cytometry analysis for DC markers as described
previously (30). BHK21 cells (107) were transfected with 4 pg of various self-
replicating SINrep5 RNA vectors via electroporation, and transfected BHK21
cells were collected 16 to 20 h after electroporation. The levels of E7 protein
expression in BHK21 cells transfected with SINrep5-E7 or SINrep5-VP22/E7
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FIG. 1. SINrepS5 self-replicating RNA transcripts. The schematic diagram depicts the SINrep5 self-replicating RNA transcripts. A methylated
m’G cap is located at the 5’ end of the mRNA, followed by a sequence responsible for the self-replication (replicase), the gene of interest (i.e.,

E7, VP22, or VP22/E7), and a polyadenylated tail (AAAA).

RNA transcripts were determined by ELISA and standardized (data not shown).
Transfected BHK21 cells (3 X 10°) were then coincubated with 10° bone mar-
row-derived DCs at 37°C for 24 h. These prepared DCs were then used as target
cells (T), while the Db-restricted E7-specific CD8™" T cells (30) served as effector
cells (E). CTL assays were performed with effector cells and target cells (10* per
well) mixed together at various ratios (1:1, 3:1, 9:1, and 27:1) in a final volume of
200 pl. After a 5-h incubation at 37°C, 50 pl of the cultured media was collected
to assess the amount of LDH in the cultured media as described above. DCs
coincubated with untransfected BHK21 cells, transfected BHK21 cells alone,
untreated DCs alone, and CD8™ T cells alone were included as negative controls.

RESULTS

Generation of self-replicating RNA transcripts. Generation
of plasmid DNA constructs and subsequent preparation of
self-replicating SINrep5 RNA constructs were performed as
described in Materials and Methods. The SINrep5 vector con-
tains the genes encoding Sindbis virus RNA replicase and the
SP6 promoter (5). A schematic diagram of RNA transcripts de-
rived from SINrep5, SINrepS-VP22, SINrep5-E7, and SINrep5-
VP22/E7 DNA constructs using SP6 RNA polymerase is
shown in Fig. 1. The level of expression of E7 in cells trans-
fected with various E7-containing RNA constructs was char-
acterized using Western blot analysis and ELISA. BHK21 cells
transfected with self-replicating SINrepS-E7 and SINrepS5-
VP22/E7 expressed similar amounts of E7 protein (data not
shown).

Vaccination with self-replicating SINrep5-VP22/E7 RNA en-
hances IFN-y-secreting E7-specific CD8* T-cell activity. To
determine the quantity of E7-specific CD8" T-cell responses
generated by the SINrep5-VP22/E7 RNA vaccine, CTL assays
were used. As shown in Fig. 2A, splenocytes from mice vacci-
nated with various self-replicating SINrepS RNA vaccines
were cultured with the E7 peptide (aa 49 to 57) for 6 days and
used as effector cells while TC-1 tumor cells served as target
cells. Vaccination with SINrep5-VP22/E7 RNA generated a
significantly higher percentage of specific lysis than that with
the other SINrepS RNA vaccines (P < 0.001, one-way analysis
of variance [ANOVA]). The ability of SINrep5-VP22/E7 RNA
to generate specific lysis was found to be approximately three
times that of self-replicating SINrep5-E7 RNA ([42.8 = 2.2]%
versus [13.6 £ 0.3]%, E/T ratio of 45/1, P < 0.001).

We performed an indirect ELISA using supernatant from
cultured splenocytes in order to determine the level of IFN-y

secreted from splenocytes pulsed with MHC class I-restricted
E7 peptide. As a negative control, an ELISA was also per-
formed without peptide. Supernatants in the culture medium
were collected to detect the IFN-y concentration. As shown in
Fig. 2B, splenocytes from mice vaccinated with SINrep5-
VP22/E7 RNA secreted the highest concentration of IFN-y
(3,655 = 149 pg/ml) compared to splenocytes from mice vac-
cinated with other RNA vaccines (183 * 15 pg/ml for no insert,
382 = 30 pg/ml for E7, and 190 * 16 pg/ml for VP22; P <
0.001, one-way ANOVA).

We performed intracellular cytokine staining with flow cy-
tometry analysis for IFN-y and CD8 markers to determine the
subset of IFN-y-secreting lymphocytes. Splenocytes from naive
or vaccinated groups of mice were incubated with the MHC
class I (H-2 D)-restricted E7 peptide (aa 49 to 57) (29) for
detecting E7-specific CD8™ T cells. As shown in Fig. 2C, vac-
cination with SINrep5-VP22/E7 RNA generated a higher num-
ber of IFN-y-secreting E7-specific CD8 T cells than those for
the other vaccination groups (P < 0.01, one-way ANOVA).
These results indicated that fusion of VP22 to E7 significantly
enhances IFN-y-secreting E7-specific CD8* T-cell activity.
The physical linkage of VP22 with E7 was important for the
enhancement of E7-specific CD8" T-cell-mediated immunity
because vaccination of mice with VP22 RNA mixed with E7
RNA did not generate a significant increase of E7-specific
CD8™" T-cell activity over that with vaccination with E7 RNA
alone (data not shown).

We also performed an indirect ELISA for IFN-vy secretion
generated by splenocytes pulsed with MHC class II-restricted
E7 peptide and intracellular cytokine staining with flow cytom-
etry analysis for IFN-y and CD4 marker. We found no signif-
icant differences in IFN-y-secreting CD4" T-cell activities
among mice vaccinated with various SINrep5 RNA vaccines
(data not shown). In addition, we performed an ELISA for
anti-E7 antibodies using sera from vaccinated mice. We did
not observe any significant differences in anti-E7 antibody ti-
ters among mice vaccinated with various SINrepS RNA con-
structs (data not shown).

Vaccination with self-replicating SINrep5-VP22/E7 RNA pro-
tects mice against the growth of E7-expressing tumors. To deter-
mine whether vaccination with the self-replicating SINrep5-
VP22/E7 RNA protected mice against E7-expressing tumors,
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FIG. 2. Immunologic responses generated by self-replicating RNA vaccines. (A) E7-specific T-cell cytotoxic activity. Mice were immunized with
various SINrep5 self-replicating RNA vaccines via intramuscular injection. Splenocytes were collected after 14 days. Vaccination with VP22/E7
RNA generated significantly higher percentages of specific lysis than did that with the other RNA vaccines (P < 0.001, one-way ANOVA). (B)
IFN-y concentration secreted by E7-specific CD8* T-cell precursors measured by ELISA. Mice were immunized, and their splenocytes were
collected and cultured as described above. Splenocytes obtained from mice vaccinated with self-replicating VP22/E7 secreted the highest
concentration of IFN- y compared to those from mice vaccinated with the other RNA vaccines (P < 0.001, one-way ANOVA). (C) Flow cytometry
analysis of IFN-y-secreting E7-specific CD8™ cells in mice vaccinated with various recombinant RNA vaccines. Mice were immunized, and their
splenocytes were collected and cultured as described above. Splenocytes cultured in vitro with E7 peptide (aa 49 to 57) for 6 days were stained
for both CD8 and intracellular IFN-y. The number of IFN-y-secreting CD8" T cells, indicated in the upper right-hand corner of each panel, was
determined using flow cytometry. The VP22/E7-vaccinated group generated a higher number of E7-specific IFN-y-secreting CD8* cells than did
groups vaccinated with other recombinant RNA vaccines.
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we performed an in vivo tumor protection experiment. Mice
received vaccination and tumor challenge as described in Ma-
terials and Methods. The number of pulmonary nodules and
mean lung weight were assessed 21 days after tumor challenge.
As shown in Fig. 3A, there were fewer pulmonary nodules in
mice vaccinated with the self-replicating VP22/E7 RNA vac-
cine than in mice vaccinated with other RNA vaccines (P <
0.001, one-way ANOVA). Representative gross photographs

J. VIROL.

FIG. 3. Tumor protection mediated by various SINrep5 self-repli-
cating RNA vaccines. (A) Mice (five per group) were immunized
intramuscularly with 1 pg of SINrep5-VP22, SINrep5-E7, SINrep5-
VP22/E7, and SINrep5 (no insert) RNA per mouse. Two weeks after
vaccination, mice were challenged with TC-1 tumor cells via intrave-
nous tail vein injection at a dose of 10* cells/mouse. Mice were mon-
itored twice a week and sacrificed at day 21 after tumor challenge.
Lungs were dissected from mice 35 days after vaccination with the
various RNA vaccines. The mean number of lung tumor nodules was
used as a measurement of the effectiveness of the various self-repli-
cating RNA vaccines at controlling HPV-16 E7-expressing tumor
growth. There were fewer mean pulmonary nodules in mice vaccinated
with the self-replicating VP22/E7 RNA vaccine than in mice vacci-
nated with the other RNA vaccines (P < 0.001, one-way ANOVA).
SEM, standard error of the mean. (B) Representative gross pictures of
the lung tumors in each vaccinated group. There are multiple grossly
visible lung tumors in unvaccinated control mice and mice vaccinated
with SINrep5, SINrep5-E7, or SINrep5-VP22 RNA. The lung tumors
in the SINrep5-VP22/E7 RNA-vaccinated group cannot be seen at the
magnification provided in this figure.

S5mm

5mm

VP22/E7

of the lung tumors are shown in Fig. 3B. Our results demon-
strated that the self-replicating SINrep5-VP22/E7 RNA vac-
cine protected mice from intravenous tumor challenge even at
the low dosage of 1 pg/mouse. The physical linkage of VP22
with E7 was essential for the antitumor effect because vacci-
nation of mice with 1 pg of VP22 RNA per mouse mixed with
E7 RNA did not generate significant tumor protection com-
pared to vaccination with E7 RNA alone (data not shown).
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FIG. 4. Effect of lymphocyte subset depletions on the potency of
self-replicating SINrep5-VP22/E7 RNA vaccine. Mice were immu-
nized with 1 pg of self-replicating SINrep5-VP22/E7 RNA per mouse
via intramuscular injection. Two weeks after vaccination, mice were
challenged with 10* TC-1 cells/mouse intravenously via tail vein. De-
pletions were initiated 1 week prior to tumor challenge and terminated
21 days after tumor challenge. Three weeks after tumor challenge,
mice were sacrificed. Depletion of CD8" T cells and NKI1.1 cells
resulted in similar mean numbers of pulmonary nodules, significantly
greater than those generated in the nondepleted group. The mean
number of lung nodules from mice depleted of CD4" T cells resem-
bled results obtained from nondepleted mice. SEM, standard error of
the mean.

CD8™ T cells and NK cells play an important role in the
antitumor effect generated by vaccination with SINrep5-
VP22/E7 RNA. To determine the types of lymphocytes that are
important for protection against E7-expressing tumor cells, we
performed in vivo antibody depletion experiments. As shown
in Fig. 4, the mean number of pulmonary tumor nodules from
mice depleted of CD8" T cells (130 = 20) and NKI1.1 cells
(120 = 17) was significantly higher than those of nondepleted
(2.0 £ 0.6) and CD4™" T-cell-depleted (5.7 = 2.2) groups (P <
0.001, one-way ANOVA). In comparison, the mean number of
pulmonary tumor nodules from mice depleted of CD4 " T cells
resembled that obtained from nondepleted mice. These anti-
body depletion experiments suggested that CD8" T and NK
cells are both important for the antitumor immunity generated
by the SINrep5-VP22/E7 RNA vaccine.

Self-replicating RNA vaccines induce apoptosis in trans-
fected cells and in vaccinated mice. RNAs transcribed in vitro
from various plasmid SINrepS RNA vaccines were transfected
into BHK21 cells via electroporation. Electroporated BHK21
cells without RNA and untreated BHK?21 cells were used as
controls. The percentage of apoptosis among the transfected
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BHK21 cells was highest 24 h after transfection (data not
shown). Twenty-four hours after transfection, all of the BHK21
cells transfected with any of the SINrepS RNA constructs
generated similar levels of apoptosis (up to 70%), significantly
higher than that generated by the two control groups (Fig. 5).
After demonstrating the extent of apoptosis in vitro, we
characterized the extent of apoptosis induced by SINrep5
RNA in vivo by staining sections of muscular tissue at the
injected sites using the TUNEL method. As shown in Fig. 6B,
the SINrep5 RNA-injected group exhibited a higher number of
apoptotic cells in the muscular tissues than did the normal
saline-injected group (Fig. 6A) 4 days after immunization.
Enhanced presentation of E7 through the MHC class I
pathway in DCs pulsed with SINrep5-VP22/E7 RNA-trans-
fected cells. A potential mechanism for the enhanced E7-spe-
cific CD8™ T-cell immune responses in vivo is the presentation
of E7 through the MHC class I pathway by uptake of apoptotic
cells expressing various E7 constructs, a process known as
“cross-priming.” A cross-priming experiment was performed to
characterize the MHC class I presentation of E7 in DCs pulsed
with apoptotic BHK21 cells transfected with various self-rep-
licating RNAs. As mentioned above, BHK21 cells have been
shown to have stable transfection efficiency and similar E7
expression levels among cells transfected with different E7-
containing self-replicating RNAs. Transfected BHK21 cells
were coincubated with bone marrow-derived DCs, which
served as target cells. E7-specific CD8" T cells served as ef-
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FIG. 5. Flow cytometry analysis to demonstrate apoptotic changes
in BHK21 cells transfected with various SINrepS RNA vaccines. The
percentage of apoptosis in the transfected BHK21 cells was deter-
mined 24 h after transfection. Note that BHK21 cells transfected with
SINrep5 RNA vaccines generated a higher percentage of apoptosis
than did cells for the other two control groups. No statistical differ-
ences could be found in the apoptotic percentages generated by the
various SINrep5S RNA vaccines.
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FIG. 6. TUNEL assay to determine apoptotic cells in the skeletal muscle of vaccinated mice. (A) Mice were immunized with normal saline
intramuscularly (magnification, X160). (B) Mice were immunized with self-replicating SINrep5 RNA intramuscularly (magnification, X100) and
sacrificed 4 days after immunization. Note that injection with SINrep5 RNA induced a higher number of apoptotic cells in the muscle tissues than

did injection with normal saline.

fector cells. CTL assays with various E/T ratios (1:1, 3:1, 9:1,
and 27:1) were performed. As shown in Fig. 7, DCs coincu-
bated with BHK21 cells transfected with SINrep5-VP22/E7
RNA generated significantly higher percentages of specific ly-
sis than did DCs coincubated with BHK21 cells transfected
with SINrep5-E7 RNA (P < 0.001). These results suggested
that DCs incubated with BHK21 cells transfected with SINrep5-
VP22/E7 RNA presented E7 antigen through the MHC class I
pathway more efficiently than did DCs incubated with BHK21
cells transfected with wild-type E7 RNA. Thus, the fusion of
VP22 to E7 is likely able to induce enhancement of E7-specific
CD8™" T-cell immune responses via a cross-priming mecha-
nism.

DISCUSSION

In this study, we demonstrated that linkage of VP22 with E7
can significantly enhance the potency of HPV-16 E7-express-
ing self-replicating RNA vaccines. RNA vaccines incorporating
VP22 fused to HPV-16 E7 generated significant E7-specific
CD8™" T-cell-mediated immune responses. Furthermore, the

chimeric SINrep5-VP22/E7 RNA vaccine was capable of re-
ducing the number of lethal pulmonary E7-expressing tumors.

RNA vaccines possess several advantages over existing viral
vector systems designed for in vivo gene delivery, even though
such viral vectors are efficient in delivering genes of interest to
targeted cells. For example, immune recognition following ad-
enovirus vector or vaccinia virus delivery inhibits repeat vacci-
nation with the same delivery system, while retrovirus vectors
display low in vitro infectivity and have potential virus-associ-
ated complications, including helper virus replication and in-
sertional mutagenesis. In contrast, naked RNA vaccines are
relatively safe and can be repeatedly administered. Further-
more, multiple naked RNA vaccines can be administered to-
gether.

The successful application of VP22 linked to a model anti-
gen in the context of RNA vaccines suggests that proteins with
similar trafficking properties may also enhance vaccine po-
tency. For example, proteins such as bovine herpesvirus 1
VP22 homolog (14) and Marek’s disease virus VP22 homolog
(9) have been shown elsewhere to enhance the spread of linked
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FIG. 7. CTL assays to demonstrate enhanced MHC class I presen-
tation of E7 by bone marrow-derived DCs pulsed with apoptotic cells
transfected with SINrep5-VP22/E7. BHK21 cells were electroporated
with various self-replicating RNAs. The transfected BHK21 cells were
cocultured with bone marrow-derived DCs. The DCs were used as
target cells, and the E7-specific CD8* T cells served as effector cells.
Cytolysis was determined by quantitative measurements of LDH as
described in Materials and Methods. Note that the self-replicating
VP22/E7 RNA vaccines generated a significantly higher percentage of
specific lysis (9:1 and 27:1 E/T ratios) than did the other RNA vaccines
(P < 0.001). CTL assays shown here are from one experiment repre-
sentative of two performed.

protein intercellularly. Employment of such proteins linked to
antigen in a manner similar to that of VP22/E7 in this study
may be able to enhance the potency of self-replicating RNA
vaccines.

The linkage of VP22 to E7 in the context of self-replicating
RNA vaccines led to significant enhancement in E7-specific
CD8™" T-cell responses compared to wild-type E7 RNA in vivo.
One potential mechanism for the enhancement of E7-specific
CD8™" T-cell responses in vivo is through MHC class I presen-
tation of E7 to CTLs by cells expressing VP22/E7, a process
known as “direct priming.” However, this probably is not a
major contributing factor for the observed enhancement in
E7-specific CD8* T-cell responses. It has been shown else-
where that intramuscular injection of DNA vaccines leads to
uptake of DNA by muscle cells at the injected sites (25). In this
study, we performed intramuscular injection of our RNA vac-
cines. The intramuscular injection of RNA likely also leads to
uptake of RNA by muscle cells. Our data support such a
conclusion (Fig. 6). However, we could not rule out the pos-
sibility that cells other than muscle cells were also transduced
by the injected RNA vaccines. Muscle cells are not ideal pro-
fessional antigen-presenting cells because they do not express
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costimulatory molecules that are important for efficient acti-
vation of T cells. Even if the various SINrep5 constructs are
delivered to nonmuscle cells, self-replicating RNAs eventually
result in the apoptosis of transfected cells (12) and are thus
unlikely to directly present antigen in an efficient manner.

A likely alternative explanation for the enhancement of E7-
specific CD8" T-cell responses by chimeric SINrep5-VP22/E7
in vivo is the so-called cross-priming effect (16), whereby ex-
ogenous proteins are presented through the MHC class I pre-
sentation pathway. We found that DCs pulsed with BHK21
cells transfected with SINrep5-VP22/E7 RNA were able to
present E7 antigen through the MHC class I pathway more
efficiently than were DCs pulsed with BHK?21 cells transfected
with SINrep5-E7 RNA in vitro (Fig. 7). Although our study
suggests that transfection of cells by the SINrep5-VP22/E7
vector led to apoptosis of cells, it is not clear whether DCs take
up apoptotic cells containing VP22/E7 protein or whether in-
stead there is uptake of VP22/E7 protein when it is released
after apoptosis or secreted from transduced cells. Since various
SINrep5 constructs can induce cell apoptosis at similar levels
(Fig. 5), the distinct enhancement in E7-specific CD8" T-cell
activity was most likely due to the linkage of E7 with VP22.
Thus, our results suggested that the linkage of VP22 to E7 was
capable of enhancing MHC class I presentation of the linked
E7 antigen through a cross-priming effect.

In our study, we demonstrated that depletion of NK cells led
to a loss in the antitumor effect generated by the VP22/E7
RNA replicon-based vaccine (Fig. 4), indicating that NK cells
are necessary for the antitumor effects generated by the vac-
cine. However, NK cells alone are not sufficient to account for
the antitumor effect generated by the VP22/E7 RNA vaccine
since the various RNA replicon-based vaccines produced sim-
ilar numbers of NK cells (data not shown). Our in vivo anti-
body depletion data suggested that CD8" CTLs were also
important for the antitumor effects generated by the SINrep5-
VP22/E7 RNA vaccine (Fig. 4). Thus, our data indicate that
both NK cells and E7-specific CD8 " T cells were important for
the antitumor effects generated by the VP22/E7 RNA vaccine.
It would be interesting to investigate if CD8™ T cells interact
with NK cells in vivo to generate an antitumor effect.

While NK cells appeared to play an essential role in the
antitumor effect generated by the VP22/E7 RNA replicon-
based vaccine, they were not as important for the antitumor
effect generated by naked VP22/E7 DNA vaccine administered
intradermally through a gene gun (C.-F. Hung, personal com-
munication). Depletion of NK1.1* cells in mice vaccinated
with naked VP22/E7 DNA only slightly decreased the antitu-
mor effects generated by the VP22/E7 DNA vaccine. Thus,
different forms or different routes of administration of nucleic
acid vaccines may activate different subsets of effector cells in
the vaccinated host and have different mechanisms for the
antitumor effects.

Several safety issues need to be addressed before the
VP22/E7 RNA vaccine can be considered for human immuni-
zations. The first issue is related to the usage of the RNA
replicon. We observed increased apoptotic changes and in-
flammatory responses localized at the injection sites of RNA
replicon-based vaccines in mice, which eventually subsided
(Fig. 6B). Furthermore, we performed pathological examina-
tion of the vital organs in the VP22/E7 RNA-vaccinated mice
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and did not observe any significant pathological changes.
These observations alleviate the concern of potential tissue
damage after administration of RNA replicon vaccines. An-
other issue concerns potential risks associated with the pres-
ence of HPV-16 E7 protein in host cells. E7 is a viral onco-
protein that disrupts cell cycle regulation by binding to tumor
suppressor pRB protein in nuclei (23). Thus, the presence of
E7 in host cells may lead to accumulation of genetic aberrations
and eventual malignant transformation in the host cells. The
usage of the RNA replicon vector may reduce concerns about the
oncogenicity of E7 protein since cells transfected with RNA rep-
licon vaccines will eventually undergo apoptotic changes.

In summary, our results revealed that fusion of the gene
encoding HSV-1 VP22 to the HPV-16 E7 gene in an RNA
replicon can generate significant E7-specific CD8" T-cell-me-
diated immune responses and antitumor effects against HPV-16
E7-expressing murine tumors. Since a majority of cervical can-
cers express HPV E7, our vaccine can potentially be used for
the control of HPV-associated tumors. The strategy of linking
VP22 to an antigen gene can potentially be applied to other
cancer systems and infectious diseases. The strategy may also
be applied in other nonreplicating vectors to improve the po-
tency of vaccines that are otherwise limited by the inability to
spread in vivo.
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