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Abstract

Human papilloma-virus (HPV) infection is the major cause of cervical cancer. HPV 18 is the most
prevalence high-risk HPV after type 16 that accounts for the largest number of cervical cancer
cases worldwide. Currently, although prophylactic vaccines have been developed, there is still an
urgent need to develop therapeutic HPV vaccines for targeting tumors post infection. In this study,
we utilize a novel multi-phase strategy for HPV 18 antigen development with the goal of
increasing anti-HPV18 cellular immunity. Our data show that this construct can induce strong
cellular immune responses against HPV 18 E6 and E7 antigens in a murine model. Moreover,
when applied to Rhesus monkeys, this construct is also able to elicit cellular immunity. These data
suggest such DNA immunogens are candidates for further study in the eventual context of
immunotherapy for HPV-associated cancers.
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1. Introduction

Cervical cancer is the second most common cancer among women worldwide, but the most
common cancer in developing countries (1). Over 40 distinct HPV types have been
identified to infect the genital tract, and 15 of them have been classified as high-risk in the
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development of cervical cancer (2). Among these high-risk HPV types, HPV16 is the
predominant type in squamous cell carcinoma of the cervix, and HPV 18 is the second most
common type associated with squamous cell carcinoma of the cervix, with prevalence
ranging from 12.6% in Central/South America to 25.7% in South Asia (3). In addition, HPV
18 has been implicated in rapidly developing and potentially more aggressive cervical
carcinomas (4, 5),

The development of effective therapeutic vaccines against HPV represents an opportunity to
impact the pathogenesis of cervical cancer. Recently a FDA-approved HPV prophylactic
vaccine has shown significant clinical efficacy in prevention of HPV infection, although it
exhibits no efficacy in treatment of infected patients. Thus, development of therapeutic HPV
vaccines through the induction of a strong cell-mediated response is still of great
importance. The early HPV proteins, E6 and E7, represent tumor-specific antigens in
cervical carcinoma and premalignant HPV-transformed cells. Integration of E6 and E7
genes into the host cell genome may lead to constitutive over expression of E6 and E7
proteins, mediating transformation of the cells to a malignant phenotype (6). These genes are
also required for the maintenance of transformed phenotype. As a consequence, E6 and E7
are ideal immunotherapeutic targets to induce cellular immune responses against HPV-
transformed cells (6, 7). Significant efforts have been made to develop HPV 16 therapeutic
vaccines that target either E6 or E7 proteins (8-12). However, to date, there have been
limited data on HPV 18 therapeutic vaccines. Since E6 and E7 proteins of different types of
HPV are very variable and current HPV vaccines confer only type-specific immunity, novel
immunotherapies for cervical cancer must consider that there is an urgent need to develop
HPV 18 therapeutic vaccines.

DNA vaccines have conceptional advantages over traditional vaccines such as live
attenuated virus and recombinant protein-based vaccines in the context of immune therapy.
DNA vaccines appear to be very well tolerated in humans. Preclinical safety studies indicate
that there was little evidence of plasmid integration (13, 14). DNA vaccines can also be used
for repeat administration as the efficacy of plasmid vectors are not influenced by pre-
existing neutralizing antibodies (15). The ability to target multiple antigenic components
may be a particularly important characteristic of DNA vaccines since multi-component
DNA vaccines can be engineered to include specific immunogens that can optimize and
amplify desirable immunologic responses. Furthermore, DNA vaccines appear to be very
stable and simple to produce. However, initial studies reported that DNA vaccines exhibited
low potency in large animals and humans. Accordingly, improving their immuno-potency is
critical. Recently, several strategies aimed at improving the magnitude of the cellular
immune responses induced by DNA vaccines, such as codon optimization (16, 17), RNA
optimization (18, 19) and the addition of immunoglobin leader sequences that have weak
RNA secondary structure (20), have been studied and applied successfully to HIV and
Influenza vaccine development (21, 22).

Improvements in delivery are also highly important to improve the magnitude of immune
responses induced by DNA vaccines. Among the most striking advances for plasmid
delivery in vivo the most potent has been that of electroporation (EP). Studies have showed
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that EP has been a feasible method for DNA vaccine delivery to enhance both cellular and
humoral responses (23, 24).

On the other hand, recent research from our lab and others have indicated that utilization of
“centralized” immunogens such as consensus immunogens or ancestral immunogens could
increase the breadth of cellular immune responses than native DNA immunogens (21, 22,
25, 26). Such consensus immungens in the context of HPV may appear more foreign and
thus facilitate immune stimulation, which is an important issue with a slow growth that may
induce peripheral tolerance. Hence, we present here a novel engineered HPV 18 consensus
E6 and E7 fusion DNA immunogenic designed by utilizing a multi-phase strategy. We then
tested the expression in vitro. Finally the immunogenic of this construct was examined in
mice by quantitative T cell assays. Lastly, we observed that this construct was able to elicit
important cellular immunity in Rhesus Macaques.

2. Materials and methods

2.1. Construction of HPV-18 E6 and E7 consensus sequences

To generate HPV type 18 consensus E6 and E7 sequences, twelve HPV-18 E6 and E7 gene
sequences collected from different countries were selected from Embank to avoid sampling
bias. The HPV type 18 E6 and E7 consensus nucleotide sequences were obtained after
performing multiple alignments.

2.2. Maodifications of HPV-18 consensus E6 and E7 sequences

Several modifications were performed after obtaining HPV-18 consensus E6 and E7
sequences (Fig. 1). Condon optimization and RNA optimization was performed by using
GeneOptimizer™ (GENEART, Germany).

2.3. HPV-18 E6 and E7 DNA immunogens

The fusion gene encoding modified HPV type 18 consensus E6/E7 fusion protein
(18ConE6E7) was synthesized and sequence verified by GENEART. The synthesized
18ConE6E7 was digested with EcoRI and Notl, cloned into the expression vector pVAX
(Invitrogen) under the control of the cytomegalovirus immediate-early promoter and this
construct was named as p18ConEGE7.

2.4. In vitro expression

Expression of p18ConE6E7 was detected by utilizing TNT® Quick Coupled Transcription/
Translation System containing 3°S-methionine (Promega. Madison, WI1). The synthesized
gene product was immunoprecipitated using an HPV-18 E6-specific monoclonal antibody
(Invitrogen). The immunoprecipitated protein was electrophoresed on the SDS-PAGE gel
(12%), and subsequently fixed and dried. The synthesized protein with incorporation of
radioactive 3°S was detected by autoradiography.

2.5. Mice Studies

2.5.1. Mice and Immunization/Electroporation—Female 6-8-week-old C57BL/6
mice were purchased from the Jackson laboratory. Their care was in accordance with the
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guidelines of the National Institutes of Health and the University of Pennsylvania
Institutional Care and Use Committee (IACUC).

For DNA immunizations, the mice were separated into two groups of 5 mice each and
immunized by electroporation with pVAX (control group) and p18ConE6E7, respectively.
Each mouse was immunized with three times, each of 10 ug of DNA at biweekly intervals.
Briefly, Square-wave pulses were used and delivered with the constant-current EKD that
was designed and tested in our laboratory. A three electrode array (3—EA) was used and it
consists of three 26-gauge solid stainless steel electrodes in an isosceles triangle formation,
with the two long sides 0.5mm in length and short side 0.3 mm in length, held together with
a nonconductive plastic. The sequence of events for plasmid administration/EP was as
follows: place a disposable electrode array in the receptacle of the handle, press initiation
button on handle and enter animal experimental group number, inject 10ug DNA plasmid
using insulin syringe, immediately place the array into area surrounding the injection site,
press initiation button on handle, and after 4 second countdown, pulses will be delivered.
Five seconds following electroporation, the array is gently removed from muscle. All
electrodes were completely inserted into the muscle during all treatments.

2.5.2.Splenocyte purification—Mice were sacrificed one week after the third
immunization and the spleens were removed and pooled from each experimental group. The
pooled spleens were placed in a sterile plastic bag and crushed using Stomacher. The cells
were then put through a 40 um cell strainer, collected and resuspended in ACK lysing buffer
(Biosource) to remove erythrocytes. After lysis, the splenocytes were resuspended in RPMI
1640 medium with 10% FBS. Cells were counted using a hemocytometer.

2.5.3. IFN-y ELISpot assay—Mouse IFN-y ELISpot assay was performed as described
previously (21). A set of peptides each containing 15 amino acid residues overlapping by 8
amino acids representing the entire consensus E6/E7 fusion protein sequence of HPV-18
was synthesized from Invitrogen. This set of peptides was pooled at a concentration of 2
ug/ml/peptide into 2 pools as antigens for specific stimulation of the IFN-v release. The
average number of spot forming cells (SFC) was adjusted to 1 x 108 splenocytes for data
display.

2.5.3. Epitope mapping in mice—In order to map the reactive epitopes, individual
synthesized HPV-18 E6 and E7 peptides were used as stimulator pools to perform IFN-y
ELISpot assay as described above.

2.6. Rhesus monkey studies

2.6.1. Study design and Immunization—In this study, a total of 10 rhesus macaques
(Macaca mulatta) of Indian origin were used and divided into two groups (5 monkeys/per
group): negative control group and p18ConE6E7-immunized group. Macaques were
maintained in accordance with the Guide for the Care and Use of Laboratory Animals.
Plasmid preparations were prepared at concentrations higher than 5 mg/mL, diluted in sterile
water and formulated with 1% (weight/weight) poly-L-glutamate sodium salt (MW=10.5
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kDa average) (Sigma, St. Louis, MO), further HPLC purified at VGX Pharmaceuticals,
Immune Therapeutics Division, The Woodlands, TX.

Macaques were vaccinated intramuscularly in the semi-membranosous muscle in
combination with EP using CELLECTRA™ adaptive constant current EP device and
electrode arrays. Immediately following injection, 3 pulses at 0.5 Amps constant current, 52
msec pulse length with 1 sec between pulses, were applied. Each monkey was immunized
with 1Img DNA and the injection volume was 0.75mL. The first two immunizations were
performed three weeks apart, followed by a third immunization at week 8, and animals were
bled two weeks after each immunization to measure immune responses.

2.6.2 Sample collection and PBMC Isolation—Rhesus macaques were bled every 3
weeks for the duration of the study. Animals were anesthetized with ketamine (10 mg/kg)
mixed with acepromazine (0.1 mg/kg). Blood were collected in EDTA tubes. PBMCs were
isolated from whole blood by standard Ficoll-Hypaque density gradient centrifugation,
resuspended in complete culture medium (RPMI 1640 with 2 mM/L L-glutamine
supplemented with 10% heat-inactivated FBS, 100 IU/mL penicillin, 100 pg/mL
streptomycin, and 55 pM/L B-mercaptoethanol).

2.6.3. IFN-y ELISpot assay—Monkey IFN-y ELISpot were performed as previously
described (27). Anti-monkey IFN-vy capture and detection antibodies (MabTech, Sweden)
were used. Antigen-specific responses were determined by subtracting the number of spots
in the negative control wells from the wells containing peptides.

2.7. Statistical Analysis

3. Results

Student paired t-test was used for comparison of the cellular immune responses. In this
study, p<0.05 has been considered statistically significant.

3.1. Construction of a novel HPV type 18 E6 and E7 consensus-based fusion immunogen

The consensus sequences of HPV 18 E6 and E7 proteins were generated from 12 sequences
retrieved from GenBank. The multiple alignment procedure applied in the phylogenetic
study included the application of Clustal X (version 1.8). Fig 1A and B depicted phylogenic
analyses of HPV 18 consensus E6 and E7 proteins. There were some differences among the
HPV strains belonging to the same type in their E6 and E7 proteins. However, the genetic
distances could go up to 47% in the E6 protein and 59% in the E7 protein between HPV16
and 18. The phylogenic analyses indicated that there might be advantages in using a type-
specific E6/E7 consensus DNA vaccine.

As summarized in Fig. 2, several modifications were conducted after generating the
consensus E6/E7 fusion sequence. A highly efficient leader sequence was fused in frame
upstream of the start codon to facilitate the expression. The codon usage of this fusion gene
was adapted to the codon bias of Homo Sapiens genes for better expression in humans. In
order to further increase the expression level, RNA optimization (18, 19) was also
performed: regions of very high (>80%) or very low (<30%) GC content and the cis-acting
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sequence motifs such as internal TATA boxes, chi-sites and ribosomal entry sites were
avoided. Considering the safety issue, the domains of the E6 protein required for p53
binding/degradation were mutated or deleted (28, 29). The binding site of the E7 protein to
the cellular retinoblastoma (Rb) protein was mutated (30). An endoproteolytic cleavage site
was introduced between E6 and E7 protein for proper protein folding and better CTL
processing. The synthetic engineered 18ConE6GE7 gene was 860 bp in length. The
18ConE6E7 gene was subcloned into the pVAX expression vector at the EcoRI and Notl
sites for further study.

3.2. In Vitro Expression of 18ConE6E7

The expression of p18ConE6E7 was confirmed by T7 coupled transcription and translation
reaction. After immunoprecipitation with the HPV 18 E6-specific monoclonal antibody, the
expression of E6 and E7 genes was assessed by SDS-PAGE gel (15%). The E6/E7 fusion
protein migrated corresponding to a molecular weight of approximately 31 kDa when
immunoprecipitated with the E6-specific antibody. For the negative control, no protein band
could be seen in the pVAX group (Fig. 3).

3.3. Vaccination with p18ConEG6E7 generates strong E6- and E7-specific T-cell immune
responses in C57BL/6 mice

After confirmation of the expression of p18ConE6E7, we determined whether this construct
could induce CTL responses. C57BL/6 mice were immunized with p18ConE6E7, and
ELISpot analysis was performed to determine the IFN-y response to stimulation with two
pools of peptides from HPV18 E6 and E7 consensus fusion protein. As shown in Fig. 4A,
p18ConE6E7 was able to induce strong cellular immune responses in C57BL/6 mice after
three immunizations.

Next, we mapped the dominant epitopes of the cellular immune responses induced by
p18ConE6E7. Accordingly, ELISpot assay was performed against individual peptides
spanning HPV 18 consensus E6/E7 fusion protein (Fig. 4B). The results indicated that
peptides KDLFVVYRDSIPHAA (peptide 9) and RDSIPHAACHKCIDF (peptide 10) were
recognized as dominant and subdominant epitopes for E6 immunogen, respectively. The
dominant peptide overlaps with an epitope (FAFKDLFVV) predicted to have high binding
activity for HLA-A2 molecules and the subdominant epitope overlaps with a well-
characterized E6 dominant epitope KCIDFY SRI that was shared between HPV18 and
HPV45 (31), supporting the normal effective processing of this artificial fusion antigen
during vaccination.

3.4. Vaccination with p18ConE6E7 generates strong E6- and E7-specific T-cell immune
responses in Rhesus Monkeys

Despite the success of cancer DNA vaccines in small animal models, little has been done to
test the ability of cancer DNA vaccines to elicit anti-tumor cellular immune responses in
large animals. We thought the data obtained from non-human primates would be important.
Therefore, we moved forward to determine the immunogenicity of pA8ConE6E7 in Rhesus
Monkeys after we confirmed that p18ConE6E7 induced strong cellular immunity in mice.
The monkeys were immunized IM/EP three times at weeks 0, 3, 8. Blood was collected two
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weeks after each immunization and IFN-y ELISpot assays were performed. The prebleed
blood samples were used to show the background immune response of each monkey (Fig.
5A).

There were no detectable immune responses in the p18ConE6E7-immunized monkeys (32 +
12 SFU/108 PBMCs) (Fig. 5B) after the first immunization and only very weak responses
(86 + 21 SFU/108 PBMCs) were able to detect after the second immunization (Fig. 5C).
However, the average IFN-y responses for the monkeys immunized with p18ConE6E7
increased significantly with the third immunization. The average number of IFN-y
producing cells in these animals went up to 669 + 369 SFU/108 PBMCs (Fig. 5D). Hence,
immunization of Rhesus macaques with p18ConE6E7 could elicit clear HPV18 E6- and E7-
specific cellular responses.

DISCUSSION

Cellular immune responses have been reported to be effective for tumor cell destruction and
control of HPV infection, as HPV-associated cervical lesions are more prevalent in
immunosuppressed patients (30, 32). Studies have suggested that cytotoxic T lymphocytes
may mediate tumor regression in animal models and protect against persistant viruses (33—
35). The E6 and E7 proteins are intracellular and represent genuine tumor-specific antigens
that could act as targets for destruction of tumor cells without damage of healthy host cells,
thus providing a clear opportunity for cervical cancer immunotherapy. Here, we designed an
engineered HPV 18 E6 and E7 vaccine for use in the treatment of human cervical cancer.
We showed that this vaccine could elicit CTLs in a murine model. Importantly, although
there is no challenge animal model available for HPV 18, the fact that this vaccine could
also elicit CTLs in a non-human primate model is promising.

DNA vaccines have emerged as an attractive approach for antigen-specific immunotherapy.
This technology has significant potential, compared to traditional protein vaccines, in terms
of priming CTL responses and generating memory CD8 T-cell responses (36, 37). Other
major theoretical advantages of DNA vaccination are that they can be used for repeat
administration as the efficacy of plasmid vectors are not influenced by pre-existing
neutralizing antibodies, which is very important in cancer therapy. In the Rhesus monkey
study, the immune responses increased significantly when the third immunization was
conducted, suggesting that enhanced CTLs may be obtained by multiple vaccinations,
further supporting this hypothesis.

The phylogenetic analysis of E6 gene sequences conducted by Chan et al indicated that the
ongenic HPV virus types largely associated with two classes of HPV, class A and C. Class
A viruses include HPV types 16, 31, 33, 35, 52, 58 and 67, whereas class C comprise HPV
types 18, 39, 45, 59 and 68 (38). The homology of E6 and E7 proteins within each class
suggest the possibility that a broad coverage may be achieved by using a HPV 16 or HPV18
vaccine. In fact, a shared T cell epitope (KCIDFYSRI) that bound to HLA-A*0201 but not
DP or KP molecules between HPV 18 and 45 was identified (31). In order to maximize
potential immune cross-reactivity, especially at the T-cell level, we generated a HPV 18
consensus E6 and E7 DNA immunogen. Based on previous research in our lab (21), we
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hypothesized that this consensus-based vaccine could enhance cross-reactivity. We found
that the subdominant peptide indeed overlapped with the cross-reactive human T cell
epitope shared between 18 and 45. While beyond the scope of the present study, it will be
important to perform additional studies to determine the ability of pA8ConE6E7 to induce
cross-reactive responses against other phylogenetically related HPV types in class C.

Taken together, we have studied a novel HPV18 DNA vaccine encoding an E6/E7 fusion

consensus protein. We observe that vaccination of pl8ConE6E7 can generate clear and
important cellular immunity in both mice and rhesus monkeys. Further study of this vaccine
strategy is in progress.
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Fig. 1.
Phylogenetic analysis based on a neighbor-joining (Kimura two-parameter distances)

evaluation of E6 (A) and E7 (B) alignments. The star represents the consensus sequence,
relative to its compoment viruses.
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MDWTWILFLVAAATRVHSARFEDPTRSGYKLPDLCTELNTSLQDIEITC

IgE leader sequence

VYCKTVLELTEVFEFAFKDLFVVYRDSIPHAACHKCIDFYSRIRELRHYS

DSVYGDTLEKLTNTGLYNLLIRCLRCQKPLNPAEKIL RHLNEKRRFHNIA

GHYRGQCHSCCNRARQERLQRRRETQVRGRKRRSHGPKATLQDIVL

Endoproteolytic cleavage site

HLEPQNEIPVDLLGHGQLSDSEEENDEIDGVNHQHLPARRAEPQRHTM

LCMCCKCEARIELVVESSADDLRAFQQLFLNTLSFVCPWCASQQ

Fig. 2.
The modifications and amino acid sequence of 18ConE6E7. The IgE leader sequence and

endoproteolytic cleavage site are underlined. The residues in boxed regions are deleted. The
* denotes mutation sites.
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34.7 KD

28.2 KD

Fig. 3.

pVAX
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p18ConE6E7

In vitro translation to detect the expression of HPV 18 E6 and E7 fusion gene. The gene
product was immunoprecipitated using a HPV 18 E6-specific monoclonal antibody, ran on
SDS-PAGE gel, and detected by autoradiography.
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Individual Peptide

Fig. 4.

p18ConE6E?Y induced strong cell-mediated immune responses in C57BL/6 mice.
Frequencies of HPV-18 consensus E6 and E7-specific IFN-y spot forming units (SFU) per
million total splenocytes after DNA vaccination with p18ConE6E7 were determined by
ELISpot assay. (A) The splenocytes were isolated from individual immunized mice (five
mice per group) and stimulated in vitro with overlapping consensus HPV-18 E6/E7 peptides
pools. (B) Characterization of HPV-18 E6- and E7-specific dominant epitopes. The
splenocytes collected from p18ConE6GE7 vaccinated C57BL/6 mice were cultured with
individual HPV-18 E6 and E7 peptide for 24 hours. IFN-y secreting cells were determined
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by ELISpot assay as described above. pVAX immunized mice were included as a negative
control.
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p18ConE6E?7 induced strong cell-mediated immune responses in Rhesus monkeys.
Frequencies of HPV-18 consensus E6 and E7-specific IFN-y spot forming units (SFU) per
million total PBMC after each DNA immunization with p18ConE6E7 were determined by

ELISpot assay.
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