
Vaccination with HPV16 L2E6E7 fusion protein in GPI-0100
adjuvant elicits protective humoral and cell-mediated immunity

Balasubramanyam Karanama, Ratish Gambhiraa, Shiwen Penga, Subhashini Jagua, Dae-
Jin Kima, Gary W. Ketnerb, Peter L. Sternf, Robert J. Adamsc, and Richard B.S.
Rodena,d,e,*
a Department of Pathology, The Johns Hopkins University, Baltimore, MD, USA
b Department of Molecular Microbiology and Immunology, The Johns Hopkins University,
Baltimore, MD, USA
c Department of Molecular and Comparative Pathobiology, The Johns Hopkins University,
Baltimore, MD, USA
d Department of Oncology, The Johns Hopkins University, Baltimore, MD, USA
e Department of Obstetrics and Gynecology, Epidemiology, Pediatrics, The Johns Hopkins
University, Baltimore, MD, USA
f CR UK Immunology Group, Paterson Institute for Cancer Research, University of Manchester,
Christie Hospital NHS Trust, Manchester M20 4BX, UK

Abstract
A vaccine comprising human papillomavirus type 16 (HPV16) L2, E6 and E7 in a single tandem
fusion protein (termed TA-CIN) has the potential advantages of both broad cross-protection
against HPV transmission through induction of L2 antibodies able to cross neutralize different
HPV types and of therapy by stimulating T cell responses targeting HPV16 early proteins.
However, patients vaccinated with TA-CIN alone develop weak HPV neutralizing antibody and
E6/E7-specific T cell responses. Here we test TA-CIN formulated along with the adjuvant
GPI-0100, a semi-synthetic quillaja saponin analog that was developed to promote both humoral
and cellular immune responses. Subcutaneous administration to mice of TA-CIN (20 μg) with 50
μg GPI-0100, three times at biweekly intervals, elicited high titer HPV16 neutralizing serum
antibody, robust neutralizing titers for other HPV16-related types, including HPV31 and HPV58,
and neutralized to a lesser extent other genital mucosatropic papillomaviruses like HPV18,
HPV45, HPV6 and HPV11. Notably, vaccination with TA-CIN in GPI-0100 protected mice from
cutaneous HPV16 challenge as effectively as HPV16 L1 VLP without adjuvant. Formulation of
TA-CIN with GPI-0100 enhanced the production of E7-specific, interferon γ producing CD8+ T
cell precursors by 20-fold. Vaccination with TA-CIN in GPI-0100 also completely prevented
tumor growth after challenge with 5 × 104 HPV16-transformed TC-1 tumor cells, whereas
vaccination with TA-CIN alone delayed tumor growth. Furthermore, three monthly vaccinations
with 125 μg of TA-CIN and 1000 μg GPI-0100 were well tolerated by pigtail macaques and
induced both HPV16 E6/E7-specific T cell responses and serum antibodies that neutralized all
HPV types tested.
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1. Introduction
Persistent with infection with certain high risk HPV types is a necessary but not sufficient
cause of cervical cancer. Thus HPV-related cancers and their intraepithelial neoplasia
precursors could be prevented by generating virus neutralizing antibodies and/or an
appropriate virus-specific cellular immune response prior to infection. The newly licensed
preventive HPV vaccines, Gardasil® and Cervarix®, are both based upon HPV L1 virus-like
particles (VLPs) and provide type-restricted protection against new infection [1,2]. The
licensed HPV vaccines target only two of the 15+ known high risk HPV types, namely
HPV16 and HPV18 that together account for 70–80% of cervical cancer cases. Multivalent
vaccines containing L1 VLP of more HPV types are therefore being tested [3].
Unfortunately, the L1 VLP vaccines do not alter the course of established HPV infections,
and thus will not reduce rates of cervical cancer for a couple of decades [4]. A clear need for
a virus-specific therapy able to trigger the clearance of established disease remains.

The minor capsid protein L2 is another possible target for vaccine development [5–7].
Importantly, vaccination with L2 induces widely cross-type neutralizing antibodies that
mediate broader protection than L1 VLPs in an animal model [8–11]. However, L2 is less
immunogenic than L1 VLP, and like L1 VLP, it fails to trigger regression of established
HPV disease [8,11]. The failure to induce lesion regression by either capsid antigen
probably reflects their expression only in the upper epithelial layers rather than the basal
cells that harbor the infection. By contrast the early viral oncoproteins E6 and E7 are
promising rejection antigens both being expressed throughout the viral life cycle and
required to maintain the transformed state [12]. Indeed, natural immunity almost certainly
requires the development of T cells targeting HPV early genes [13]. Consequently, a
plethora of approaches to treat cervical cancer and its precursors by vaccination against E6
and E7 have been tested with limited success to date (reviewed in [14]).

TA-CIN is a single fusion protein comprising HPV16 L2, E7 and E6 that has potential as a
candidate preventive and therapeutic HPV vaccine. A placebo-controlled, double-blinded
phase I dose escalation study provided preliminary evidence that vaccination three times
with 533 μg of TA-CIN in the absence of an adjuvant is safe, well tolerated and
immunogenic in healthy volunteers [15]. However, vaccination produced only low titers of
L2-specific cross-neutralizing antibodies and weak E6/E7-specific interferon γ and
proliferative T cell responses following a TA-CIN dose response [15,16]. In phase II studies
in 29 predominantly HPV16+ high grade vaginal or vulval intraepithelial neoplasia (VAIN
or VIN) patients, vaccination with TA-CIN followed by a boost with recombinant vaccinia
virus expressing E6 and E7 of both HPV16 and HPV18 (TA-HPV) failed to induce an
improved rate of lesion regression as compared to earlier studies utilizing TA-HPV alone in
30 VIN patients [17]. The weak antibody and T cell responses to vaccination with TA-CIN
protein alone strongly suggested the need to formulate TA-CIN with a potent adjuvant.

GPI-0100 is a semi-synthetic analog developed to retain the adjuvant properties of quillaja
saponins, yet with less toxicity and greater stability in aqueous solution [18,19]. In several
animal models GPI-0100 stimulates potent humoral as well as cytotoxic T lymphocyte
responses targeting exogenous antigens. Vaccination of SKH-1 hairless mice with herpes
simplex virus type-1 (HSV-1) glycoprotein D (gD) formulated in GPI-0100 demonstrated
significantly reduced death rates, lesion severity and viral titers on challenge with HSV-1
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[20]. Furthermore, the protective effects were greater for mice immunized with gD/
GPI-0100 prior to cutaneous challenge with HSV-1 than those for those mice receiving gD
in alum adjuvant [20]. GPI-0100 has also been tested as an adjuvant for candidate
therapeutic cancer vaccines targeting glycolipid, carbohydrate or peptide epitopes on protein
carriers [21–23]. GPI-0100 mixed with a bivalent vaccine containing the glycolipid Globo H
and the glycosylated mucin MUC2 conjugated to keyhole limpet hemocyanin (KLH) was
tested at GPI-0100 doses ranging from 100 to 5000 μg in a total of 34 prostate cancer
patients who had no evidence of disease except for rising PSA levels. GPI-0100 was well
tolerated and specific antibody titers increased with escalating doses [24]. A phase II trial
utilizing GPI-0100 with KLH-FITC is currently ongoing in patients with progressive
metastatic renal cancer (Clinical trial identifier NCT00485563).

Herein we test the influence of the adjuvant GPI-0100 upon L2-specific neutralizing
antibody responses and E6/E7-specific T cell responses to TA-CIN vaccination in mice and
macaques. The ability of this combination to protect against HPV infection and HPV-
induced tumor challenge is tested.

2. Materials and methods
2.1. Vaccine formulation

TA-CIN consists of recombinant HPV16 L2E7E6 (aa 725 comprising full length tandem
fusions) that was isolated from solubilized E. coli inclusion bodies under reducing
conditions and purified by chromatography. The 80 kDa L2E7E6 antigen was vialed as a
discrete, 0.22 μm filterable, stable protein aggregate formulated in 5 mM phosphate, 5 mM
glycine buffer (pH 8.0) containing 0.9 mM cysteine and stored at −80 °C until use [15].
Alum (AlHydroGel) was obtained from Sigma. GPI-0100 was provided by Hawaii Biotech
Inc. (Aiea, HI). Vaccine formulation containing 20 μg of TA-CIN was mixed with 50 μg of
GPI-0100 along with 1 μg of Tween 40 in 250 μl of PBS and incubated overnight on a
gentle shaker at 4 °C prior to vaccination. Each mouse received 250 μl vaccine formulation.
Gardasil® (Merck & Co.) was purchased from the Pharmacy. One dose of Gardasil®
contains L1 VLP of HPV6 (20 μg), HPV11 (40 μg), HPV16 (40 μg) and HPV18 (20 μg)
formulated in 0.5-ml. Each dose of the vaccine contains approximately 225 μg of aluminum
as amorphous aluminum hydroxyphosphate sulfate adjuvant, 9.56 mg of sodium chloride,
0.78 mg of L-histidine, 50 μg of polysorbate 80, 35 μg of sodium borate, and water for
injection.

2.2. Vaccination of mice with TA-CIN
Female Balb/c (six to eight weeks old) were purchased from the National Cancer Institute
(Frederick, MD, USA) and kept in the animal facility of the Johns Hopkins School of
Medicine (Baltimore, MD, USA). Mouse experiments were approved by the Johns Hopkins
University Animal Care and Use Committee. All animal procedures were performed
according to approved protocols and in accordance with the recommendations for the proper
use and care of laboratory animals. Animals were vaccinated with TA-CIN (20 μg) in
presence and absence of adjuvant GPI-0100 (50 μg) and Tween 40 (1 μg) at days 0, 15, and
30. Mice vaccinated with PBS or GPI-0100 (50 μg) alone were utilized as negative controls
and mice vaccinated with HPV16 VLP (10 μg) prepared from 293TT cells or one fifth of a
dose of Gardasil® were utilized as positive controls. After the third immunization with
antigens the serum was collected and antibodies were determined by ELISA and HPV
pseudoviron neutralization assays. Mice were challenged with HPV16 pseudovirus carrying
the luciferase reporter gene to infect cutaneous epithelium.
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2.3. Measurement of HPV16 E6- and E7-reactive antibody by ELISA
HPV16 E7- and E6-specific serum antibodies were individually measured by ELISA using
proteins donated by Dr. T.-C. Wu [25]. HPV-16 E6 DNA was amplified by PCR using the
primer set CCTCGAGATCTGATGCACCAAAAGAGAAC and
CTTCGAATTCTTACAGCTGGGTTTCTCT and cloned into the BglII and EcoRI sites of
pTrcHisC (Invitrogen). E6 protein was purified from bacteria by his-tag affinity
chromatography according to the manufacturer’s instructions. Ninety-six well plates (Nunc
Maxisorp) were coated separately with HPV16 E7 or E6 protein (800ng/well) in 100 mM
carbonate buffer, pH 9.6, overnight at 4 °C. Wells were then blocked with 1% bovine serum
albumin (BSA)-PBS for 1 h at room temperature and incubated with 2-fold dilutions of
mouse/macaque sera for 1 h at room temperature. Following washing with PBS-T,
peroxidase-labeled goat anti-mouse/monkey immunoglobulin G (KPL, Inc., Gaithersburg,
MD) diluted 1:5000 in 1% BSA-PBS was added for 1 h. The plates were then washed with
PBS-Tween and developed with ABTS reagent (Roche) for 10 min.

2.4. TC-1 tumor challenge studies in mice
TC-1 cells were cultured in RPMI1640 + 10% FCS. B6 mice were vaccinated
subcutaneously with 20 μg TA-CIN plus adjuvant in 200 μl, PBS at day 0, 15, and day 30.
Mice were sacrificed at day 37 for the analysis of splenocytes for HPV-specific cellular
immunity, and the remainder of the mice from each group was challenged with 5 × 104

TC-1 tumor cells/mouse by subcutaneous injection in the right leg. Tumor growth was
monitored by visual inspection and palpation twice a week as described previously [25].
Following TC-1 challenge, tumor development in mice was monitored for 90 days.

2.5. Intracellular cytokine staining and flow cytometry analysis of mouse splenocytes
Cell surface marker staining of CD8 and intracellular cytokine staining for IFN-γ as well as
flow cytometric analysis was performed using conditions described previously [26]. Prior to
FACScan, splenocytes from different vaccinated groups of mice were collected, pooled and
incubated for 16 h with 1 μg/ml of HPV16 E7 peptide (aa 49–57) or HPV16 E6 peptide (aa
50–57) in the presence of GolgiPlug (1 μl/ml) for detecting E6- and E7-specific CD8+ T cell
precursors [27,28]. The stimulated splenocytes were then washed twice with FACScan
buffer. Cell surface marker staining for CD8 and intracellular cytokine staining for IFN-γ
were performed using conditions described previously [26]. The number of IFN-γ secreting
CD8+ T cells was analyzed using flow cytometry. Analysis was performed on a Becton–
Dickinson FACSCalibur with CELLQuest software (Becton–Dickinson Immunocytometry
System, Mountain View, CA, USA).

2.6. Neutralization assays
The HPV16, 18, 31, 58, 45, 11 and HPV6 pseudovirions with encapsulated secreted alkaline
phosphatase (SEAP) were generated by co-transfection of 293TT cells with plasmids
encoding HPV L1 and L2 and a SEAP reporter plasmid as described previously [29] and
fully detailed protocols can be found at http://home.ccr.cancer.gov/lco/production.asp. Cells
collected after transfection were treated overnight with Brij 58 (0.5%), Benzonase (0.5%)
and purified by centrifugation on an Optiprep step gradient (27, 33, and 39%) at 40,000 rpm
for 4.5 h. Pseudovirus neutralization assays were carried out as outlined previously [9,29].
Briefly, the pseudovirus and the pooled mouse immune sera were incubated for 1 h and the
mixture was used to infect 293TT cells. 68–72 h post-infection, the supernatants were
collected and SEAP activity in the supernatants was measured by colorimetric assay. Serum
neutralization titers were defined as the highest dilution that caused at least a 50% reduction
in SEAP activity, compared to control pre-immune serum samples. Sera from 10 patients
vaccinated three times with 50 μg of HPV16 L1 VLP [30] were kindly provided by Dr J.
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Schiller and were utilized with the approval of the Johns Hopkins University Institutional
Review Board.

2.7. Vaccination of monkeys with TA-CIN
Three female Simian retrovirus (SRV) seropositive pigtail macaques of ages 21 (M746), 11
(M831) and 6 (M811) years were obtained from Pennsylvania State University (Hershey,
PA) and housed in the animal facility of the Johns Hopkins School of Medicine (Baltimore,
MD, USA). All animal procedures were performed by a veterinarian (RJA) according to
approved protocols and in accordance with the recommendations for the proper use and care
of laboratory animals, and with institutional approval. The pigtail macaques were vaccinated
in the deltoid muscle with TA-CIN (125 μg) formulated in GPI-0100 (1 mg) at day 0, 30,
and 60 while chemically restrained with ketamine hydrochloride. Prior to study, after every
immunization, and monthly thereafter, serum (5cc), plasma and PBMCs (from 20cc
peripheral blood collected in ACD and separated by Ficol gradient centrifugation) were
collected for immunologic analysis.

2.8. Measurement of primate T cell responses
Pools of 30 HPV-16 E6 and 18 HPV-16 E7 15mer overlapping peptides (overlapped by 10
amino acids) spanning the full length of E6 and E7 proteins were synthesized by Sigma–
Genosys (The Woodlands, Texas). The identities of the peptides were validated by mass
spectrometric analysis and the purity of the peptides was confirmed by high-performance
liquid chromatography. The antibodies used in this study were FITC-conjugated anti-IFN-γ
(clone B27), PE-conjugated anti-CD8 (clone RPA-T8), PerCP-Cy5.5-conjugated anti-CD4
(clone L200), and purified anti-CD49d (clone 9F10). All the antibodies were purchased
from BD Biosciences. Frozen PBMCs from the indicated monkey were thawed and rested at
37 °C in a 5% CO2 environment for 6 h. PBMCs were then stimulated with either HPV16
E6 15mer overlapping peptide pool or HPV16 E7 15mer overlapping peptide pool at the
concentration of 5 μg/ml, or PHA (Remel Inc., Lenexa, KS) at 2 μg/ml as positive control,
or left unstimulated as negative control for 24 h at the presence of 1 μl/ml of GolgiPlug (BD
Biosciences) and 1 μg/ml anti-CD49d antibody. The cultured cells were then harvested and
IFN-γ intra-cellular staining assay was performed to detect IFN-γ producing CD4+ and
CD8+ T cells. The cells were acquired by FACSCalibur and analyzed using CellQuest
Software (BD Biosciences). The data are presented as the percentage of either CD4+IFN-γ+

T cells/total CD4+ T cells or CD8+IFN-γ+ T cells/total CD8+ T cells.

3. Results
3.1. GPI-0100 greatly enhances HPV neutralizing antibody responses to vaccination of
mice with TA-CIN

Since vaccination of patients with TA-CIN alone induces weak HPV neutralizing antibody
responses [16], we determined the effectiveness of GPI-0100 as an adjuvant for TA-CIN in
mice. Groups of five BALB/c female mice were immunized s.c. three times at two-week
intervals with TA-CIN either alone, TA-CIN with GPI-0100, or TA-CIN with GPI-0100 and
Tween 40. Sera from mice vaccinated with TA-CIN alone exhibited low level HPV16
neutralization titers, consistent with responses observed in patients after vaccination with
TA-CIN alone [16]. By contrast, sera from mice vaccinated with TA-CIN mixed with
GPI-0100 with or without Tween 40 exhibited dramatically elevated titers for neutralization
of HPV16 (Fig. 1).

Gardasil®, which contains L1 VLP of HPV16 as well as HPV6, HPV11 and HPV18
formulated in alum, has proven highly effective in protecting young women against HPV16
infection [1]. Three immunizations using one fifth of a human dose of Gardasil® per mouse
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for each s.c. injection were administered to five mice on the same schedule as for TA-CIN
vaccination and serum was obtained from each animal for testing at two weeks after the final
immunization. The sera from mice vaccinated with Gardasil® exhibited high titers of
neutralizing antibodies against HPV16 and HPV18 pseudovirions. The mean serum HPV16
neutralization titers of the five mice vaccinated with Gardasil® were far superior to the mice
vaccinated with TA-CIN alone but similar to the mice vaccinated with TA-CIN in GPI-0100
with or without Tween 40 (Fig. 1). However, the mean serum HPV18 neutralization titer
induced by vaccination with Gardasil® was dramatically higher than that produced with TA-
CIN, even with GPI-0100 adjuvant.

Gardasil® does not contain L1 VLP of HPV31, HPV45 or HPV58, although studies to
determine if vaccination with Gardasil® provides partial protective efficacy against one or
more of these high risk types in patients are ongoing. Of the sera derived from five mice
vaccinated with Gardasil®, 1/5 contained detectable (1:50 or greater) HPV31 neutralizing
antibody, 3/5 contained detectable HPV45 neutralizing antibody, and 0/5 contained HPV58
neutralizing antibody. By contrast, 5/5 sera of mice vaccinated with TA-CIN in GPI-0100
either with or without Tween 40 effectively neutralized HPV31, HPV45 and HPV58 at 1:50
or greater (Fig. 1B). Immunizations with TA-CIN and GPI-0100 with or without Tween 40
generated modest neutralizing titers against low risk HPV types (median titers of 100 and
200 respectively for HPV6 and 200 and 400 respectively for HPV11) that cause the majority
of external genital warts (not shown), but neutralizing antibody was not detected at a
dilution of 50 for sera from mice vaccinated with TA-CIN alone. No neutralizing antibody
was detected for any HPV type in the sera of mice vaccinated with PBS, or GPI-0100.

3.2. Vaccination with TA-CIN in GPI-0100 protects BALB/c mice against cutaneous
challenge with HPV16 pseudovirus carrying a luciferase reporter

To test whether neutralizing antibody titers generated by vaccination with TA-CIN and
GPI-0100 are sufficient to mediate protection in BALB/c mice, we applied a cutaneous
challenge of HPV16 pseudovirus [31]. At six weeks after completing the vaccination
schedule, a patch on the belly of each anesthetized BALB/c mouse was shaved with an
electric razor. The mice were challenged with HPV pseudovirus by application to the shaved
skin of 3 × 109 HPV16 pseudovirions (100ng) carrying an encapsidated luciferase reporter
construct in 10 μl of 0.6% carboxymethylcellulose. Three days later, the mice were injected
with luciferin (100 μl at 7 mg/ml), and their images were acquired for 10 min with a
Xenogen IVIS200. Mice vaccinated with TA-CIN and GPI-0100 were protected against
HPV16 viral challenges (Fig. 2). Vaccination with TA-CIN protein alone also provided
some degree of protection, suggesting that the low titer neutralizing antibody response was
partially protective. Vaccination on the same schedule with HPV16 L1 VLP (prepared in our
laboratory) without adjuvant also generated good protection but HPV45 L1 VLP, GPI-0100
and PBS controls did not show any protective effect against HPV16 challenge as compared
with PBS immunized control mice. It is noteworthy that the HPV16 neutralizing titers and
degree of protection elicited by HPV16 L1 VLP without adjuvant was weaker than for
Gardasil® that is formulated with an alum adjuvant and that 5/5 mice vaccinated with
Gardasil® were protected against experimental challenge in this system (not shown). A
direct relationship between in vitro HPV16 neutralization titer measured prior to challenge
and the extent of protection from HPV16 pseudovirus challenge was apparent (Fig. 2).

3.3. The adjuvant GPI-0100 boosts HPV16 E6- and E7-specific B and T cell responses in
mice vaccinated with TA-CIN

While neutralizing antibodies protect against initial infection, cell mediated immune
responses to HPV16 E6 and E7 generated by TA-CIN vaccination might contribute to
protection against HPV16-related disease by clearing HPV infected cells. Humoral
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responses to an antigen are often indicative of a concomitant cell mediated immune
response. To measure HPV16 E6- and E7-specific humoral immune responses generated by
vaccination of mice with TA-CIN, sera harvested from immunized BALB/c mice two weeks
after the final immunization was tested by ELISA using either full length HPV16 E6 or E7
protein. The adjuvant effect of GPI-0100 upon E7-specific antibody titers was quite evident;
serum from TA-CIN treated mice had a modest E7-specific antibody titer (Fig. 3), whereas
the sera from mice vaccinated with TA-CIN and GPI-0100 (± Tween 40) showed
significantly higher titers of 10,240. Humoral responses to E6 were strong in mice
vaccinated with TA-CIN either with or without GPI-0100. Use of Tween 40 along with
GPI-0100 further boosted E6-specific antibody titers. There was no E6 or E7-specific
antibody response detected in mice vaccinated with either PBS or GPI-0100 alone (Fig. 3).

To assess E6- and E7-specific cytotoxic T cell immune responses generated by TA-CIN
vaccination, we utilized another strain of mice (C57BL/6) for which the relevant MHC class
I epitopes are well characterized and the E6/E7-transformed TC-1 tumor-challenge model is
available. C57BL/6 mice (ten per group) were immunized subcutaneously with the TA-CIN
vaccine, both with and without adjuvants, and splenocytes were harvested one week after the
third immunization. Intracellular cytokine staining and flow cytometry analysis was
performed to determine the number of E6- and E7-specific IFN-γ secreting CD8+ T cells
generated in response to overnight stimulation with E6 (aa 50–57) or E7 (aa 49–57) peptide
respectively (Fig. 4). Significant numbers of E6-specific IFN-γ secreting CD8+ T cells were
observed after stimulation of splenocytes derived from mice immunized with TA-CIN alone
and with GPI-0100. These responses were absent from splenocytes harvested from mice
immunized with HPV16 L1 VLP, GPI-0100 or PBS. Likewise, no IFN-γ secreting CD8+ T
cells were detected without appropriate peptide stimulation.

In contrast to the E6-specific IFN-γ secreting CD8+ T cell response, the E7-related response
was dramatically boosted by use of the GPI-0100 adjuvant with TA-CIN (Fig. 4). While
significant numbers of E7-specific IFN-γ secreting CD8+ T cells were observed in the mice
immunized with TA-CIN, its administration with GPI-0100 generated a ~20-fold higher
level of E7-specific IFN-γ secreting CD8+ T cells. Again no responses were seen in mice
vaccinated with PBS, GPI-0100 alone or HPV16 L1 VLP in GPI-0100. The boosting of E7
but not E6 by inclusion of GPI-0100 with the TA-CIN vaccine likely reflects the previously
observed immunodominance of the E7 epitope in this strain of mice.

3.4. GPI-0100 enhances immunity against TC-1 tumor challenge in mice vaccinated with
TA-CIN

Vaccination against the early viral antigens E6 and E7 will not protect against initial
infection but may prevent disease by elimination of transcriptionally active infected cells
before the development of clinically apparent HPV lesions (thereby potentially enhancing
the prophylactic efficacy of TA-CIN). In order to assess the anti-tumor immunity generated
by TA-CIN vaccines, we performed an in vivo tumor challenge with TC-1 cells that express
HPV16 E6 and E7, but not L2. One week after the third immunization TA-CIN and adjuvant
combinations, nine mice/group were challenged subcutaneously with 5 × 104/mouse of TC-1
tumor cells (Fig. 5). Tumor growth was monitored by visual inspection and palpation twice
a week. Immunization with TA-CIN in GPI-0100 completely protected mice from the
development of TC-1 tumors, whereas TA-CIN only delayed tumor development and
provided partial protection (Logrank test p < 0.0001). Vaccination with GPI-0100 alone had
no effect upon TC-1 tumor growth and mouse survival, whereas vaccination with HPV16 L1
VLPs had a minimal effect (Fig. 5) similar to that observed previously [32].
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3.5. Vaccination of pigtail macaques with TA-CIN in GPI-0100 generates a broadly
neutralizing serum antibody response

In human patients receiving three monthly immunizations with TA-CIN without adjuvant,
the 500 μg dose generated a superior neutralizing antibody response to the 125 μg dose
[15,16]. Doses of 100–5000 μg of GPI-0100 have been tested as adjuvants in small numbers
of patients [24]. To address the immunogencitiy of vaccination at intermediate dosing levels
of the combination, three female pigtail macaques (Macaca nemestrina) were immunized
subcutaneously with 125 μg of TA-CIN in 1000 μg of GPI-0100 three times at monthly
intervals while sedated with ketamine hydrochloride. Serum samples were collected monthly
starting one month prior to vaccination. Macaque CBC and body weights were monitored at
monthly intervals. During the study period macaque 811’s body weight went from 16.6 to
19.8 lbs, macaque 831 went from 19.2 to 17.2 lbs, and macaque 746 went from 22.8 to 23.2
lbs. No unusual clinical signs were noted during the study.

The in vitro neutralizing antibody titers for five high risk HPV pseudoviruses and two low
risk types were determined for the sera obtained from each macaque at one month after the
final immunization with TA-CIN + GPI-0100 (Table 1A). All three macaques exhibited
robust neutralizing antibody titers against HPV16, with lesser responses against all of the
heterologous HPV types tested. These neutralizing antibody titers were compared with sera
from patients who had been vaccinated three times with 50 μg of HPV16 L1 VLP without
adjuvant from an earlier study [30] (Table 1B). Although some cross-neutralization was
observed for closely related HPV types (HPV31 and surprisingly HPV58) from within
species A9 [33], the sera of patients vaccinated with L1 VLP did not neutralize HPV types
(HPV18, HPV45, HPV6 and HPV11) from the other species tested (A7 and A10).

3.6. Macaques vaccinated with TA-CIN and adjuvant GPI-0100 generate HPV16 E6 and E7
specific B and T cell responses

The vaccine-specific antibody titer in the monkey serum samples was estimated by HPV16
E6 and E7 ELISAs. HPV16 E6- and E7-specific antibody was detected in all three macaques
after immunization. In no cases were there significant antibody titers specific to HPV16 E6
or E7 prior to vaccination. While there was considerable variation in the accumulation of E6
and E7 antibodies over the course of immunization, a modest antibody titer generally was
observed one month after the first vaccination, followed by a general upward trend in titer
following subsequent immunizations (Fig. 3).

In order to assess the level of E6- and E7-specific T cell immune responses generated by
immunization with TA-CIN + GPI-0100, PBMCs harvested from each macaque at one
month after the third immunization were stimulated with pooled peptides spanning HPV16
E6 or E7 or as a positive control PHA. The number of E6- and E7-specific IFN-γ secreting
and CD4+ and CD8+ T cells generated in response to vaccination was examined by
intracellular cytokine staining and flow cytometry analysis (Table 2). Responses to E6 and
E7 were detected in macaques 811 and 831 after immunization, but not in macaque 746
(Table 2). Notably macaque 746 was much older (22 years of age) than the two responding
animals (811 was age 6, 831 was age 12) and all three were SRV positive by serology prior
to the study.

4. Discussion
Immunity to infection after vaccination with L2 is mediated by neutralizing antibodies
[10,11,31]. Vaccination of mice as well as macaques with TA-CIN formulated in the
adjuvant GPI-0100 induces L2-specific neutralizing antibodies. These antibodies neutralize
both homologous type virus HPV16, and heterologous types HPV18, HPV31, HPV45,
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HPV58, HPV11 and HPV6 that are member of multiple phylogenetic species (A7, A9 and
A10) with distinct biological properties (low risk and high risk genital types). While it
remains unclear whether the neutralizing antibody titers generated by vaccination with TA-
CIN with or without GPI-0100 are sufficient to protect against natural HPV infection,
studies in animal models of papillomavirus infection have proven predictive of the outcome
in patients in the case of L1 VLP vaccines. Several groups have shown that vaccination with
full length L2 or peptides thereof is protective in cows and rabbits against homologous type
BPV4 or CRPV challenge respectively [5–7,11,34–36], the same models utilized in the
preclinical development of L1 VLP vaccines [37–39]. Indeed the titers of HPV16
neutralizing antibodies generated by vaccination with TA-CIN + GPI-0100 approached
those obtained in mice vaccinated with Gardasil®, a vaccine that is highly effective in
protecting women against natural HPV16 infection [1]. Furthermore, using a more recently
developed pseudovirion challenge model [31,40], here we show that vaccination with TA-
CIN + GPI-0100 protects mice from cutaneous challenge with HPV16, whereas vaccination
with TA-CIN is less protective. Nonetheless, the data suggest that even low titers of
neutralizing antibody offer significant, but perhaps incomplete protection. Furthermore,
similar responses were observed in three macaques immunized with TA-CIN + GPI-0100,
suggesting that these observations are not confined to mice. Finally, studies in healthy
volunteers demonstrate that vaccination with TA-CIN alone generates low titers of
neutralizing antibodies [15,16], and our findings herein suggest that these titers could be
significantly boosted by the use of an adjuvant, GPI-0100.

While the induction of high titer VLP-specific antibodies upon vaccination with Gardasil®
or Cervarix® is correlated with protection from type specific HPV infection, the minimal
threshold titer of neutralizing antibodies to afford protection of patients from natural HPV
transmission is currently not known [41]. A key question is whether broad cross-protection
might be possible with TA-CIN vaccination. Several observations suggest that low titers of
neutralizing antibodies are sufficient for protection. Although there was a decline over time
in titer among women vaccinated with Gardasil®, notably for HPV18, however there were
no breakthrough cases of HPV18-related CIN in patients over a 5-year period [42,43].
Another argument for a low threshold for protection against natural HPV infection is the
partial protection against related HPV types observed in women vaccinated with L1 VLP
vaccines [2], since neutralization titers against related heterologous types are at least 1–2
orders of magnitude lower than for the homologous type [44]. Finally, rabbits vaccinated
with HPV16 L2 polypeptides were protected when challenged with CRPV and ROPV
showing that cross-protection can occur between very divergent HPV types, and suggesting
that low titers of neutralizing antibodies are sufficient for protection at cutaneous and
mucosal sites [11]. It is likely that inclusion of an adjuvant like GPI-0100 with TA-CIN will
extend the longevity of the HPV neutralizing antibodies, and may also reduce the dose of
antigen required.

Studies to date generally suggest that vaccination with L1 VLPs or L2 does not influence
pre-existing infection [10,11,37,45,46], although there are exceptions [47–49]. The lack of
an obvious therapeutic effect likely reflects the absence of detectable capsid gene expression
in HPV-infected basal cells. However, these cells do express E6 and E7 and thus E6- and
E7-specific T cell responses could potentially eliminate HPV infection and disease.
Vaccination of mice twice at three week intervals with TA-CIN in Novasome adjuvant
beginning on the day of TC-1 challenge did prevent the growth of tumor in 7/10 animals
[50]. However, vaccination of women with persistent HPV16+ high grade VIN/VAIN with
TA-CIN (without adjuvant) in prime boost combinations with recombinant vaccinia virus
expressing HPV16/18 E6 and E7 (TA-HPV) failed to enhance the rate of disease clearance
[17,51,52]. Similarly, vaccination with HPV6 L2E7 in ASO2 adjuvant had no impact on
pre-existing genital warts [46]. These outcomes may reflect induction of the incorrect type

Karanam et al. Page 9

Vaccine. Author manuscript; available in PMC 2010 August 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of immune response, a failure of the observed E6/E7-specific T cell responses to traffic to
the site of the lesion, or their suppression within the lesion microenvironment, or some
combination of these issues [16,53].

Although vaccination using TA-CIN without adjuvant has not been demonstrated to impact
the clinical course of pre-existing lesions to date, it is possible that the induction of E6/E7-
specific T cells responses prior to HPV infection could prevent the onset of disease from
new infections or possibly upon reactivation of previously subclinical disease. In this
situation issues of tolerance and suppression by the lesion microenvironment might be
avoided. Indeed, prophylactic vaccination with TA-CIN + GPI-0100 completely protected
mice from TC-1 tumor challenge, whereas vaccination with TA-CIN alone was poorly
effective. Furthermore, the GPI-0100 adjuvant dramatically boosted the E7-specific IFN-γ
secreting CD8+ T cell response in mice as compared to vaccination with TA-CIN alone.
Spontaneous clearance of warts in patients is associated with robust CD4+ and to a lesser
extent CD8+ T cell infiltrates [54]. Vaccination of macaques induced systemic E6- and E7-
specific CD4+ and CD8+ T cell responses. Thus it is possible that any protective efficacy
against HPV16-related disease by TA-CIN vaccination via the induction of L2-specific
neutralizing antibody could potentially be augmented by HPV16 E6/E7-specific T cell
responses. This might also be relevant in patients who test positive for HPV16 DNA but
lack clinically or histologically apparent disease. It is currently unclear whether HPV E6/E7-
targeted cell mediated immune responses are cross-reactive to any degree. Given the
importance of HPV18 in causing cervical cancer, and the relatively weak cross-
neutralization of HPV18 and HPV45 by TA-CIN antisera, it might be reasonable to consider
a bivalent vaccine containing L2E6E7 protein derived from HPV16 and HPV18.
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Fig. 1.
Induction of HPV neutralizing antibodies in the serum of mice by vaccination with TA-CIN
and Gardasil®. Groups of Balb/c mice (n = 5) were vaccinated s.c. three times at two-week
intervals with TA-CIN (20 μg) alone, or with GPI-0100 (50 μg) or with GPI-0100 and
Tween 40 (1 μg), or one fifth of a human dose of Gardasil®. Sera were harvested two weeks
after the final immunization and tested individually for in vitro neutralization titers for HPV
pseudovirons using the genotypes indicated at 2-fold dilutions from 1:50. Samples that
failed to neutralize at 1:50 are arbitrarily assigned a titer of 25. No neutralization antibody
was detected in any assay when using sera from control mice, or those vaccinated with
GPI-0100 adjuvant alone (not shown).
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Fig. 2.
Vaccination with TA-CIN and adjuvant GPI-0100 protects mice from cutaneous challenge
with HPV16 pseudovirions. Groups of Balb/c mice (n = 5) were vaccinated s.c. three times
at two-week intervals with PBS, GPI-0100 alone, TA-CIN (20 μg) alone, or TA-CIN with
GPI-0100 (50 μg) or TA-CIN with GPI-0100 and Tween 40 (1 μg), or 10 μg of L1 VLP of
HPV16 or HPV45 without adjuvant. (A) The vaccinated mice received a cutaneous
challenge with HPV16 pseudovirus one month after the final vaccination. Three days later,
the mice were anesthetized and injected with luciferin, and their images were acquired for
10 min with a Xenogen IVIS 200. (B) Equally sized areas encompassing the site of
inoculation were analyzed using Living Image 2.20 software, and plotted after background
subtraction. (C) Two weeks after the final immunization (and prior to challenge), sera were
harvested from the immunized mice and tested for in vitro HPV16 neutralization titer.
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Fig. 3.
Vaccination of mice and macaques with TA-CIN in GPI-0100 adjuvant induces HPV16 E6-
and E7-specific antibody. (A) Groups of Balb/c mice (n = 5) were vaccinated s.c. three times
at two-week intervals with TA-CIN (20 μg) alone, or with GPI-0100 (50 μg) or with
GPI-0100 and Tween 40 (1 μg). ELISA was performed using HPV16 E6 or HPV16 E7
protein to detect specific serum antibody at one month after the third immunization using
sera pooled from each group. ELISA was performed using HPV16 E6 (B) or HPV16 E7 (C)
protein to detect specific serum antibody obtained from macaques 746, 811 and 831 at one
month after 1, 2 or 3 immunizations with 125 μg of TA-CIN with 1000 μg GPI-0100 that
were initiated at week 0.
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Fig. 4.
Vaccination of mice with TA-CIN induces HPV16 E6- and E7-specific CD8+ T cells and
the latter are dramatically enhanced by GP0-0100. C57BL/6 mice (ten per group) were
immunized with PBS, GPI-0100 alone, HPV16 L1 VLP (10 μg) in GPI-0100, TA-CIN (20
μg) alone, or TA-CIN with adjuvant GPI-0100 (50 μg) on days 0, 15, and 30. Splenocytes
from vaccinated mice were harvested one week after the last vaccination and characterized
for HPV16 E6- and E7-specific CD8+ T cells, using intracellular IFN-γ staining and flow
cytometry analysis after overnight stimulation with the immunodominant T cell epitope
shown. Numbers in the upper right hand corners represent the number of E6- and E7-
specific IFN-γ secreting CD8+ T cells per 3 × 105 splenocytes.
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Fig. 5.
Vaccination of mice with TA-CIN in GPI-0100 adjuvant completely protects against TC-1
tumor challenge. C57BL/6 mice (nine per group) were immunized with PBS, GPI-0100
alone, HPV16 L1 VLP (10 μg) in GPI-0100, TA-CIN (20 μg) alone, or TA-CIN with
adjuvant GPI-0100 (50 μg) on days 0, 15, and 30. Seven days after the last vaccination the
mice were challenged by subcutaneous injection of 5 × 104 TC-1 tumor cells/mouse. The
mice were monitored for tumor growth by inspection and palpitation twice per week for 90
days. Tumor volume was measured starting from day 7 after tumor challenge and until
euthanasia was required. A Kaplan–Meier survival analysis of mice challenged with TC-1
cells is shown.
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Table 1

Vaccination of macaques with TA-CIN induced broadly neutralizing antibody responses.

In vitro neutralization assay Macaque 746 Macaque 811 Macaque 831

TA-CIN + GPI-0100 TA-CIN + GPI-0100 TA-CIN + GPI-0100

A

HPV16 12,800 12,800 12,800

HPV31 100 200 100

HPV58 3,200 6,400 3,200

HPV18 200 400 200

HPV45 100 200 100

HPV11 100 100 100

HPV6 50 50 50

In vitro neutralization assay Human (n = 7) HPV16 L1 VLP

B

HPV16 12,800 (1600–102,400)

HPV31 150 (100–200)

HPV58 400 (200–3200)

HPV18 <25 (<25–<25)

HPV45 <25 (<25–<25)

HPV11 <25 (<25–<25)

HPV6 <25 (<25–<25)

A
In vitro neutralization assays were performed using HPV6, HPV11, HPV16, HPV18, HPV45 and HPV58 for sera obtained one month after 3

immunizations with 125 μg of TA-CIN with 1000 μg GPI-0100 individually for each of three macaques. Sera were diluted 2-fold from 1:50.
Samples that failed to neutralize at 1:25 are indicated as <25. B. In vitro neutralization titers are shown for sera obtained one month after the final
vaccination with HPV16 L1 VLP (50 μg, no adjuvant, months 0, 1 and 4) from a separate published phase I clinical trial [30]. Titers measured in
sera of 7 patients are presented as median (range) values. No neutralizing antibodies to any HPV type tested were detected in the sera of a patient
who received the placebo vaccination.
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Table 2

Vaccination of macaques with TA-CIN in GPI-0100 adjuvant induces HPV16 E6- and E7-specific CD4+ and
CD8+ T cell responses.

% of T cells IFN-γ+ No stimulation PHA HPV16 E6 peptide 1–30 pool HPV16 E7 peptide 1–18 pool

CD4+

Macaque 746 0.002 0.53 0.009 0.013

Macaque 811 0.027 0.406 0.238 0.093

Macaque 831 0.001 0.128 0.099 0.134

CD8+

Macaque 746 0.019 6.33 0.026 0.014

Macaque 811 0.052 5.060 0.278 0.091

Macaque 831 0.013 1.537 0.058 0.114

Pigtail macaques (numbers 746, 811 and 831) were immunized with 125 μg of TA-CIN with 1000 μg GPI-0100 at monthly intervals. PBMCs were

harvested one month after the last vaccination and characterized for HPV16 E6- and E7-specific CD4+ (A) and CD8+ (B) T cells using
intracellular IFN-γ staining and flow cytometric analysis after stimulation with overlapping peptide pools or as a positive control, PHA. The
percentage of CD4 (A) or CD8 (B) positive PBMCs secreting IFN-γ are presented.
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