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Abstract

Persistent human papillomavirus (HPV) infection is causally linked to the development of several 

human cancers, including cervical, vulvar, vaginal, anal, penile, and oropharyngeal cancers. To 

address the need for a therapeutic vaccine against HPV-associated diseases, here we test and 

compare the immunogenicity and therapeutic efficacy of a bacterial exotoxin fusion protein 

covalently linked to the HPV16 E7 oncoprotein adjuvanted with CpG or GPI-0100 in the C3.43 

preclinical HPV16-transformed tumor model. We show that TVGV-1 protein vaccine adjuvanted 

with either CpG or GPI-0100 adjuvant induces a high frequency of E7-specific CD8+ T cells, and 

both adjuvants are able to assist the immune response in inducing polyfunctional cytokine-

secreting lytic T cells that show therapeutic efficacy against well-established C3.43 tumors. CpG-

adjuvanted TVGV-1 resulted in higher frequencies of IFNγ secreting and degranulating E7-
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specific T cells compared to GPI-0100-adjuvanted TVGV-1, resulting in marginally increased in 
vivo efficacy. Despite minor differences in immune response outcomes, we consider both CpG 

ODN and GPI-0100 to be promising vaccine adjuvants to increase the immunogenicity and 

therapeutic efficacy of the TVGV-1 protein for HPV16-driven cancers.
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human papillomavirus; therapeutic vaccine; CpG adjuvant; GPI-0100 adjuvant; HPV16-induced 
tumors

1. Introduction

Persistent infection with high-risk human papillomaviruses (HPVs) are the causative agent 

in virtually all cervical cancer cases, a significant number of other anogenital cancers, and a 

subset of oropharyngeal cancers [1]. HPV16 is the most carcinogenic genotype relative to 

other high risk HPVs, being found in 60% of invasive cervical cancer cases and the 

predominant genotype also found in vulvar, vaginal, anal, penile lesions, and almost all 

HPV-associated oropharyngeal head and neck cancers [2–4]. The viral oncoproteins E6 and 

E7 are the preferred viral protein targets for development of therapeutic vaccines for HPV-

induced malignancies due to their role in tumorigenesis and maintenance of transformed 

cells [5]. Although preventive HPV vaccines have been available for the past decade, 

prophylactic vaccination to induce protective antibody responses does not address the 

immediate need for a therapeutic vaccine that targets HPV-associated diseases in people 

already infected and which requires induction of a strong anti-tumor T cell-mediated 

immune response. As such, vaccination strategies targeting HPV16 E6 and/or E7 to induce 

cytotoxic T lymphocytes (CTLs) are the focal point for current therapeutic vaccine 

development (reviewed in [6]). There have been numerous and extensive studies that have 

generated promising vaccine candidates tested in clinical trials for HPV-associated diseases. 

Among them are DNA, RNA, viral vectors, bacterial vectors, dendritic cells, peptides and 

proteins in various iterations and combinations. These strategies have been supplemented 

with different adjuvants, heterologous prime-boost regimens, immunostimulants and 

immunomodulators. Despite this enormous effort, there are currently no approved 

therapeutic vaccines for HPV-induced cancers or precancerous lesions, though several 

candidates are currently in clinical trials (reviewed in [7]).

The Pseudomonas Exotoxin-HPV16 E7-KDEL3 fusion protein (PEΔIII-E7-KDEL3; also 

termed TVGV-1) is a recombinant protein composed of 3 fused subunits: the translocation 

domains I and II of Pseudomonas aeruginosa exotoxin A at the N-terminus, full length 

HPV16 E7 protein in the middle and a triple KDEL endoplasmic reticulum (ER) retention 

signal at the C-terminus [8]. Cell binding and cytoplasmic translocation features of bacterial 

exotoxins results in retrograde delivery of foreign proteins to cytosolic compartments, 

enhancing MHC class I presentation of exogenous antigen to T lymphocytes [9].

While PEΔIII-E7-KDEL3 has been designed in an attempt to generate a robust response on 

its own, the development of weak cellular and humoral immune responses is common 

following protein-based vaccination in the absence of an adjuvant. Vaccine adjuvants, 
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functionally defined as either vehicles for optimal antigen delivery or direct 

immunostimulants, are compounds that can enhance the magnitude, breadth, quality and 

longevity of induced antigen-specific immune responses and are frequently used to augment 

therapeutic vaccine strategies [10]. Examples of immunostimulatory adjuvants are toll-like 

receptor (TLR) ligands, cytokines, saponins, and bacterial exotoxins. GPI-0100 is a non-

toxic semi-synthetic dodecylamide saponin derivative of Quillaja saponaria Molina soapbark 

tree extract that functions as an immunostimulatory adjuvant and has been used with 

investigational vaccines to improve the immunogenicity of both cancer and infectious 

disease antigens [11–15]. GPI-0100 also facilitates delivery of exogenous protein antigens 

directly to the cell cytosol for processing by endogenous pathways [12, 16]. This generates a 

mixed Th1/Th2 immune response (biased toward Th1), and stimulates CTL generation 

through antigen presenting cell (APC) cross-presentation [11, 17]. Early phase clinical 

studies show that GPI-0100 is an effective immune adjuvant with a variety of investigational 

antigens and is well tolerated [15, 18].

CpG synthetic oligodeoxynucleotides (ODNs) containing unmethylated CpG motifs trigger 

immune cells that express TLR9, which include plasmacytoid dendritic cells (pDCs) and B 

cells, and stimulates immune responses characterized by the production of Th1 and 

proinflammatory cytokines [19, 20]. The ODN 1826 used in this study is a class B CpG 

ODN with a preference for mouse TLR9 and contains a full phosphorothioate backbone with 

two CpG dinucleotides [21, 22]. CpG ODNs as vaccine adjuvants improve the function of 

professional APCs and enhance antigen-specific adaptive immunity. Importantly, CpG 

ODNs have a good safety profile in human clinical trials and show efficacy in increasing 

immunogenicity of co-administered vaccines [21].

Previous studies have shown that prophylactic vaccination of mice with unadjuvanted 

PEΔIII-E7-KDEL3 protein results in generation of E7-specific CD8+ and CD4+ T cell 

responses and protection against challenge with E7-expressing TC-1 tumor cells [8]. 

Furthermore, therapeutic efficacy was demonstrated against early pulmonary metastasis, 

reducing the number of lung tumor nodules that develop over time [8]. However, therapeutic 

activity of this fusion protein against well-established subcutaneous solid tumors has not 

been investigated nor has this protein been combined with adjuvants that may further 

enhance cellular immune responses. In this study, we evaluated and compared the 

immunogenicity and adjuvant activity of GPI-0100 or CpG with TVGV-1 protein therapeutic 

vaccination in a preclinical mouse model for HPV16-induced cancer.

2. Materials and Methods

2.1 Mice, Cell Lines, Antibodies, and Reagents

Pathogen-free 7 week old C57BL/6 female mice were purchased from Taconic Biosciences 

(Oxnard, CA) and were acclimated to the new housing environment for at least one week 

prior to use. C3.43, a progressive subclone of the HPV16-transformed B6 mouse embryo 

cell line C3, was used for tumor challenge studies [23, 24]. C3.43 cells were grown and 

expanded in vitro with IMDM medium supplemented with 10% fetal bovine serum (FBS; 

Gemini, Sacramento, CA), 50 uM 2-mercaptoethanol, and 50 μg/mL gentamicin. The 

following anti-mouse antibodies, isotype controls and reagents were purchased from 
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Biolegend (San Diego, CA): CD3 FITC, CD3 APC-Cy7, CD4 PE, CD4 BV421, CD8a 

PerCP-Cy5.5, CD8 APC, CD45 APC-Cy7, CD45R/B220 BV510, CD11b BV510, rat IgG2a 

FITC, rat IgG2b PE, rat IgG1 PE-Cy5, rat IgG2b APC, rat IgG2b PE-Cy7, FluoroFix buffer 

and Zombie Aqua. CD25 PerCP-Cy5.5, FoxP3 PE-Cy7, and Rat IgG1 PerCP-Cy5.5 were 

purchased from eBioscience (San Diego, CA). Rat IgG2a FITC, rat IgG2b PE, rat IgG 

PerCP-Cy5.5, rat IgG1, CD107a FITC, CD107b FITC, IL-2 PE, IFNγ PerCp-Cy5.5, TNFα 
PE-Cy7, Fc Block, BD GolgiPlug, and BD Cytofix/Cytoperm were purchased from BD 

Biosciences (San Jose, CA). Phorbol 12-myristate 13-acetate (PMA) and ionomycin were 

purchased from Sigma-Aldrich (St. Louis, MO). PE labeled H2-Db-HPV16 E7(49–57) 

tetramer reagent was acquired from the NIH NIAID Tetramer Core Facility at Emory 

University (Atlanta, GA). CpG oligonucleotide (ODN-1826) was purchased from InvivoGen 

(San Diego, CA). GPI-0100 was licensed by Hawaii Biotech Inc. (Honolulu, HI) and 

provided for study investigations by TheVax Genetics Vaccine Co. Ltd. (Taiwan, R.O.C.). 

The H2-Db-binding peptide, HPV16 E7(49–57) RAHYNIVTF, was synthesized at the 

University of Chicago (Chicago, IL) and purified by reverse phase high-performance liquid 

chromatography. Purity was determined to be >95% pure. All in vivo studies were in 

compliance and approved by University of Southern California Institutional Animal Care 

and Use Committee (USC IACUC) and comply with the National Institutes of Health guide 

for the care and use of laboratory animals.

2.2 TVGV-1 vaccine design and protein synthesis

The recombinant TVGV-1 (PE-E7-K3) fusion protein was prepared by slightly modifying a 

method described by Liao et. al. [8]. In brief, the protein was expressed in E. coli, isolated 

from inclusion bodies, purified on DEAE-cellulose, then refolded. After refolding, the 

protein was further purified by size exclusion chromatography. The purified protein was 

formulated in 1 mM histidine, 4% mannitol, 1% sucrose, and 0.005% Tween 80 (v/v). The 

protein was then lyophilized and stored at 2°–8°C until use.

2.3 Immunization and Tumor Challenge

To prepare TVGV-1-C vaccine with CpG adjuvant, lyophilized TVGV-1 protein was 

reconstituted to deliver 100 μg TVGV-1 protein and 50 μg CpG adjuvant in a volume of 100 

μL per injection. TVGV-1-G vaccine was reconstituted to deliver 100 μg TVGV-1 protein 

and 100 μg GPI-0100 adjuvant in a volume of 100 μL per injection. For immunogenicity 

studies, mice (5/group) were immunized subcutaneously (s.c.) at the base of the neck with 

100 μg of TVGV-1-C, TVGV-1-G, or vector control on days 0, 7, and 14. Assays were 

performed on day 21 or 25. For therapeutic vaccine efficacy studies, mice (10–15/group) 

were challenged s.c. on the flank with 1×105 C3.43 tumor cells in 100 μl Hanks Balanced 

Salt Solution on day 0. At the indicated day post challenge, mice were administered 3 doses, 

one week apart, of 100 μg TVGV-1-C, TVGV-1-G, or vector control. Tumor growth was 

measured two times per week with manual calipers by measuring tumor length, width, and 

depth to generate a tumor volume. Tumor volumes exceeding 1500 mm3 or ulcerated tumors 

resulted in euthanasia as per animal use guidelines. Mice were observed for the duration of 

each experiment for signs of adjuvant toxicity or pain, including behavioral changes, loss of 

appetite, dehydration, weight loss, piloerection, and local skin reactions. No toxicities were 

noted in either the GPI-0100 or CpG vaccinated mice.
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2.4 In vivo cytolytic activity

Seven days after the last vaccination, mice (5/group) were injected intravenously under 

inhalation anesthesia with 10×106 CFSE-labeled naïve splenocytes that were pulsed with 0.5 

μg/mL HPV16 E7(49–57) peptide or an irrelevant control peptide. E7-pulsed target cells were 

labeled with 10 μM CFSE (Vybrant Carboxyfluorescein diacetate succinimidyl ester (CFDA 

SE) Cell Tracer Kit, Thermo Fisher Scientific, Carlsbad, CA). Control peptide-pulsed cells 

were labeled with 0.66 μM CFSE. After extensive washing in PBS, cells were mixed in a 1:1 

ratio prior to injection. Twenty hours after injection into vaccinated mice, splenocytes were 

isolated and analyzed by flow cytometry. Percentage of remaining CFSEhi and CFSElow 

cells were analyzed using FlowJo flow cytometry analysis software (Becton, Dickinson & 

Company, Ashland, OR). Five thousand CFSE+ events were collected. Peptide specific lysis 

was calculated with reference to the loss of the CFSEhi target cell population using the 

following calculation: Percent Specific Lysis = [(%CFSEhi−%CFSElow)]/(%CFSEhi)] × 100.

2.5 CD107 degranulation assay and intracellular cytokine staining

Ten days after the last vaccination, splenocytes were isolated from mice (5/group) and 

stimulated in vitro with 5 μg/mL HPV16 E7(49–57) peptide or control peptide in the presence 

of 10 μg/mL GolgiPlug (brefeldin A), 10 μg/mL GolgiStop (monensin) and antibodies to 

CD107a and CD107b (BD Biosciences) for 6 hours at 37°C, 5% CO2 in a humidified 

incubator. After incubation, cells were washed and stained with the Zombie Aqua viability 

dye and antibodies against CD3, CD4, and CD8. CD11b and B220/CD45R staining was 

used to exclude non-T cells from analysis. Following fixation and permeabilization with BD 

Cytofix/Cytoperm, cells were stained with IFNγ, TNFα, and IL-2 antibodies or isotype 

controls. Data acquisition was performed on a BD FACSCanto II flow cytometer (BD 

Biosciences). Flow data were analyzed utilizing FlowJo software (ver. 10). Gating was set 

based on isotype control staining.

2.6 Tumor infiltrating lymphocyte (TIL) phenotyping

Tumor tissue was isolated from mice (12–14/group) and processed into single cell 

suspensions using a mouse tumor dissociation kit with the GentleMACS system (Miltenyi, 

Auburn, CA) according to manufacturer’s instructions. Isolated TILs were stained with 

Zombie Aqua to exclude dead cells, then stained for surface antigens. For intracellular 

FoxP3 staining, cells were permeabilized overnight at 4°C using FoxP3 intracellular stain 

fixing and permeabilization buffer (ThermoFisher Scientific). The following day, cells were 

washed in permeabilization buffer and stained with FoxP3 antibody or isotype control 

antibody. A minimum of 20,000 CD45+ events were acquired on a BD FACSCanto II 

cytometer. Flow data were analyzed utilizing FlowJo software (ver. 10).

2.7 Statistical Analysis

All statistical analyses were performed using GraphPad Prism version 8.1.0 for Windows 

(GraphPad Software Inc., San Diego, CA). In vitro immunoassay data were analyzed using a 

one-way analysis of variance (ANOVA) followed by a Tukey’s multiple comparisons test. 

Survival data were analyzed by a log rank Mantel-Cox test. Spearman rank-order correlation 
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was used to analyze the association of in vivo lytic activity and CD107 degranulation in 

antigen-specific T cells. P values <0.05 were considered significant.

3. Results

3.1 TVGV-1 vaccine adjuvanted with either CpG or GPI-0100 induces polyfunctional 
HPV16 E7-specific CD8+ T cells with in vivo lytic activity

To assess the effect of using either CpG adjuvant or GPI-0100 adjuvant on the 

immunogenicity of the TVGV-1 (PEΔIII-E7-KDEL3) protein vaccine, we immunized mice 

three times, one week apart, with 100 μg TVGV-1 formulated with either 50 μg CpG 

adjuvant (TVGV-1-C) or 100 μg GPI-0100 (TVGV-1-G) or vector control with no adjuvant. 

The doses of adjuvant were selected based on previous reported literature directly comparing 

adjuvant properties of CpG ODN 1826 and GPI-0100 [13], as well as the known MTD in 

mice for GPI-0100, and the manufacturer recommended dose for CpG 

(www.invivogen.com). These adjuvant doses result in optimal immunogenicity of the 

TVGV-1 protein vaccine. Immunogenicity was evaluated in vitro 10 days after the last 

vaccination. Splenocytes were tested for the presence of antigen-specific CD8+ T cells using 

in vitro stimulation with the immunodominant HPV16 E7(49–57) peptide and flow cytometry 

to analyze CD107a/CD107b (LAMP-1/LAMP-2) expression as a marker for cytolytic 

degranulation and the presence of secreted effector cytokines IFNγ TNFα, and IL-2 by 

intracellular cytokine staining. TVGV-1 vaccine adjuvanted by CpG induced significantly 

higher frequencies of HPV16E7-specific CD8+ T cells in vaccinated mice compared to 

TVGV-1 vaccine adjuvanted by GPI-0100. This could be seen for expression of 

degranulation marker CD107, as well as IFNγ production in response to E7 peptide 

stimulation (Fig. 1a–b). TVGV-1-C vaccination resulted in a significant increase in E7-

specific TNFα-secreting CD8+ T cells compared to the vector control (Fig. 1c). IL-2 

expression in vaccinated mice was low and not significantly increased when compared to the 

vector control (Fig. 1d).

The hallmark cytokine produced by antigen-specific CD8+ T cells is IFNγ; however, it is 

believed that T cells that secrete more than one effector cytokine are functionally superior in 

their anti-tumor and anti-viral effects. Therefore, responding T cells from vaccinated mice 

were analyzed for simultaneous effector cytokine production. As a proportion of the 

responding CD8+ T cell population, more than 60% of effector T cells produced both IFNγ 
and TNFα in both TVGV-1 vaccinated groups (Fig. 1e). The GPI-0100 adjuvanted vaccine 

(TVGV-1-G) induced more IFNγ+/TNFα+/IL-2+-producing cells proportionally compared 

to the CpG-adjuvanted vaccine (TVGV-1-C). The presence of E7-specific T cells secreting 

IFNγ and IL-2 together in the absence of TNFα was infrequent and responding cells were 

more likely to secrete IFNγ alone (IFNγ+/TNFα−/IL-2−) or secrete both IFNγ and TNFα 
regardless of IL-2 production. These results indicate that although CpG-adjuvanted TVGV-1 

induces a higher frequency of E7-specific T cells, both adjuvants are able to assist the 

immune response in inducing polyfunctional T cells.

The CD107 mobilization-degranulation assay indicated that TVGV-1 vaccinated mice could 

be highly lytic. Therefore, we subsequently tested the in vivo cytotoxic activity of T cells 

induced after vaccination. Differentially-labeled CFSEhi and CFSElow target cells labeled 
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with E7 peptide or an irrelevant peptide, respectively, were injected into vaccinated mice 7 

days after the last injection. After 20 hours, loss of the E7-labeled CFSE hi population 

compared to control was evaluated by flow cytometry and used as a measure of the in vivo 
lysis capacity of vaccine-induced HPV-specific T cells. Both TVGV-1-C and TVGV-1-G 

vaccinated groups demonstrated significant in vivo lysis compared to the vector control 

group which shown minimal in vivo lysis of target cells (p<0.0001) (Fig. 2a). Mice 

immunized with TVGV-1-C demonstrated significantly higher in vivo lysis compared to 

mice immunized with TVGV-1-G, which was consistent with the frequency of CD107+ 

degranulating lytic T cells (Fig. 1a). Strong positive correlation was observed between in 
vivo lytic activity and the percentage of degranulating CD107 CD8+ T cells (R2=0.6931, 

Fig. 2b). Vector control immunized mice show very little loss of CFSEhi cell population. 

Background loss of CFSEhi cells may be related to spontaneous cell death due to the high 

amount of CFSE label. Overall, TVGV-1-C immunization resulted in the greatest 

differentiation of phenotypically desirable polyfunctional, cytotoxic T cells.

3.2 Therapeutic vaccination of tumor-bearing mice with TVGV-1 vaccine adjuvanted with 
either CpG or GPI-0100 induces tumor regression and increases overall survival

In order to investigate the therapeutic efficacy of TVGV-1 vaccination on established 

tumors, we used the HPV16-induced C3.43 tumor model. Mice were implanted with 1×105 

C3.43 tumor cells subcutaneously in the rear flank and immunized either 3, 5, or 7 days 

post-tumor engraftment to test vaccine efficacy with the two different adjuvants with the 

expectation that more advanced day 7 established tumors might be more difficult to treat 

than earlier engrafted tumors. Mice were boosted two additional times one week apart for a 

total of 3 doses of vaccine per regimen. For mice immunized on days 3, 10 and 17, both 

CpG-adjuvanted and GPI-0100-adjuvanted TVGV-1 vaccine resulting in 100% tumor 

regression within 18 days, whereas all control treated mice developed progressive tumors 

over time (p<0.0001) (Fig. 3, top panel). Several mice developed small but measurable 

tumors in the vaccine groups, which subsequently regressed over the course of the vaccine 

regimen, resulting in 100% survival of all mice treated with TVGV-1 with either adjuvant 

(Fig. 4, top). For mice immunized on days 5, 12, and 19, the two groups immunized with 

either TVGV-1-C and TVGV-1-G showed 60% tumor regression while 4/10 mice developed 

progressing tumors (Fig. 3, middle panel). Although tumors in TVGV-1-C treated mice grew 

at a slower rate compared to TVGV-1-G vaccinated mice, overall long term survival and 

tumor-free percentage of both groups was 60% (p<0.0001) (Fig. 4, middle). For mice 

immunized on days 7, 14 and 21, sixty-percent (6/10) of mice treated with TVGV-1-C 

vaccine developed progressive tumors. Seventy-percent (7/10) of mice treated with 

TVGV-1-G vaccine developed progressive tumors (Fig. 3, bottom panel). The remaining 

tumors regressed for overall survival percentages between 30–40% (p<0.0095) (Fig. 4, 

bottom). As was expected, earlier vaccination results in more significant tumor therapy and 

prolonged survival compared to treatment at advanced growth stages. Importantly, all 

TVGV-1 vaccinated groups, regardless of adjuvant used or the start day of treatment, showed 

induction of significant anti-tumor effects resulting in a survival advantage over vector 

control treated mice. Although there were no significant differences in survival between the 

CpG adjuvant group and the GPI-0100 adjuvant group for all treatment cohorts, the day 5 

and day 7 therapy cohort results suggest a trend towards the TVGV-1 vaccine adjuvanted 
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with CpG having slightly more therapeutic efficacy than the vaccine adjuvanted with 

GPI-0100, which is likely related to the higher frequency of antigen-specific T cells that are 

generated with in vivo lytic capabilities.

3.3 TVGV-1 vaccination results in increased lymphocyte effector cells within in the tumor 
microenvironment

In addition to induction of systemic cellular immune responses, an effective therapeutic 

vaccine should trigger migration of antigen-specific CD8+ T cells to the tumor site. Since 

tumor regression of more advanced tumors was less frequent than smaller tumors, we next 

aimed to characterize the tumor TIL populations from mice whose tumors were not cleared 

in order to potentially gain a mechanistic understanding of why day 7 therapy was 

suboptimal. Mice (15/group) were challenged with 1×105 C3.43 tumor cells and vaccinated 

on days 7, 14, and 21. Progressively growing tumors were harvested between days 30–60 

post challenge, depending on their growth rate. The presence of CD8+ T cells, CD4+ T cells, 

regulatory T cells (Tregs), and HPV16 E7-tetramer specific T cells was evaluated by flow 

cytometry analysis of all CD45+ hematopoietic TIL after tumor tissue dissociation. In 

tumor-bearing mice that received the TVGV-1-C vaccine, we observed a significantly greater 

increase in the overall percentage of CD8+ TIL and in the HPV16 E7-specific CD8+ TIL 

population compared to mice that received the TVGV-1-G vaccine (Fig. 5a, 5b). Notably, of 

the infiltrating CD8+ T cells, a significant percentage were E7(49–57)-tetramer positive (Fig. 

5c), whereas no significant tetramer positive cells were observed in the vector control mice. 

There were no significant changes in the overall frequency of CD4+ TIL (Fig. 5d), however, 

both TVGV-1-C and TVGV-1-G vaccinated groups demonstrated a significant decrease in 

the frequency of CD4+FoxP3+ Tregs compared to vector control (Fig. 5e). Both TVGV-1-C 

and TVGV-1-G vaccinated mice demonstrated statistically significant increases in the ratio 

of E7-specific CD8+ T cells to Tregs in the tumor microenvironment (Fig. 5f), which is often 

observed to be prognostically favorable for tumor clearance both in animal tumor models 

and in human cancers. These results suggest that even though TVGV-1 therapeutic 

vaccination is suboptimal in a subset of mice bearing advanced tumors, vaccination with 

TVGV-1 induces HPV-specific T cells that are capable of migrating to and infiltrating the 

tumor site, although it is unclear whether they are still functional or have been suppressed by 

other cells and mechanisms in the local tumor microenvironment.

4. Discussion

Antigenic proteins linked to bacterial exotoxins combined with strong immune adjuvants 

provides a potential platform for increasing immunogenicity and therapeutic efficacy of 

proteins that alone do not generate a strong enough immune response to show significant 

anti-tumor activity. The P. aeruginosa exotoxin A domains I and II have unique cell binding 

and translocation functions that allow them to transport covalently linked proteins into the 

cytosol of professional APCs when injected in vivo [25]. Deletion of the ADP-ribosylating 

catalytic domain III renders the exotoxin non-cytopathic to cells and greatly reduces 

associated toxicity [9, 26]. The KDEL ER retention domain of the TVGV-1 fusion protein 

drives the E7 antigen into the cross presentation pathway for MHC class I, improving 

antigen-specific immune responses [8]. Prior studies have shown the importance of directing 
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antigen into the cytosol and ER for generation of anti-HPV16 E6 and/or E7 tumor immunity 

using various strategies, including the use of heat shock protein fusions, calreticulin, and 

Bordatella pertussis adenylate cyclase, for example [27–29]. The goal of this study was to 

investigate the effect of combining TVGV-1 (PE ΔIII-E7-KDEL3) with two different 

immunostimulatory adjuvants and to compare immunogenicity and anti-tumor activity of the 

resulting immune response in the established HPV16-induced C3.43 tumor model. Our 

results demonstrate that TVGV-1 protein vaccine adjuvanted with either CpG or the 

GPI-0100 adjuvant induces a high frequency of tumor-infiltrating E7-specific CD8+ T cells. 

Furthermore, both adjuvants are able to assist the immune response in inducing 

polyfunctional cytokine-secreting lytic T cells that show substantial therapeutic efficacy 

against well-established C3.43 tumors as a proof of concept. The E6 antigen in this mouse 

model and in others (TC-1) is less important for tumor rejection, since E7-derived peptides 

are more immunogenic in C57BL/6 mice based on H2-Kb and H2-Db MHC peptide binding 

[23]. Indeed, Chen et. al. reported that vaccination with a PEΔIII-E7-KDEL3 monovalent 

fusion protein could elicit better immune and anti-tumor immune responses compared to a 

PE ΔIII-E6-KDEL3 monovalent fusion protein in the TC-1 tumor model [30]. However, the 

authors also demonstrated that combining the two vaccines (E6 + E7) could produce 

synergistic effects leading to enhanced survival in tumor-bearing mice. Because both E6 and 

E7 play important roles in HPV-associated carcinogenesis in humans, a therapeutic vaccine 

strategy based on this reported platform would benefit from inclusion of both viral 

oncogenes as target tumor antigens if being developed clinically.

Many adjuvants have been tested in human clinical trials, however the only ones approved 

for human use are aluminum salts (Alum), oil-in-water emulsions (MF59, AS03), liposome-

based virosomes, and various combinations of immunostimulants [31]. The AS01 adjuvant 

system is a combination of saponin QS-21 and TLR4 agonist monophosphoryl lipid A 

(MPLA) with liposomes currently FDA approved for use in the Herpes zoster vaccine 

(SHINGRIX, GlaxoSmithKline) and approved for use in Europe for the world’s first malaria 

vaccine (Mosquirix™) [32]. AS04 combines MPLA and Alum to induce a Th1-biased 

immune response and is currently used in a HBV vaccine and HPV vaccine developed by 

GlaxoSmithKline [33]. Other adjuvants in clinical development but not yet FDA-approved 

include flagellin (TLR5 agonist), Poly I:C (TLR3 agonist), imidazoquinolines (TLR7/8 

agonist), saponins (Quil A, GPI-0100), bacterial toxins and cytokine mixtures [10]. 

Although imiquimod (TLR7/8 agonist, Aldara™) is not approved as a vaccine adjuvant, it is 

approved by the FDA as a stand-alone topical treatment for actinic keratosis, superficial 

basal cell carcinoma and external genital warts. Saponin-based adjuvants, such as Quil A, its 

derivative QS-21, and now the semi-synthetic GPI-0100, are unique in their capacity to 

induce and enhance Th1 immune responses and generate CTLs against exogenous antigens, 

an essential characteristic with respect to vaccination against intracellular pathogens or to 

enhance therapeutic cancer vaccines [34]. Because the undesirable toxic and hemolytic 

properties of saponin-based adjuvants have been removed, it has opened the door for their 

safe use for human and veterinary applications [35–38]. In practice, Evans et. al. showed 

that use of the QS-21 adjuvant allows for reduced antigen doses to elicit similar titers of an 

anti-HIV gp120 subunit vaccine compared to use of no adjuvant, providing a means for dose 

reduction of immunogen for vaccination [39]. Consistent with other studies using GPI-0100 
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as an adjuvant, we show that the GPI-0100-adjuvanted TVGV-1 vaccine stimulated an anti-

tumor CD8+ T cell response characterized by IFNγ and TNFα secretion supporting a Th1-

biased immune response, and furthermore we did not observe any toxicity associated with its 

use. In several clinical trials, GPI-0100 adjuvant has been administered to humans without 

significant toxicity, primarily eliciting mild to moderate injection site reactions [18, 40, 41].

Interestingly, our data showed that CpG-adjuvanted TVGV-1 vaccine stimulated an anti-

tumor CD8+ T cell response that was similar, but slightly more effectively, than GPI-0100-

adjuvanted TVGV-1. Differences in the quantity and quality of observed anti-E7 immune 

responses in this study between the two vaccine formulations are presumed to be related to 

the different mechanism of action of each adjuvant since the immunogen was the same in 

each group. Adjuvants can have very profound effects on the nature of immune responses 

with some adjuvants favoring humoral and Th2-biased responses, and others favoring Th1 

and CTL production. While both GPI-0100 and CpG trigger immune responses 

characterized by strong Th1, CTL, antibody responses, and activation of NK cells, they do 

so through different cellular interactions [10]. GPI-0100, like other saponins, targets antigen 

processing through enhanced antigen uptake by APC via endocytosis, as well as providing 

direct stimulation of T cells through a lipophilic acyl group moiety, but which has been 

rendered non-toxic in GPI-0100 compared to its natural counterpart [12]. In contrast, CpG 

ODNs target TLR9, a receptor for conserved pathogen-associated molecular patterns 

(PAMPS), which when engaged causes downstream signaling events that lead to activation 

of NFκB and IRF3, followed by transcriptional activation and expression of 

proinflammatory cytokines, including type I interferons [21]. In humans, the primary cell 

targets that express TLR9 are B cells and plasmacytoid dendritic cells (pDCs), while in 

mice, TLR9-expressing cells also include monocytes, macrophages, and conventional DCs 

[21]. CpG 1018 is currently FDA approved as an adjuvant in the HEPLISAV-B hepatitis B 

vaccine (Dynavax) [42]. Importantly, a number of phase I-III clinical trials support the 

therapeutic potential of CpG ODNs for cancer vaccines [10, 43]. In a phase I study in 41 

patients with chronic lymphocytic leukemia, a single intravenous dose of CpG 7909 was 

well tolerated with no significant toxicity up to 1.05 mg/kg, and a maximum tolerated dose 

of 0.45 mg/kg was found when delivered subcutaneously [44]. In a phase III study in non-

small-cell lung cancer, CpG 7909 administration (0.2 mg/kg subcutaneous) in combination 

with chemotherapy, common CpG-related reported adverse events were mild to moderate 

injection site reactions and flu-like symptoms, which would be expected from CpG’s 

immune stimulating activity [45].

Importantly, our data showed that GPI-0100 and CpG-adjuvanted TVGV-1 were both able to 

induce polyfunctional E7-specific CD8+ T cells characterized by cytokine secretion of 

IFNγ, TNFα and IL-2 and degranulation of the lysosomal marker CD107, a marker for lytic 

activity. While CpG-immunized mice showed twice the level of CD107 degranulation as 

GPI-0100-immunized mice by intracellular cytokine staining, in vivo CTL lysis differences, 

although significant, were not as prominent. These data do indicate, however, that the two 

adjuvants are not functionally equivalent in providing adjuvant activity to TVGV-1. The 

differences in the induced immune responses might indeed be related to stronger activation 

of the proinflammatory response through CpG-induced TLR9 activation, as we observed 

higher numbers of E7-specific T cells, greater anti-tumor efficacy, and even within mice 
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whose tumors were not controlled, there were greater frequencies of E7-specific TIL within 

the CD8+ TIL population. Understandably, combining adjuvants has been proposed as a 

strategy to improve desired immune responses compared to single-agent adjuvant in order to 

derive benefit from the differential immunostimulatory properties. For example, the saponin-

based adjuvant QS-21 was tested in twelve different adjuvant combinations by Kim et. al. to 

determine which combination induced a more potent immune response to two cancer 

antigens GD3 and MUC1 [13]. Their results revealed five adjuvant combinations that 

showed superiority in augmenting antibody responses to these antigens with a strong 

correlation to a Th1 response, one combination in particular being QS-21 + CpG ODN 1826. 

Similarly, the AS15 adjuvant system (MPLA, QS-21, and CpG 7909; GlaxoSmithKline) was 

chosen for its immunostimulatory activity to support clinical development of melanoma 

immunotherapeutic vaccines with human safety results being within acceptable limits [33, 

46–48]. While we did not test adjuvant combinations in this study, it remains an intriguing 

proposition to drive optimal immunogenicity with poorly immunogenic protein vaccines.

Previous studies testing the PE ΔIII-E7-KDEL3 vaccine in the TC-1 HPV16-transformed 

tumor model has shown vaccine efficacy in the preventative setting in the absence of 

adjuvant [8]. Liao et. al. demonstrated that delivery of the E7 protein alone does not induce 

any anti-tumor respon se. Similarly, fusion of only the PE ΔIII domain to E7 was suboptimal 

for inducing a T cell response. Only after adding the KDEL ER targeting signal was 

substantial anti-E7 immunity induced, and only after three doses were administered. These 

responses were sufficient in quantity to reduce the number of pulmonary metastasis of TC-1 

cells when mice were vaccinated two days after tumor challenge [8]. For this study we tested 

vaccine efficacy in the C3.43 tumor model in which the entire native HPV16 genome was 

used to generate the tumor cell line [23]. Importantly, expression of E7 protein is under 

physiologic regulation and is likely similar to the low levels of expression found in HPV16-

infected human tissue [49]. Non-optimized codon usage in the papillomavirus genome keeps 

viral protein expression low in mammalian cells to avoid triggering immune detection [50, 

51]. Indeed, E7-specific CD8+ T cells isolated from TriVax-HPV vaccinated mice were 50% 

less activated by C3.43 tumor cell stimulation compared to TC-1 tumor cells, some of which 

was partially rescued by IFNγ-mediated upregulation of MHC class I expression on the 

surface of C3.43 cells [52]. These data indirectly suggest that C3.43 cells express less E7 

peptide MHC complexes on the surface compared to TC-1 cells, and therefore may require a 

more robust immune response to see similar tumor regression efficacy in vivo with any given 

therapeutic vaccine.

Tumor burden also plays a role in determining vaccine and adjuvant efficacy, since more 

established tumors are generally more difficult to treat. This is reflected in our study when 

we compare the overall tumor burden and survival of day 3 therapeutically treated mice to 

day 7 treated mice. Despite the observation that a few mice are not able to clear tumors 

completely, we do see that the majority of vaccinated mice in both TVGV-1-C and TVGV-1-

G vaccinated groups develop very robust anti-tumor immunity capable of clearing pre-

established tumors or significantly delaying their growth, resulting in a significant survival 

advantage.
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In summary, targeting the MHC class I cross-presentation pathway using the translocating 

properties of bacterial exotoxin in an HPV16 E7 KDEL fusion protein adjuvanted with 

either CpG or GPI-0100 results in a strongly immunogenic antigen-specific T cell profile 

that demonstrates therapeutic efficacy in a very aggressive pre-clinical HPV-driven tumor 

model in which expression of the E7 antigen is physiologically expressed under the natural 

viral promoter, similar to that which would be found in virally-induced human cancers. 

Therefore, vaccination with the TVGV-1 construct in combination with adjuvant represents a 

viable therapeutic vaccine for the treatment of HPV-associated tumors.
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Figure 1. TVGV-1 vaccination induces multi-functional cytolytic and effector cytokine producing 
HPV-specific CD8+ T cells.
(A-D) Splenocytes from vaccinated mice (5/group) were stimulated with HPV16 E7(49–57) 

peptide and tested for the ability to express surface CD107a/CD107b, a marker for lytic 

degranulation (panel A), and produce the effector cytokines IFNγ (panel B), TNFα (panel 

C), and IL-2 (panel D). Percentage of CD8+ T cells expressing each marker is shown within 

gated CD8+ T cells. (E) The proportion of polyfunctional cytokine-secreting cells was 

analyzed through sequential flow cytometry gating and expressed as a percentage of the total 

HPV16 E7-specific responding CD8+ T cell population. IFNγ secreting cells were assessed 

for simultaneous secretion of TNFα and IL-2. Percentages from each mouse were averaged 

to generate proportions. Significance was determined by a one-way ANOVA followed by 
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Tukey’s multiple-comparisons test.**p<0.01, ***p<0.001, ****p<0.0001, n.s., non-

significant.
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Figure 2. CpG and GPI-0100 adjuvanted TVGV-1 vaccine induce HPV16 E7-specific T cells with 
efficient in vivo cytolytic activity.
(A) Mice (5/group) were vaccinated three times, one week apart, with 100 μg TVGV-1-C, 

TVGV-1-G, or TVGV-vector control. CFSE-labeled peptide-loaded target cells (equal 

numbers of E7(49–57) peptide-loaded CFSE-hi and control peptide loaded CFSE-low) were 

injected into vaccinated or control mice 7 days after the last vaccination. Twenty hours later, 

splenocytes were harvested and analyzed by flow cytometry for the proportion of target cells 

remaining. In vivo cytotoxic activity (% in vivo lysis) is based on calculated percentage loss 

of the CFSE-hi target cell population. Each point represents an individual mouse. Horizontal 

line indicates group mean. Significance was determined by a one-way ANOVA followed by 

Tukey’s multiple-comparisons test. ***p<0.001, ****p<0.0001. (B) Spearman correlation 

analysis of E7-specific in vivo lytic activity with CD107a/b degranulation for all vaccine 

cohorts. High in vivo lytic activity is significantly associated with increased in vitro T cell 

degranulation (R2=0.6931, p<0.0001).
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Figure 3. TVGV-1 vaccination induces tumor regression in mice vaccinated therapeutically at 
day 3, 5, or 7 with TVGV-1-C, TVGV-1-G vaccines in the C3.43 HPV16-induced mouse tumor 
model.
Mice (10/group) were challenged with 1 × 105 C3.43 tumor cells s.c. in the flank. At the 

indicated time after challenge, mice were vaccinated three times, one week apart, with 100 

μg TVGV-vector control, TVGV-1-C, or TVGV-1-G. Individual tumor volumes are shown 

for each group. Number of tumor free mice at the end of the study is indicated in each graph.
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Figure 4. TVGV-1 vaccination increases overall survival in mice vaccinated therapeutically at 
day 3, 5, or 7 with TVGV-1-C, TVGV-1-G vaccines in the C3.43 HPV16-induced mouse tumor 
model.
Mice (10/group) were vaccinated at the indicated days post tumor challenge as described in 

Figure 3 and followed for up to 100 days. Mice euthanized per protocol were marked as 

dead the following day. Significance was calculated using the log rank (Mantel-Cox) test for 

survival. Overall P-values (all significant) are indicated in each graph. Differences in 

survival between TVGV-1-C and TVGV-1-G vaccinated groups were non-significant for all 

therapy cohorts.
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Figure 5. TVGV-1 therapeutic vaccination induces changes in the immune phenotype of tumor-
infiltrating lymphocytes (TIL) in mice vaccinated one week post C3.43 tumor challenge.
Mice (15/group) were challenged with C3.43 tumor cells s.c. in the flank. Starting at day 7, 

mice were vaccinated three times, one week apart, with 100 μg TVGV-vector control, 

TVGV-1-C, or TVGV-1-G. Tumors from tumor-bearing mice were harvested between days 

30–60 when mice were euthanized due to increasing tumor size or tumor ulceration. TIL 

were evaluated by flow cytometry for indicated cell populations. (A) Shown is the 

percentage of CD8+ T cell infiltration of CD45+ cells into tumors in treated mice. (B) Shown 

is the percentage of HPV16 E7(49–57) MHC tetramer positive CD8 T cell infiltration of 

CD45+ cells in tumors of treated mice. (C) Shown is the proportion of HPV16 E7(49–57)-

tetramer positive cells within the CD8+ T cell subset. (D) Shown is the percentage of CD4+ 

T cell infiltration of CD45+ cells into tumors in treated mice. (E) Shown is the percentage of 

Treg (CD4+FoxP3+) cell infiltration of CD45+ cells into tumors of treated mice. (F) Shown 

is the ratio of E7-specific CD8+ T cells to Tregs in treated mice. Each point represents a 

single tumor. Horizontal line indicates group mean. *p<0.05, **p<0.01, ****p<0.0001 

determined by one-way ANOVA followed by Tukey’s multiple comparisons test. n.s., non-

significant.
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