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Abstract
Purpose—The goal of this study was to investigate the therapeutic potential of a novel
immunotherapy strategy resulting in immunity to localized or metastatic HPV 16-transformed murine
tumors.

Experimental design—Animals bearing E7-expressing tumors were co-immunized by lymph
node injection with E7 49-57 antigen and TLR3-ligand (synthetic dsRNA). Immune responses were
measured by flow cytometry and anti-tumor efficacy was evaluated by tumor size and survival. In
situ cytotoxicity assays and identification of tumor-infiltrating lymphocytes and T regulatory cells
were used to assess the mechanisms of treatment resistance in bulky disease. Chemotherapy with
cyclophosphamide was explored to augment immunotherapy in late-stage disease.

Results—In therapeutic and prophylactic settings, immunization resulted in a considerable
expansion of E7 49-57 antigen-specific T lymphocytes in the range of 1/10 CD8+ T cells. The
resulting immunity was effective in suppressing disease progression and mortality in a pulmonary
metastatic disease model. Therapeutic immunization resulted in control of isolated tumors up to a
certain volume, and correlated with anti-tumor immune responses measured in blood. In situ analysis
showed that within bulky tumors, T cell function was affected by negative regulatory mechanisms
linked to an increase in T regulatory cells and could be overcome by cyclophosphamide treatment
in conjunction with immunization.

Conclusions—This study highlights a novel cancer immunotherapy platform with potential for
translatability to the clinic and suggests its potential usefulness for controlling metastatic disease,
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Statement of Translational Relevance: Despite progress in cancer therapy, treatment of oncological diseases by translating novel
immunotherapeutic approaches remains an important goal. Herein, we evaluated in a preclinical murine model several key parameters
of an investigational platform technology translatable to the clinic. We show that immunization by direct intra-lymph node administration
with a model HPV 16 E7 49-57 peptide and TLR3 adjuvant yielded a considerable expansion of functional HPV antigen-specific T cells,
resulting in the eradication or effective control of localized and metastatic tumors. In addition, we bring evidence in support of combination
chemoimmunotherapy in localized, advanced disease to counteract intra-tumoral immune suppressive mechanisms. Overall, our findings
emphasize the translatability of active immunotherapy by lymphatic immunization and shed light on disease settings most amenable to
cancer immunotherapy.
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solid tumors of limited size, or larger tumors when combined with cytotoxic agents that reduce the
number of tumor-infiltrating T regulatory cells.
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Human papillomavirus (HPV)-associated tumors remain a significant healthcare problem
worldwide, as the second leading cause of cancer mortality in women (1,2), and the number
one cause of cancer-related death in women in developing countries (3,4). Although effective
prophylactic HPV vaccines have recently been developed targeting the late (L1 and L2) genes
(5), they are ineffective at eliminating pre-existing infection or HPV-related tumors whose
cellular transformation and progression depend upon expression of the E6 and E7 early proteins
(2). Therefore, a therapeutic vaccine triggering T cell immunity specific to the E6 and E7 early
proteins of HPV 16 and 18 strains - those responsible for the pathogenesis of the majority of
cervical cancers (6) – could offer a promising option to prevent the progression of HPV
infection to cervical cancer, or the progression of early stage tumors to invasive disease (2,7).

Recent advances in lymph node-targeted active immunotherapy, in our hands and others, have
resulted in greatly improved CD8+ T cell responses against a variety of tumor antigens
(8-10). Using a novel intra-lymphatic immunization approach consisting of the administration
of a HPV 16 tumor-associated antigen (TAA) E7 49-57 peptide and a toll-like receptor 3
(TLR3) ligand (a synthetic double-stranded RNA molecule, polyinosinic-polycytidylic acid
(pI:C)) as an adjuvant, we tested the potency and limitations of this approach in a well
characterized HPV murine tumor model. The model utilized a highly malignant subclone
(C3.43) of HPV 16-transformed B6 mouse embryo cells (11), transplanted into immune
competent C57BL/6 mice, that was applicable for the evaluation of individual and metastatic
tumors. This immunization approach brings together two distinguishing and potentially
synergistic elements: i) targeted lymph node vaccination that has previously been tested in
preclinical models and safety clinical trials (12,13) and ii) the use of the pI:C adjuvant,
previously demonstrated to greatly amplify immune responses, including MHC class I-
restricted T cell immunity (14,15).

Herein, we show that immunization yielded a dramatic expansion of E7 antigen-specific T
lymphocytes. We demonstrate the applicability of this immunization platform to effectively
treat solid tumors of limited size or rapidly progressing pulmonary metastatic disease,
following prophylactic or therapeutic immunization. In addition, we define hurdles associated
with active immunotherapy of bulky tumors and highlight a means to overcome those by
targeting T regulatory cells (Tregs) using combination therapy with cyclophosphamide (CTX).

Materials and Methods
Mouse strains and tumor cell lines

Pathogen-free 8-10 week old female C57BL/6 mice were purchased from Jackson laboratory
(Bar Harbor, ME). All animal studies were reviewed and approved by an IACUC institutional
review committee. The HPV 16-expressing C3.43 tumor cell line was sub-cloned from C3 cells
(11) generated from B6 mouse embryo cells transformed with an activated-ras oncogene and
the complete HPV 16 genome. C3.43 cells were cultured in IMDM supplemented with 10%
fetal bovine serum, 2mM L-glutamine, 50 mM 2-mercaptoethanol, and 1% penicillin/
streptomycin.
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Immunization
HPV 16 E7 49-57 (H-2Db) CTL epitope peptide (RAHYNIVTF) (11) was reconstituted in PBS
at a final concentration of 0.5 mg/mL or 0.05 mg/mL and mixed with an equal volume of 0.5
mg/mL pI:C adjuvant (Sigma-Aldrich) in PBS. Mice received 25 μL per bilateral inguinal
lymph node (IN) or 50 μL per subcutaneous (SC) injection of the E7 peptide + pI:C mixture.
Each group of immunized mice, regardless of injection route, received 4 vaccinations on day
1, 4, 15, and 18, beginning at various time intervals prior to or following tumor challenge.
Lymph node immunizations were done as described previously (10). Briefly, mice were
anesthetized and an incision of 0.5-1 cm in length was made in the inguinal fold, exposing the
inguinal lymph node, and a volume of 25 μL of each vaccine preparation was injected IN and
the incision was closed with skin sutures.

C3.43 tumor challenge
For prophylactic vaccination studies, mice were immunized IN (day 1, 4, 15, and 18) and
challenged SC with 105 C3.43 cells in the right flank on day 40. Mice were then re-challenged
SC with 105 C3.43 cells on day 120 in the left flank. For therapeutic tumor studies, mice were
SC challenged with 105 C3.43 cells in the right flank (day 0) and immunized IN with the E7
+ pI:C vaccine (described above) beginning on day 7, 14, 20, or 28. Tumor growth was
monitored twice a week with digital callipers and the volume was calculated using the formula:
π × ((Length) × (Width)2 / 6).

Ex vivo analysis of antigen-specific T cells by tetramer
The antigen-specific CD8+ T cell response in immunized animals was measured by co-staining
mononuclear cells isolated from blood after density centrifugation (Lymphocyte Mammal,
Cedarlane Labs) with H-2Db E7 49-57 (RAHYNIVTF)-PE MHC tetramer (Beckman Coulter)
and FITC conjugated rat anti-mouse CD8a (Ly-2) monoclonal antibody (BD Biosciences).
Tetramer assay was conducted 7 days following the completion of the vaccination regimen
(described above). Data were collected using a BD FACS Calibur flow cytometer and analyzed
using Cell Quest software by gating on the lymphocyte population, collecting 2×104 CD8+

events for each sample, and calculating the percent of tetramer+ cells within the CD8+ T cell
population.

Frequency and functional analysis of antigen-specific and Treg tumor-infiltrating
lymphocytes (TILs)

Tumors were removed from sacrificed animals, homogenized with a scalpel, mixed with 0.1%
collagenase buffer in PBS, and placed in a 37°C shaker for 1 hour. Each sample was filtered
through a 40 μM filter (BD Biosciences) and TILs were enriched by density centrifugation.
Antigen specific tumor-infiltrating CD8+ T cells were quantified by tetramer analysis
(described above) and T-cell functionality was assessed by flow cytometry measuring the
production of intracellular IFN-γ following E7 49-57 antigen stimulation. Briefly, TILs were
stimulated / stained with E7 49-57 tetramer-PE, co-stained with FITC conjugated rat anti-
mouse CD8a (Ly-2) monoclonal antibody, fixed / permeabilized (Cytofix/Cytoperm, BD
Biosciences) and stained with anti-IFN-γ-APC antibody (BD Biosciences) prior to washing
and flow cytometric analysis. The frequency of CD4+/CD25+/Fox P3hi tumor-infiltrating Tregs
was measured by co-staining with intracellular Fox P3 and cell surface CD4 and CD25
antibodies (mouse reg t cell kit, E Bioscience).

In vivo analysis of T cell response
Specific targets were prepared from splenocytes isolated from syngeneic mice by density
centrifugation and resuspended in HL-1 serum free medium (Cambrex) at a concentration of
107 cells/ml. Target cells were pulsed with 10-6M HPV 16 E7 49-57 (RAHYNIVTF) peptide

Smith et al. Page 3

Clin Cancer Res. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



or 10-6M MART-1 melan A 26-35 (ELAGIGILTV) control peptide for 1 hour (37°C, 5%
CO2), washed and resuspended in PBS, and then labelled with 1.5μM CFSE (high) and 0.3μM
CFSE(low) respectively, according to the manufacturer's instructions (CellTrace™ CFSE Cell
Proliferation Kit, Molecular Probes). Immunized or control tumor-bearing mice were
intravenously injected in the tail vein with an equal ratio of 107 cells of each CFSE(high) and
CFSE(low) labelled target cell populations. At 18 hours, mononuclear cells from tumor and
spleen were isolated by density centrifugation and the frequency of CFSE positive cells
analysed by flow cytometry, gating on the lymphocyte population and measuring the
percentage of CFSE positive cells in the FL-1 fluorescent channel. A decrease in the percentage
of CFSE(high) (HPV 16 E7 49-57) target cells relative to CFSE(low) (MART-1 Melan A 26-35)
control cells indicated specific lysis in vivo. The formula used to calculate the % specific lysis
is as follows [(1 - % CFSEhigh / % CFSElow) from immunized mice - (1 - % CFSEhigh / %
CFSElow) from naïve mice] × 100.

Combination therapy with CTX
A dose of 30 mg/kg CTX (Sigma) in C57BL/6 mice was found (by dose titration experiments)
to be non cyto-reductive, non toxic and immune modulating (data not shown). For adjunctive
therapy studies, mice were SC challenged with 105 C3.43 cells in the right flank on day 0,
treated with 2 injections of 30 mg/kg CTX on day 14 and 18, and vaccinated IN with E7 + pI:C
or controls on day 20, 24, 34, and 38. A second therapeutic cycle was administered beginning
on day 45.

Pulmonary metastasis model
Mice were challenged intravenously in the tail vein with 5 × 105 C3.43 cells and then vaccinated
IN with E7 + pI:C or controls beginning on day 1, 8, or 15, post tumor challenge. Animal health
was monitored daily, moribund mice were humanely euthanized, and pulmonary tissue
removed and analyzed visually and or by standard H&E staining to assess tumor load
(Supplemental Fig 3).

Statistical Analysis
Statistical Analysis was performed using a two-tailed Student's t-test assuming equal variances.
For survival experiments the log rank test was used. Differences were considered statistically
significant for p < 0.05.

Results
Intra-lymph node immunization with E7 peptide and pI:C elicits protective immunity against
HPV-transformed tumor challenge

Direct lymph node injection of the HPV 16 E7 49-57 (RAHYNIVTF) epitope peptide in
combination with pI:C dsRNA adjuvant resulted in robust antigen-specific T cell responses
(in the range of 15% of the total circulating CD8+ T cells) in mice as measured by tetramer
analysis (Fig. 1A,B). In contrast, E7 peptide or pI:C alone were not effective at inducing
specific immunity (Fig. 1B). To assess the prophylactic nature of this vaccination approach,
immunized mice were inoculated SC (day 40) with 105 HPV 16-transformed E7-expressing
C3.43 cells and no evidence of tumor growth was detected up to 120 days. In addition, 90%
of the mice remained protected following a second tumor challenge on day 120, with tumor
progression significantly delayed in those few animals that did develop tumors (Fig. 1C).
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Therapeutic intra-lymph node immunization with E7 peptide and pI:C mediates
immunological regression of solid tumor

Next, we evaluated this approach against established C3.43 tumors to assess the efficacy of
intra-lymph node immunotherapy. When tumors were clinically evident and palpable, mice
were immunized with E7 peptide and pI:C in lymph nodes, or by SC injection with an
equivalent amount of vaccine on day 7, 10, 21, and 24. Tetramer results (day 31) indicated that
only mice immunized via lymph node injection generated statistically significant (p < 0.0001)
E7 49-57 specific immune responses, with an average of 14.5% compared to SC dosed and
unimmunized control mice (Fig. 2A), with average responses of 1.0% and 0.7%, respectively.
As shown in Figure 2B, tumors in mice immunized by lymph node injection began to regress
on day 15, coinciding with elevated immunity, and resulting in 84% of animals in complete
tumor remission by day 40. This response was significantly superior to that of animals dosed
SC (p < 0.003) whose tumor progression was delayed compared to tumor controls.
Nevertheless, this apparently modest response in mice dosed SC resulted in 32% of animals
in complete remission (Fig. 2B). Untreated tumor-bearing mice displayed background levels
of E7 tetramer staining (Fig. 2A), potentially reflecting exposure to endogenous tumor antigen,
although their tumors progressed exponentially without regression, as expected (Fig. 2B).
Complementing these findings, intranodal immunization ultimately translated to significantly
enhanced long-term survival compared to SC immunized (p = 0.0004) or tumor control (p =
0.0001) mice (Fig. 2C). In an independent study, intranodal vaccination with E7 peptide or
pI:C adjuvant alone offered little, if any, therapeutic benefit when compared to the combination
of E7 peptide + pI:C (Supplemental Fig. 1A and B). Therefore, a key prerequisite to achieve
a substantial amplification of immunity (Fig 1B, 2A), tumor regression (Fig. 2B, Supplemental
Fig. 1A) and survival (Fig. 2C, Supplemental Fig. 1B) was the direct intra-lymph node
administration of E7 peptide and pI:C adjuvant, which could not be reproduced by E7 peptide
alone, pI:C alone, or SC administration of the vaccine.

We then showed that immune regression of established tumors depends on both the magnitude
of immune response and the tumor size upon initiation of vaccination. The results summarized
in Table 1 demonstrate that immunization early in the course of disease resulted in a much
higher percentage of complete remissions (69%). In addition, a post-hoc analysis of measured
immune response versus tumor outcome in earlier stage disease showed a clear correlation
between the frequency of specific T cells induced following day 7 immunization and tumor
regression (Supplemental Fig. 2A, B). When immunization was initiated later in the course of
disease when tumors were considerably larger, the apparent impact of immunotherapy on
tumor progression was minimal, despite the induction of substantial immune responses (Table
1).

CD4+/CD25+/FoxP3HI Tregs correlate with impaired function of TILs within advanced tumors
and are reduced following CTX treatment

These results led us to hypothesize that either the tumor-specific T cells generated by this
approach may lack sufficient homing signals to migrate into established tumors of larger size,
or alternatively, that immune checkpoints within the tumor microenvironment may be limiting
the effector function of the T cells despite effective local recruitment. To address this question,
mice were immunized on day 20, 24, 34, and 38 following inoculation with C3.43 tumors,
TILs were isolated from the tumors of E7 peptide + pI:C or PBS + pI:C immunized mice (as
control), and their phenotype and functional status were assessed by flow cytometry. In Figure
3A (upper-right dot plots), TILs co-stained with E7 tetramer and anti-CD8 identified a large
population of E7-specific T cells, clearly demonstrating their ability to infiltrate tumors
following E7 peptide + pI:C immunization. However, E7-specific TILs were not detected in
tumors isolated from PBS + pI:C immunized mice, showing the scarcity of endogenous T cells
reactive against this epitope in the absence of immunization (Fig. 3A, upper-left dot plot).
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Furthermore, the functional status of these HPV-16 antigen-specific TILs was evaluated ex
vivo by E7 49-57 peptide stimulation, resulting in intracellular IFN-γ production measured by
flow cytometry. In the lower panels of Figure 3A, a significant proportion of E7-specific TILs
(∼ 36%) could produce IFN-γ cytokine upon ex vivo peptide-stimulation, demonstrating a
latent functional competency of the TILs. These data confirmed that E7-specific T cells
resulting from intra-lymphatic immunization did migrate to established tumors and were
functionally competent when tested ex vivo, but did not formally demonstrate their in situ
functionality upon antigen engagement. To measure the TILs' function in situ, we used an in
vivo CFSE cytotoxicity assay. To that aim, mice were inoculated with C3.43 tumors (day 0),
immunized with E7 peptide + pI:C or PBS + pI:C control vaccine (day 20, 24, 34, and 38), and
then challenged IV with an equal ratio of CFSEhigh (HPV 16 E7 49-57 labelled) and
CFSElow (MART-1/Melan A 26-35 labelled) syngeneic splenocytes. Mononuclear cells from
tumor and spleen were isolated 18 hours later and target-specific lysis was analyzed by flow
cytometry. Interestingly, E7 + pI:C immunized mice with progressing tumors effectively
cleared the HPV 16 E7 49-57 pulsed target cells in spleen, but not effectively within tumors
(Figure 3B). These results led us to hypothesize that immune checkpoints, such as the one
represented by CD4+/CD25+/FoxP3HI Tregs, likely to be present in high frequency in
established tumors, may be responsible for this T cell suppressive effect (16). To assess this,
we analyzed the CD4+/CD25+/FoxP3HI Treg frequency by flow cytometry in spleens of
immunized mice whose tumors were progressing compared to naïve mice or mice whose
tumors had regressed (Fig. 3C). Mice with progressing tumors had approximately 3-fold more
Tregs in spleen than naïve or cured animals. In addition, a high frequency of tumor-infiltrating
CD4+ T cells and CD4+/CD25+/FoxP3HI Tregs could be detected in mice with progressing
disease, suggesting a potential explanation for the reduced efficacy of active immunotherapy
in a more advanced disease setting (Fig. 3D, left bar). Previous studies have reported that CTX
treatment can augment tumor vaccine immunity by reducing the frequency and abrogating the
activity of Tregs in vivo (17 - 19). When immunized mice with progressive tumors were treated
with a single intraperitoneal injection of 100 mg/kg CTX, the frequency of Tregs in spleen
(Fig. 3C) and the number of CD4+ T cells as well as CD4+/CD25+/FoxP3HI Tregs in tumor
(Fig. 3D, right bar) were significantly decreased. When directly tested in the in vivo CFSE
cytotoxicity model, CTX treatment resulted in enhanced killing of E7 49-57 peptide-labelled
syngeneic target cells in tumors of immunized mice (p = 0.03) and had no adverse effect on
specific target lysis in spleen (Fig. 3B). These data provide a rationale for combining
chemotherapy with immunotherapy for the treatment of late-stage tumors that may be only
marginally affected by vaccination alone (Table 1).

Adjunctive therapy with CTX enables immunotherapy in an advanced disease setting
To test this hypothesis and determine if combination therapy with CTX would enable active
immunotherapy in a more advanced disease setting, mice were inoculated SC with 105 C3.43
cells, and treated with either CTX (30 mg/kg) alone on day 14 and 18, immunized with E7 +
pI:C alone on day 20, 24, 34, and 38, or treated with CTX and then immunotherapy. The
immune response, measured by E7 49-57 tetramer staining on day 45 from peripheral blood,
showed that the immunized-only group (E7 + pI:C) displayed HPV-specific immune responses
in the range of 20%, with no observed inhibition of immune response in animals treated with
CTX + immunotherapy (Fig. 4A). Furthermore, CTX + immunotherapy induced significant
tumor regression (p < 0.001) compared to immunotherapy alone, dose-matched chemotherapy
alone, or untreated tumor controls (Fig. 4B). In an attempt to maximize the potency of the
immunization regimen assisted by CTX and to generate a more robust response in a relatively
advanced tumor setting, a second treatment cycle was initiated and Kaplan-Meier estimates of
the survival function were obtained for each of the four treatment conditions (Fig. 4C). Based
on log-rank analysis, the survival in the CTX + immunotherapy group was significantly longer
than the survival in the control group (p < 0.0001), the CTX only group (p = 0.0188) and the
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immunotherapy (E7 + pI:C) only group (p = 0.0033). The median survival time in the CTX +
immunotherapy group was also longer (80 days) compared to the CTX only group (68 days)
and the immunotherapy only group (54 days) in a setting associated with rapid tumor
progression and mortality (median survival of control tumor-bearing mice was 52 days).
Furthermore, it was not surprising that CTX alone resulted in some delayed tumor progression
compared to untreated tumor control mice (Fig. 4B, p = 0.01) although, as discussed above,
this effect did not translate to a significant survival benefit (Fig. 4C). These findings
demonstrate that the sequential administration of CTX and intra-lymphatic HPV vaccination
significantly improved the disease outcome in later stage disease.

Effective control of rapidly progressing metastatic pulmonary tumor by intra-lymph node
immunization with E7 peptide and pI:C

To test the potency of lymph node-targeted active immunotherapy in a setting of rapidly
progressing metastatic disease, we injected mice intravenously with 5 × 105 C3.43 cells and
evaluated the disease outcome following E7 + pI:C vaccination. We compared three vaccine
time courses beginning on days 1, 8, or 15 post-tumor challenge to assess the therapeutic benefit
of our immunotherapy method. When mice were immunized by lymph node injection with E7
+ pI:C beginning on day 1 (Fig. 5A), day 8 (Fig. 5B), or day 15 (Fig. 5C), a significant beneficial
impact on disease progression could be measured in all cases. More specifically, 89%, 78%,
and 57% respectively, of the immunized mice were still alive at day 175 post-tumor challenge.
The survival outcome of E7 + pI:C immunized mice was significantly superior to that of
unimmunized tumor control and pI:C adjuvant-injected mice for the day 1 (Fig. 5A) and 8 (Fig.
5B) treatment regimens, with p-values equal to 0.0007 and 0.001 respectively. For mice that
received immunotherapy with E7 + pI:C on day 15 following tumor injection (Fig. 5C), the
survival outcome was significantly better than that of tumor control mice (p = 0.032) and more
favorable, although not statistically different, from the pI:C adjuvant injected group which
showed a subtle beneficial impact on disease progression. This result may be due to the immune
modulating effect of pI:C via activation of TLR3 downstream pathways on immune cells or
‘somatic’ cells. In addition, tissue histology (Supplemental Fig. 3) showed no residual tumors
in animals effectively treated with E7 + pI:C, while the control mice and the pI:C injected mice
developed multiple lung tumors during the same time interval, explaining their deteriorated
clinical status. In addition, systematic histological analysis of pulmonary tissue at day 8 after
tumor challenge of naïve mice (the start of effective therapeutic immunization) clearly
demonstrated the presence of multiple tumors of limited size within the lung parenchyma
(Supplemental Fig. 3, top panel). This provided a more quantitative perspective on the disease
burden manageable by this immunization strategy.

In summary, active immunotherapy was highly effective at inducing clearance of pulmonary
metastatic tumors and preventing overt disease and mortality in this rapidly progressing tumor
setting.

Discussion
Cancers associated with ‘non-self’ tumor antigens linked to the pathogenesis of the disease,
such as HPV antigen-expressing tumors, remain particularly appealing therapeutic
opportunities due to the increased likelihood of eliciting effective immunity. Nevertheless,
despite promising evidence obtained preclinically, some encouraging data in the clinic and
efforts to design next generation approaches (2), there are still no approved therapeutic cancer
vaccines and, in the particular case of HPV tumors, there are no investigational agents in late-
stage clinical development.

Herein, we provided evidence supporting the use of a novel immunization platform leading to
a robust induction of T cells against a relevant TAA (HPV 16 E7), with the resulting T cell
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repertoire effectively dominated by functional peptide-specific CD8+ T cells, recognizing a
murine epitope (E7 49-57). More specifically, co-exposure of T cells within the lymph node
microenvironment to antigen and a synthetic TLR3 ligand (pI:C) as a prototype adjuvant
(15) yielded a high frequency of specific CD8+ MHC class-I restricted T cells (in the range of
1/10 CD8+ T cells), otherwise achievable in mice only by infection with select viruses or by
genetic manipulation. This builds on the previously reported findings that intra-lymph node
administration of non-replicating immunizing vectors such as peptides and plasmids, which
typically have limited pharmacokinetic and pharmacodynamic effects if delivered using
conventional parenteral means, greatly improves on the magnitude of immune response
(8-10,13) and points to potential improvements for other protein or peptide antigen-based
immunization platforms (20,21). In addition, use of intra-lymph node injection with synthetic,
non-replicating vectors offers a straightforward means to achieve a substantial expansion of
TAA-specific T cells, rather than using more complex immunization platforms such as
liposomes, viral and bacterial vectors, or cell-based approaches (22-32) that may be associated
with significant translational challenges and safety or manufacturing issues. Furthermore, even
when a substantial magnitude of immunity is generated against a TAA, it is not clear whether
there are intrinsic limitations to active immunotherapy associated with specific clinical settings.
Thus, the question arises: Could improved cancer immunotherapy regimens be effective alone
or would they require combination with traditional treatment approaches (e.g., chemotherapy)
to be efficacious in a range of disease settings?

To address this question, we utilized an HPV tumor model that served the purpose of exploring
key aspects of the translatability of the lymph node immunization technology described above,
although certain inherent limitations of the model should be noted, such as the relevance of the
select mouse HPV epitope to man. In this model, lymph node immunization with E7 + pI:C
prevented tumor formation in a prophylactic setting and was associated with persistent immune
memory (Fig. 1). In addition, immunotherapy, initiated when tumors were palpable yet limited
in size (7 days after tumor challenge), translated into a high rate of tumor regression and survival
with anti-tumor efficacy dependent on the co-administration of both the antigen and the
adjuvant (Fig. 2 and Supplemental Fig. 1). By retrospectively stratifying treated mice into two
groups - those that displayed an objective tumor response and those whose tumors continued
to progress - a significant difference in epitope-specific CD8+ T cell response emerged,
illustrating the critical importance of generating a substantial tumor antigen-specific immune
response as a prerequisite for tumor regression (Table 1 and Supplemental Fig. 2). A systematic
analysis of the efficacy of therapeutic vaccination at later time points following tumor challenge
(days 14, 20, and 28) showed that, despite achieving immune responses of similar magnitude,
the impact on tumor progression was quite limited when tumors at the initiation of vaccination
were larger (Table 1).

To address this, we evaluated potential mechanisms responsible for treatment resistance in
bulky disease. Using a CFSE in vivo cytotoxicity assay, we directly showed that tumor-specific
T cells in the spleen cleared antigen-expressing target cells rapidly but were unable to do so
within the tumor of the same animal, despite their local recruitment in substantial numbers and
their ex vivo functionality. These data highlight the importance of the tumor microenvironment
in regulating the activity of tumor-specific T cells and was confirmed by the following
observations: i) CD4+/CD25+/Fox-P3 Tregs were present within tumors; ii) there was a
correlation between the number of local Tregs and progressing or regressing tumor status; and
iii) upon co-treatment with CTX, an alkylating agent known to interfere with Tregs (17-19),
their number in spleen and tumor was significantly diminished (Fig. 3). Integrating tumor
vaccines with standard chemotherapeutic drugs is a highly attractive approach due to the wide
use of cytotoxic chemotherapy in the treatment of most malignancies, and thus we combined
CTX with immunotherapy in an attempt to treat late-stage cancer. Chemoimmunotherapy with
CTX was accompanied by enhancement of intra-tumoral activity of specific T cells, significant
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tumor growth suppression, and increased survival of treated mice in late-stage cancer following
a second therapeutic immunization cycle (Fig. 4). This strategy was supported by a recent study
showing that continuous immunization against a select tumor antigen resulted in sustained and
elevated immunity (10). Although we have not formally generated evidence ruling out other
immune escape mechanisms within tumors, the enabling effect of CTX relative to vaccination
strongly suggested that this combination approach rendered E7-expressing tumor cells
susceptible to immune-mediated clearance by changing the tumor milieu, resulting in a lower
frequency of Tregs. In synergy with this interpretation, there is an accumulating body of
evidence in support of the effect of CTX on Tregs and its significant immune modulating
activity in relation to cancer vaccines (33,34). Our data also suggests that the immune
microenvironments in tumor and secondary lymphoid organs are quite different, specifically
in regard to the Tregs' impact on CD8+ T cell function in tumor versus spleen, and we suggest
the following possible explanations: i) Treg cells within the tumor site are more active in
suppressing the anti-tumor effector cells; ii) Tregs within the tumor microenvironment act in
concert with other immune suppressive mechanisms that are not active in spleen, as in the
excess production of suppressive cytokines such as IL-10, TGFβ and others; and/or iii)
infiltrating anti-tumor effector T cells are more susceptible to the effect of Treg cells. While
these possibilities are not mutually exclusive and alternate mechanisms may also be at work,
the results shown here do clearly support the use of CTX to augment immunotherapy in late-
stage disease, with potential translational value.

Finally, we tested the applicability of this immunization platform in a setting of rapidly
progressing pulmonary metastatic disease. Mice infused intravenously with HPV-transformed
C3.43 cells rapidly developed multiple lung tumors (evident by microscopy as early as 8 days
after challenge), progressed expeditiously, and became moribund within several weeks.
Initiating therapeutic lymph-node vaccination within two weeks after tumor challenge resulted
not only in robust induction of immunity, but also prevented disease progression to full-blown
clinical manifestation as compared to untreated controls (Fig. 5). This was mirrored by the lack
of residual tumors assessed macroscopically and microscopically, supporting an immune-
mediated clearance of tumor cells and progressing tumor lesions within the lung parenchyma
(Supplemental Fig. 3).

In conclusion, innovative immunotherapy approaches hold great promise for the treatment of
cancer by harnessing a patient's immune system to eradicate their malignant neoplasms. Our
findings describe a straightforward method to achieve substantial anti-tumor immunity and
point to disease scenarios where immunotherapy may have the greatest potential, whether as
a stand-alone therapy or combined with traditional treatments. The results of our study
emphasize four key complementary aspects important to the development and translation of
effective active cancer immunotherapies: i) selection of relevant antigens to which patients can
rapidly mount substantial immune responses; ii) use of strongly immunogenic vaccination
approaches, such as targeted lymph node vaccination, that result in high-magnitude, functional
anti-tumor T cell responses; iii) selection of appropriate disease settings for preclinical and
clinical testing that maximize the therapeutic potential; and iv) use of adjunctive therapy to
overcome immune-suppressive mechanisms associated with larger tumors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Intra-lymph node immunization with E7 peptide and pI:C elicits robust immunity protective
against tumor challenge. Flow cytometry dot plots (A) comparing the tetramer response from
an immunized (E7 + pI:C) and naïve control mouse representative of data shown in (B). The
results are expressed as the frequency of E7 tetramer+ CD8+ T cells relative to the total
CD8+ T cell population measured in peripheral blood 10 days after the completion of the
immunization protocol. Intra-lymphatic vaccination with E7 49-57 HPV antigen and pI:C
resulted in substantial E7-specific CD8+ T cell responses, whereas pI:C or E7 49-57 peptide
alone had no significant impact on immune response when compared to tumor control or naïve
mice (B). The mean E7 tetramer response +/- SEM for each group is shown (n=10). HPV 16
E7 49-57 antigen-specific immune response correlated with tumor protection (C).
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Immunization of mice with E7 49-57 peptide and pI:C (n=20) resulted in complete protection
from subcutaneous challenge with 105 HPV transformed C3.43 tumor cells as compared to
tumor control mice (n=20) and 90% protection following a tumor re-challenge compared to
second group of tumor control mice (n=3).
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Fig. 2.
Intra-lymph node immunization with E7 peptide and pI:C mediates immunological regression
of solid tumor. In a therapeutic model of HPV 16, the anti-tumor efficacy of intranodal versus
subcutaneous (SC) dosing was compared. C57BL/6 mice were challenged SC with 105 C3.43
HPV tumor cells on day 0 and then immunized with a mixture of E7 49-57 peptide and pI:C
in each bilateral inguinal lymph node (n=19) or an equivalent amount of vaccine SC (n=19)
on day 7, 10, 21, and 24. The immune response was measured by E7 49-57 tetramer staining
on day 31 from peripheral blood (A) and tumor size for each group was calculated and
compared to untreated tumor challenged control (n=19) mice (B). Lymph node immunized
mice generated statistically significant E7 49-57 specific immune responses with an average
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of 14.5% tetramer positive CD8+ T cells (A) compared to SC dosed mice (p < 0.0001). In
addition, tumors in mice immunized in the lymph node began to regress on day 15 resulting
in 84% of animals in remission at day 40 (B). This response was significantly superior to
animals dosed SC (p < 0.003) whose tumor progression was only delayed compared to tumor
controls but resulted in 32% of animals in disease remission. Untreated tumor control mice
displayed background levels of E7 tetramer staining (A) and their tumors progressed
exponentially without regression as expected (B). Log-rank statistical tests confirmed that
survival in the E7 + pI:C group was significantly prolonged when compared to animals
immunized SC (p = 0.0004) or when compared to tumor controls (p = 0.0001) (C).
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Fig. 3.
CD4+/CD25+/FoxP3HI Tregs impair in situ function of TILs in advanced tumors and are
reduced following CTX treatment. Mice were inoculated with 105 HPV-16 transformed C3.43
tumor cells on day 0 and immunized with E7 49-57 HPV peptide and pI:C in bilateral inguinal
lymph nodes on day 20, 24, 34, and 38 (n=3). Immunization control mice received PBS + pI:C
in bilateral inguinal lymph nodes on day 20, 24, 34, and 38 (n=3). (A) Flow cytometry dot
plots comparing the frequency (top panel) and the functional ability to produce IFN-γ (bottom
panel) of E7 49-57 antigen-specific TILs from representative E7 + pI:C immunized or tumor
control (PBS + pI:C) mice. (B) Impaired in situ function of TILs measured by in vivo
cytotoxicity assay. E7 + pI:C immunized mice with progressing tumors cleared greater than
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90% of HPV 16 E7 49-57 labelled target cells in spleen whereas TILs from the same mice had
little cytotoxic effect on target cells within established tumors. CTX treatment (100 mg/kg, IP)
in a second group of E7 + pI:C immunized mice (n=3) with progressive disease resulted in
enhanced killing of specific target cells in tumors (p = 0.03) and had no adverse effect on target
cell lysis in spleen. (C) Immunized mice bearing HPV-16 transformed tumors (n=3) displayed
approximately three fold higher numbers of CD4+/CD25+/FoxP3+ Tregs in spleen compared
to naïve mice (n=3) or immunized mice whose tumors completely regressed (n=3). The level
of CD4+/CD25+/FoxP3+ Tregs could be reduced in the spleen (C, n=3) and the levels of CD4
+ and CD4+/CD25+/FoxP3+ cells could be reduced in tumor (D) of mice with progressive
disease by a single intraperitoneal injection of 100 mg/kg CTX (n=3 mice / group).
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Fig. 4.
Adjunctive therapy with CTX enables immunotherapy in a more advanced disease setting.
Mice were inoculated with 105 HPV-16 transformed C3.43 tumor cells on day 0, treated with
CTX on Day 14 and 18 (n=20), immunized with E7 49-57 HPV peptide and pI:C in bilateral
inguinal lymph nodes on day 20, 24, 34, and 38 (n=20), or treated with CTX then E7 + pI:C
immunotherapy (n=20). Immune response (A) and tumor progression (B) was compared to
untreated tumor control mice (n=20). The immune response following immunotherapy was
measured by E7 49-57 tetramer staining on day 45 from peripheral blood. The immunized only
group (E7 + pI:C) displayed HPV specific immune responses in the range of 20% with no
observed inhibition of immune response in animals treated with CTX + E7 + pI:C which
generated a similar tetramer response. The naïve control (n=5) and CTX control groups
generated background levels of tetramer staining (A). CTX + E7 + pI:C induced significant
tumor regression (p < 0.001) compared to E7 + pI:C immunotherapy alone, CTX alone, and
untreated tumor controls (B). Evaluation of adjunctive therapy on animal survival (C). A
second therapeutic cycle was administered with animals receiving CTX on day 46 and 50
(n=20), lymph node immunization with E7 + pI:C on day 52, 56, 65, and 69 (n=20), or treated
with CTX + E7 + pI:C (n=20). Grey arrows indicate CTX treatment and black arrows indicate
immunization days. Log-Rank statistical tests confirmed that survival in the CTX + E7 + pI:C
group was significantly longer than survival in the control group (p < 0.0001, n=20), the CTX
only group (p = 0.0188) and the E7 + pI:C immunotherapy only group (p = 0.0033).

Smith et al. Page 18

Clin Cancer Res. Author manuscript; available in PMC 2010 October 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Control of pulmonary metastases by intra-lymph node immunization with E7 peptide and pI:C.
Mice were injected intravenously with 5 × 105 C3.43 tumor cells and then immunized with
one of the following intranodal E7 + pI:C vaccine time courses: day 1, 4, 15, and 20 (A); day
8, 12, 22, and 26 (B); or day 15, 20, 29, and 33 (C). Survival curves for each group (A, B, C)
are shown and the outcome for E7 + pI:C immunized mice (n = 9) was compared to pI:C only
(n = 9) and untreated tumor control mice (n=9). Log-Rank statistical tests confirmed that
survival in the E7 + pI:C group for each vaccine time course (A, B and C) was significantly
longer than survival in the tumor control group (p = to 0.0007, 0.001, and 0.032 respectively)
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and the pI:C only group when immunization began on day 1 (A, p = 0.006) and day 8 (B, p =
0.004) but not day 15 (C, p = 0.06).
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Table 1
Immune regression of established tumors depends on both the magnitude of immune response and tumor size at the
initiation of vaccination.

*Initiation of Immunotherapy
(Day post-challenge)

†Tumor Volume at initiation of Immunotherapy
(mm3)

‡E7 Tetramer Response
(% of CD8)

Disease Outcome
(%)

Day 7 (n=83)
11.8+/-2.0 19.0+/-2.2 p = 0.01

In Remission
(69%, n = 57)

p < 0.001

11.1 +/-2.3 9.5 +/- 2.2 Progressing
(31%, n=26)

Day 14 (n=40)

24.9 +/- 5.8
p = 0.2 19.3+/-2.9

In Remission
(8%, n=3)
p = 0.03

39.2 +/- 3.5 19.7+/-2.7 Progressing
(92%, n = 37)

Day 20 (n=40)

26.0 +/- 14.3
p = 0.048 18.2+/-8.1

In Remission
(8%, n = 3)

p = 0.02

137+/-15.3 21.6+/-2.7 Progressing
(92%, n = 37)

Day 28 (n=10)
N/A N/A In Remission

(0%)

238.9 +/- 64.0 31.1 +/-3.9 Progressing
(100%, n = 10)

*
All mice received lymph node-targeted immunotherapy consisting of four injections of E7 49-57 peptide + pI:C on day 1, 4, 15 and 18 starting at indicated

time intervals following C3.43 tumor challenge.

†
Maximum tumor size at the initiation of immunotherapy that completely regressed for each treatment group, day 7, 14, and 20, was 37.8, 81.3, and 112.1

mm3 respectively.

‡
Immune response was evaluated by E7 49-57 tetramer assay 10 days following the last vaccination for each group.
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