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ABSTRACT
Purpose: Mucosal immunization is suggested to be crucial for controlling tumors in the mucosal region;
however, therapeutic DNA vaccination with electroporation in various mucosal sites has yet to become
clinically adaptable. Since tumor-draining lymph nodes (tdLNs) have been suggested as immune-
educated sites that can be utilized to mount a potent antitumor immune response, we examined whether
intramuscular DNA vaccination with electroporation at sites that target the mucosal tdLNs could elicit
mucosal immune response to restrict tumor growth.
Experimental Design: The efficacy and mechanism of intramuscular administration of a therapeutic DNA
vaccine with electroporation at different sites was examined by lymphocyte analysis, tumor growth,
mouse survival, as well as integrin expression, in mice bearing orthotopic HPV16 E6/E7C syngeneic TC-1
tumors in various mucosal areas.
Results: While provoking comparable systemic CD8C T cell responses, intramuscular hind leg vaccination
generated stronger responses in cervicovaginal-draining LNs to control cervicovaginal tumors, whereas
intramuscular front leg vaccination generated stronger responses in oral-draining LNs to control buccal
tumors. Surgical removal of tdLNs abolished the antitumor effects of therapeutic vaccination. Mucosal-
tdLN-targeted intramuscular vaccination induced the expression of mucosal-homing integrins LPAM-1
and CD49a by tumor-specific CD8C T cells in the tdLNs. Inhibition of these integrins abolished the
therapeutic effects of vaccination and the infiltration of tumor-specific CD8C T cells into mucosal tumors.
Conclusions: Our findings demonstrate that tumor draining lymph nodes targeted intramuscular
immunization can effectively control mucosal tumors, which represents a readily adaptable strategy for
treating mucosal cancers in humans.
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Introduction

Increasing evidence has highlighted the importance of infiltrat-
ing, local CD8C T cells in the treatment of cancers (for review
see 1-3). Particularly, studies in patients have demonstrated that
the regression of cancer is highly correlated with an observed
local CD8C T cell response in the tumor microenvironment
(TME).4 As such, recent studies have focused on strategies to
enhance the generation of tumor infiltrating lymphocytes (TILs)
following immunotherapy, such as therapeutic vaccination.5-7

Sandoval et al. have previously reported that therapeutic
vaccination through the mucosal route (i.e. intranasal
administration) is more effective at generating a local anti-
tumor immune response against mucosal tumors, such as
lung and oral tumors, compared to systemic vaccination.8

Similarly, we have previously demonstrated that intravaginal
vaccination or intramuscular (IM) priming vaccination with
intravaginal booster vaccination can result in the generation
of a stronger, local antigen-specific antitumor immune
response against cervicovaginal tumors.9,10 However, many
intratumoral or localized mucosal vaccinations, including
intravaginal vaccination, are invasive in nature and are
often associated with low participation in clinical set-
tings.11,12 Thus, there is a need to explore alternative meth-
ods that can be more easily adopted in clinical settings,
while still generating strong, local antitumor responses
against tumors located in the mucosal regions.

The role of tumor-draining lymph nodes (tdLNs) in tumor
progression as well as antitumor immunity has been a hot topic
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of debate. Recognized as the first site for tumor metastasis, tdLNs
were shown to be under direct influence of immunosuppressive
cytokines, growth factors, and immunosuppressive cell popula-
tions that originate from the TME (for review see).13,14 At the
same time, due to the draining of tumor-released antigens and
endogenous danger signals from decaying tumor cells into tdLNs,
as well as the migration of tumor antigen presenting dendritic
cells (DCs) from TME to tdLNs, tdLNs have been suggested as
immune-educated sites and exert crucial functions in the
generation of antitumor immune responses (for review see).15,16

Importantly, it has been demonstrated that despite the potentially
immunosuppressive environment harbored by tdLNs, therapeutic
immunization utilizing lymph node (LN)-targeting nanoparticles
can effectively stimulate the generation of potent tumor
infiltrating, antigen-specific CD8C T cell responses for the control
of tumors.17

It has been observed that IM administration of prophylactic
vaccines in the deltoid muscle of the arm often leads to increased
F-18 fluorodeoxyglucose uptake as well as elevated activities in
the axillary LNs.18,19 It has also been shown that IM administra-
tion of drugs or vaccines in the quadriceps muscles of the thigh
leads to accumulation of the molecules and enhancement of
immune responses in the inguinal LNs.20,21 Since axillary and
inguinal LNs have been identified as the draining LNs for oral
and cervical cancers, respectively,22-24 we hypothesize that selecting
the IM vaccination sites that target the various mucosal tdLNs can
lead to the generation of potent infiltrating antigen-specific CD8C
T cell responses for the control of mucosal tumors.

Thus, in the current study, we establish a preclinical
orthotopic model of human papillomavirus (HPV)-mediated
cervicovaginal cancer and vaccinated mice intramuscularly
with a clinical grade therapeutic HPV DNA vaccine,
pNGVL4a-CRT/E7(detox),25 in the front leg or the hind
leg. We showed that hind leg IM vaccination mounted a
strong antigen-specific CD8C T cell response in the ingui-
nal and iliac cervicovaginal draining LNs as well as a potent
antitumor effect against cervicovaginal tumors by inducing
the infiltration of antigen-specific CD8C T cells into the
tumor tissues. Furthermore, we demonstrated that these
tdLNs, as well as the expression of mucosal integrins
LPAM-1 and CD49a by antigen-specific CD8C T cells in
these tdLNs, are crucial for the observed antitumor effects
generated by IM hind leg vaccination against cervicovaginal
tumors. This result was further supported by our observa-
tion that the surgical removal of tdLNs or the blockade of
LPAM-1 or CD49a hindered cervicovaginal CD8C T cell
infiltration and antitumor efficacy following immunization.

Results

Intramuscular vaccinations at various sites induces
differential localization of antigen-specific CD8C
T cell response

We first sought to examine the localization of protein anti-
gens following IM DNA vaccine injection with electropora-
tion at various sites. Using luciferase-encoded DNA
plasmids, pcDNA3-Luciferase, as a model of vaccine admin-
istration (Fig. S1A), we observed that IM administration of

pcDNA3-Luciferase in the front leg resulted in the accumu-
lation of luminescence signals in the upper body of C57BL/
6 mice, while the localization of luminescence signals was
observed in the lower body of mice vaccinated IM with
pcDNA3-Luciferase in the hind leg (Fig. S1B). No signifi-
cant differences among the intensities of luminescence sig-
nals were observed (Fig. S1C). Together, these data suggest
that IM administration of DNA plasmids at different sites
do not affect the resultant expression levels of encoded pro-
tein antigens, but do influence the localization of the
expressed antigens.

We next evaluated how the localization of the antigen at
various sites affects the generation of antigen-specific CD8C
T cell responses following IM DNA vaccination. To evaluate
this, we chose to use a clinical grade therapeutic HPV16
DNA vaccine that we previously developed, pNGVL4a-
CRT/E7(detox),25 because it has been demonstrated to
induce potent HPV16-E7-specific CD8C T cell responses
against HPV16-E7 expressing tumors in vivo,26 and is cur-
rently being evaluated in clinical trials27 (NCT00988559).
IM administration of pNGVL4a-CRT/E7(detox) in the front
or hind leg elicited similar magnitudes of E7-specific CD8C
T cell responses in the blood at one week after the last vac-
cination (Fig. 1A–C), as well as similar amounts of E7-spe-
cific CD8C T cells in the blood and the spleen at two
weeks after the last vaccination (Fig. 1D). However, when
examining the E7-specific CD8C T cell responses in various
LNs, a stronger response was observed in the axillary LNs
of mice vaccinated in the front leg, while a stronger
response was observed in the inguinal and iliac LNs of mice
vaccinated in the hind leg (Fig. 1E). Thus, consistent
with the current literature, these data support our hypothe-
sis that the site of IM immunization determines the locali-
zation of elicited antigen-specific immune responses.

Location of intramuscular immunization impacts
therapeutic efficacy of DNA vaccine against tumors
at various mucosal sites

To evaluate how the location of IM therapeutic DNA vacci-
nation affects its ability to control mucosal tumors, we set
up an orthotopic model of cervical cancer by inoculating
C57BL/6 mice in the cervicovaginal tract with luciferase
and HPV16-E7 expressing the TC-1 tumor cell line (TC-1/
luc).28 Mice were then vaccinated IM with pNGVL4a-CRT/
E7(detox) either in the front or hind leg (Fig. 2A). Tumor
growth was monitored by bioluminescence imaging based
on the expression of luciferase by TC-1/luc cells. We
observed the cervicovaginal tumor volume of mice vacci-
nated with pNGVL4a-CRT/E7(detox) in the hind leg was
significantly reduced compared to untreated mice or mice
immunized in the front leg (Fig. 2B–C). Furthermore, all of
the mice vaccinated in the hind leg survived for more than
80 days after cervicovaginal tumor inoculation, whereas
only 20% of mice vaccinated in the front leg were still alive
(Fig. 2D). This serves as a clinically relevant model because
HPV16 is responsible for causing 50% of all cervical cancers
in humans (for review see 29).
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In addition to cervical cancer, we also evaluated the thera-
peutic importance of IM vaccination site in an orthotopic
model of head and neck cancer by inoculating C57BL/6 mice
in the cheek with TC-1/luc cells (around 30% of head and
neck cancer express HPV16 30). Mice were then vaccinated
IM with pNGVL4a-CRT/E7(detox) in the front or hind leg,
and the tumor growth was monitored by bioluminescence
imaging (Fig. S2A). Contrary to the findings observed in the
cervicovaginal model, front leg vaccination resulted in signifi-
cantly better control of buccal TC-1/luc tumors in mice as
compared to no vaccination or vaccination in the hind leg
(Fig. S2B-C).

Together, these data suggest that IM vaccination in the
hind leg results in better therapeutic efficacy against tumors
in cervicovaginal mucosa, while front leg immunization

provided better therapeutic effects against tumors in oral
mucosa.

Hind leg intramuscular vaccination preferentially induced
CD8C T cells in cervicovaginal draining lymph nodes
and in the microenvironment of cervicovaginal
tumors compared to front leg vaccination

To link the control of mucosal tumors with the differential
localization of antigen-specific CD8C T cell responses result-
ing from targeted IM vaccination, we analyzed the generation
and localization of E7-specific CD8C T cells following IM
pNGVL4a-CRT/E7(detox) injection with electroporation at
various sites in orthotopic cervicovaginal TC-1/luc tumor-
bearing mice. Following cervicovaginal tumor challenge and

Figure 1. Local and systemic immune responses produced by vaccination at different sites in na€ıve mice. A. Schema of the experiment. Briefly, female C57BL/6 mice (five
to eight weeks old, four/group) were vaccinated with 20 mg/mouse of pNGVL4a-CRT/E7(detox) DNA via IM injection, followed by electroporation in front leg or hind leg
twice at seven-day intervals. Peripheral blood lymphocytes were prepared one week after the final vaccination. Peripheral blood lymphocytes, splenocytes, and lymph
node (LN) cells were prepared 14 days after the final vaccination. Cells were stained with anti-mouse CD8C antibody, H2-Db/E7 tetramer, and 7-AAD. B. Representative
flow cytometry images of E7-specific CD8C T cells in peripheral blood one week after the final vaccination. C. Summary bar graph showing E7-specific CD8C T cells in
peripheral blood one week after the final vaccination. D. Summary bar graph showing E7-specific CD8C T cells in peripheral blood and splenocytes two weeks after the
final vaccination. E. Summary bar graph showing both front leg and hind leg vaccination induced E7-specific CD8C T cells in related draining lymph nodes. Data are pre-
sented as mean § SD. (���p < 0.001, n.s. not significant).
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IM immunization, we analyzed the E7-specific CD8C T cell
response in the blood, LNs, and cervicovaginal tumor tissues.
Similar to the results observed in na€ıve mice (Fig. 1), front or
hind leg vaccination generated similar amounts of systemic
E7-specific CD8C T cells (Fig. 3A–B). In cervicovaginal
tumor-bearing mice vaccinated in the front leg, no significant
differences between the E7-specific CD8C T cells in axillary
LNs versus the iliac and inguinal LNs were observed. Con-
versely, we observed that hind leg vaccination induced a sig-
nificantly stronger E7-specific CD8C T cell response in the
iliac and inguinal LNs compared to that in axillary LNs in cer-
vicovaginal tumor-bearing mice (Fig. 3C–D). The site of IM
vaccination does not appear to affect the immune suppressive
cell populations in the LNs, as no significant differences in
regulatory T cell (Tregs) and myeloid-derived suppressor cell
(MDSC) populations were observed among the different LNs
of front or hind leg vaccinated, cervicovaginal tumor-bearing
mice (Fig. S3A-B). Importantly, a greater infiltration of
E7-specific CD8C T cells into the cervicovaginal tumors were
observed in mice vaccinated in the hind leg compared to those
immunized in the front leg (Fig. 3E–F). These data suggest
that hind leg IM DNA vaccination leads to the generation of
enhanced antigen-specific CD8C T cell responses in cervico-
vaginal tdLNs, resulting in preferential recruitment of these
CD8C T cells into cervicovaginal tumors, contributing to
better tumor control.

Resection of cervicovaginal draining lymph nodes
hindered the recruitment of antigen-specific CD8C T cells
into cervicovaginal tumors and abolished the antitumor
effects elicited by hind leg intramuscular vaccination

Previously, it has been suggested that antigens in the TME can
flow into tdLNs or be taken up by the DCs that migrate to tdLNs
(for review see 15,16). Therefore, we hypothesize that tdLNs are
immune-educated sites primed with tumor antigen-specific
CD8C T cells, and IM DNA vaccination targeting tdLNs serves as
a boost for these responses, resulting in the observed enhanced
antitumor immunity. To confirm the importance of mucosal
tdLNs in the control of mucosal tumors following targeted IM vac-
cination, the iliac and inguinal cervicovaginal draining LNs were
surgically removed in C57BL/6 mice prior to cervicovaginal TC-1/
luc tumor cell inoculation and hind leg IM pNGVL4a-CRT/E7
(detox) vaccination (Fig. 4A). The tumor growth following inocu-
lation was monitored by bioluminescence imaging. Resection of
iliac and inguinal LNs abolished the ability of hind leg pNGVL4a-
CRT/E7(detox) vaccination to control cervicovaginal TC-1/luc
tumors (Fig. 4B–C). When examining the generation of E7-sep-
cific CD8C T cell responses in vaccinated, cervicovaginal tumor-
bearing mice, resection of iliac and inguinal LNs did not alter the
magnitude of systemic E7-specific CD8C T cell response in circu-
lation (Fig.–4D–E). However, the infiltration of E7-specific CD8C
T cells into cervicovaginal tumors following hind leg vaccination

Figure 2. Characterization of therapeutic antitumor effects of HPV vaccine administered intramuscularly at different sites in a cervicovaginal tumor model. A. Schema of
the experiment. Briefly, female C57BL/6 mice (five to eight weeks old, five/group) were injected with 2 £ 104 TC-1/luc cells at the intravaginal cavity on day 0. The mice
were vaccinated with or without 20 mg/mouse of pNGVL4a-CRT/E7(detox) DNA vaccine via intramuscular (IM) injection, followed by electroporation at different sites on
day 3, and subsequently boosted once five days later. The growth of cervicovaginal tumors was monitored with bioluminescence imaging. B. Bioluminescence images of
the cervicovaginal TC-1/luc tumor-bearing mice. C. Bar graph depicting the mean luminescence intensity of cervicovaginal TC-1/luc tumor-bearing mice. D. Kaplan-Meier
survival of the TC-1/luc tumor-bearing mice. Data are presented as mean § SD. (�p < 0.05, �� p < 0.01, ��� p< 0.001).
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is significantly reduced in the absence of iliac and inguinal LNs
(Fig. 4F–G). Together, these experiments demonstrate the impor-
tance of mucosal tdLNs in facilitating the infiltration of antigen-
specific CD8C T cells into mucosal tumors and the therapeutic
effect of targeted IM therapeutic immunization.

Hind leg intramuscular vaccination increased the number
of mucosal integrins LPAM-1 and CD49a expressing
antigen-specific CD8C T cells in the tumor-draining lymph
nodes of cervicovaginal tumor-bearing mice

To identify possible mechanisms contributing to the preferen-
tial recruitment of E7-specific CD8C T cells from the tdLNs
into cervicovaginal tumors following hind leg IM pNGVL4a-

CRT/E7(detox) vaccination, we characterized the phenotype of
E7-specific CD8C T cells in the various LNs and in the tumor
tissues of hind leg vaccinated, cervicovaginal tumor-bearing
mice (Fig. 5A). Analysis of integrin expression revealed that IM
hind leg immunization increased the population of integrins
LPAM-1 (a4b7)- or CD49a (a1b1)-expressing E7-specific
CD8C T cells and decreased the population of CD103 (aEb7)-
expressing E7-specific CD8C T cells in the cervicovaginal
tdLNs (iliac and inguinal LNs) compared to those in the
non-tdLNs (axillary LNs) (Fig. 5B). A similar frequency of
LPAM-1-expressing E7-specific CD8C T cells was observed in
cervicovaginal tumors as in non-tdLNs (ntdLNs). Further, a
lower frequency of CD103-expressing E7-specific CD8C T cells
was detected in the cervicovaginal tumors than those in both

Figure 3. Analysis of HPV16/E7-specific systemic and local immune responses produced by intramuscular vaccination at different sites in TC-1 tumor-bearing mice. (A-B)
Female C57BL/6 mice (five to eight weeks old, five/group) were injected with 2 £ 104 TC-1/luc cells at the intravaginal cavity on day 0. The mice were vaccinated with or
without 20 mg/mouse of pNGVL4a-CRT/E7(detox) DNA vaccine via IM injection, followed by electroporation at different sites on day 3, and subsequently boosted again
five days later. Peripheral blood lymphocytes were prepared one week after the final vaccination. The cells were stained with anti-mouse CD8 antibody, H2-Db/E7 tetra-
mer, and 7-AAD. A. Representative flow cytometry images of E7-specific CD8C T cells in peripheral blood. B. Summary of E7-specific CD8C T cells in peripheral blood. (C-
D) Female C57BL/6 mice (five to eight weeks old, five/group) were injected with 5 £ 104 TC-1/luc cells at the intravaginal cavity on day 0. The mice were vaccinated with
20 mg/mouse of pNGVL4a-CRT/E7(detox) DNA vaccine via IM injection, followed by electroporation at different sites on day 4 and boosted once four days later. LNs were
harvested seven days after the final vaccination and stained for HPV16/E7-specific CD8C T cells. C. Representative flow cytometry images of E7-specific CD8C T cells in
LNs. D. Summary of E7-specific CD8C T cells in LNs. (E-F) one week after the final vaccination, tumor tissues from mice described in subfigures A-B were harvested, and
the tumor infiltrating lymphocytes were prepared and stained with anti-mouse CD8 antibody, H2-Db/E7 tetramer, and 7-AAD. E. Representative flow cytometry images of
E7-specific CD8C T cells in TILs. F. Summary of E7-specific CD8C T cells in TILs. Data are presented as mean § SD. (� p < 0.05, �� p < 0.01, n.s. not significant).
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tdLNs and ntdLNs, while a higher frequency of CD49a-express-
ing E7-specific CD8C T cells was observed in the cervicovagi-
nal tumors than those in both tdLNs and ntdLNs. No
differences in the frequency of CD49d (a4b1)-expressing
E7-specific CD8C T cells were observed in different regions
(Fig. 5B). These results suggested that increase in LPAM-1-
expressing T cell population and CD49a-expressing T cell
population, as well as a decrease of CD103-expressing T cell
populations, may be important for the enhanced infiltration of
E7-specific CD8C T cells into cervicovaginal tumors following
hind leg IM vaccination.

To test the hypothesis that the differential integrin expres-
sion is due to the pre-exposure of E7-antigens by the immune
cells in the tdLNs, we characterized the integrin expressions in
various LNs of na€ıve, tumor-free mice treated with IM
pNGVL4a-CRT/E7(detox) vaccination in the hind leg
(Fig. 5C). Under na€ıve setting, we observed similar frequencies
of LPAM-1-, CD49a-, or CD49d-expressing E7-specific CD8C
T cells, as well as lower frequencies of CD103-expressing E7-
specific CD8C T cells, in cervicovaginal draining iliac and
inguinal LNs compared to those in non-cervicovaginal draining
axillary LNs (Fig. 5D). Particularly, we observed different

frequencies of LPAM-1- and CD49a-expressing E7-specific
CD8C T cell populations in the iliac and inguinal LNs of
hind leg-vaccinated na€ıve versus tumor-bearing mice
(Fig. 5B and D). Similarly, hind leg vaccination with a DNA
vaccine encoding an irrelevant antigen, Ovalbumin (OVA), in
cervicovaginal TC-1/luc tumor-bearing mice did not increase
the frequencies of LPAM-1- or CD49a-expressing OVA-spe-
cific CD8C T cells in the iliac and inguinal tdLNs compared to
those in the axillary ntdLNs (Fig. S4). Together, these data sug-
gest that hind leg vaccination with cervicovaginal tumor anti-
gens stimulates the expression of integrins LPAM-1 and
CD49a by tumor antigen-specific CD8C T cells in the cervico-
vaginal tdLNs.

Neutralization of LPAM-1 and CD49a dampened the
antitumor efficacy of hind leg intramuscular vaccination
by hindering the recruitment of antigen-specific CD8C
T cells into cervicovaginal tumors

To address the role of LPAM-1 and CD49a in the infiltration of
CD8C T cells and the therapeutic effect of hind leg IM vaccina-
tion against cervicovaginal tumors, we administered

Figure 4. Draining LNs are critical for generating antitumor immune response in tumor-bearing mice. A. Schematic illustration of the experiment. Draining iliac and ingui-
nal LNs of female C57BL/6 mice (five to eight weeks old, five/group) were removed by surgery. Two weeks later, these mice, along with the controls, were inoculated
intravaginally with 2 £ 104 TC-1/luc cells on day 0. The mice were vaccinated with pNGVL4a-CRT/E7(detox) DNA vaccine via IM administration, followed by electropora-
tion on days 3 and 8. Tumor growth was monitored through bioluminescence imaging. On day 15, peripheral blood lymphocytes and TILs were prepared in order to
detect E7-specific CD8C T cells with E7 tetramer staining. B. Bioluminescence images of the cervicovaginal TC-1/luc tumor-bearing mice. C. Bar graph depicting the mean
luminescence intensity of cervicovaginal TC-1/luc tumor-bearing mice. D. Representative flow cytometry images of HPV16/E7-specific CD8C T cells in peripheral blood. E.
Summary of HPV16/E7-specific CD8C T cells in peripheral blood. F. Representative flow cytometry images of HPV16/E7-specific CD8C T cells in TILs. G. Summary of
HPV16/E7-specific CD8C T cells in TILs. Data are presented as mean § SD. (��� p < 0.001, n.s. not significant).
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neutralizing antibodies against these molecules into cervicova-
ginal tumor-bearing and hind leg pNGVL4a-CRT/E7(detox)-
vaccinated mice (Fig. 6A). The ability of hind leg vaccination to
control the growth of cervicovaginal tumors significantly
decreased when the mice were also treated with anti-CD49a or
anti-LPAM-1 antibodies (Fig. 6B–C). Compared to cervicova-
ginal tumor-bearing and hind leg-vaccinated mice without
antibody administration, an increase in circulating E7-specific
CD8C T cells was observed in those treated with anti-CD49a
but not in those treated with anti-LPAM-1 (Fig. 6D–E). Most
importantly, both anti-CD49a or anti-LPAM-1 antibody treat-
ments significantly reduced the amount of cervicovaginal
tumors infiltrating E7-specific CD8C T cells following hind leg
pNGVL4a-CRT/E7(detox) vaccination (Fig. 6F–G). Together,
these data suggest that both CD49a and LPAM-1 contributed
to the recruitment of E7-specific CD8C T cells to the cervicova-
ginal tumors following hind leg IM immunization.

Discussion

This study highlights the ability to elicit potent antitumor
responses against mucosal cancers through targeted intramus-
cular DNA immunization. Specifically, we showed that IM
injection of a DNA cancer vaccine with electroporation in the
quadriceps muscle of the hind leg could effectively control
tumors located in the cervicovaginal mucosa (Fig. 2). Likewise,
IM vaccination in the deltoid muscle of the front leg could
effectively control tumors located in the oral mucosa (Fig.–S2).

Our results further support the need to elicit a potent antitu-
mor immune response within TME for mucosal tumor control.
Many studies advocate the necessity of mucosal immunization
to induce effective mucosal immunities,8,31,32 while several
others argue for the ability of IM administration of vaccines to
generate potent immune responses in mucosal tracts.33-35

Regardless of administration route, it is agreed that the induc-
tion of local mucosal CD8C T cell responses is critical for the
control of mucosal diseases.36,37 Here, we demonstrated the
ability of targeted IM cancer DNA vaccine injection with elec-
troporation to elicit an antitumor response for the control of
mucosal tumors (Figs. 2 and S2), supporting the potential of
generating mucosal immunity without the need for mucosal
immunization. Particularly, Sandoval et al. has demonstrated
that IM administration of a cancer vaccine fails to control
tumors located in the lung or the oral cavity in comparison to
administration through the intranasal route.8 Our data agrees
with their finding in that the typical (hind leg) in vivo IM vacci-
nation is ineffective at controlling the growth of tumors located
in the cheek (Fig. S2). However, by identifying the ideal site of
IM vaccination, we demonstrated that IM vaccination in the
front leg can induce potent therapeutic antitumor effects
against an oral tumor model (Fig. S2). Similarly, we demon-
strated that while IM front or hind leg administration of a can-
cer vaccine elicited a similar magnitude of systemic antigen-
specific CD8C T cell response, vaccination in the hind leg
enhanced the recruitment of these T cells into the cervicovagi-
nal TME and resulted in better cervicovaginal tumor control
(Figs. 2 and 3F).

Figure 5. Expressions of LPAM-1 (a4b7), CD49a (a1b1), CD103 (aEb7), and CD49d (a4b1) by E7-specific CD8C T cells in the lymph nodes and cervicovaginal tumor after
hind leg pNGVL4a-CRT/E7(detox) vaccination in cervicovaginal TC-1/luc tumor-bearing or na€ıve mice. (A-B) Tumor-bearing female C57BL/6 mice (five to eight weeks old,
five/group) were established by inoculation with 2 £ 104 TC-1/luc cells at the intravaginal cavity on day 0. The mice were then vaccinated with 20 mg/mouse of
pNGVL4a-CRT/E7(detox) DNA vaccine via IM injection, followed by electroporation in the hind leg on days 3 and 8. Seven days after the final vaccination, E7-specific
CD8C T cells were detected in the iliac, inguinal and axillary LNs and vaginal tumor tissue. A. Schematic diagram of experiment. B. Expressions of LPAM-1, CD49a CD103,
and CD49d were analyzed after gating on E7 tetramer-positive CD8C T cells. (C-D) Na€ıve female C57BL/6 mice (five to eight weeks old, five/group) were vaccinated with
20 mg/mouse of pNGVL4a-CRT/E7(detox) DNA vaccine via IM injection, followed by electroporation in the hind leg on days 0 and 5. Seven days after the final vaccination,
E7-specific CD8C T cells were detected in the iliac, inguinal and axillary LNs. C. Schematic diagram of experiment. D. Expressions of LPAM-1, CD49a CD103, and CD49d
were analyzed after gating on E7 tetramer-positive CD8C T cells. The experiments were reproduced twice with a pool of 5»8 mice/experiment. Data are presented as
mean § SD. (� p < 0.05, ��p < 0.01, ��� p< 0.001, n.s. not significant).
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Particularly, we demonstrated the preferential recruitment
of CD8C T cells into cervicovaginal tumors after IM hind leg
vaccination is associated with enhanced antigen-specific CD8C
T cell responses in the iliac and inguinal cervicovaginal tdLNs
(Fig. 3D). When compared to na€ıve LNs, tdLNs appear to be
immune suppressed, with lower frequencies of both total and
matured DCs (Fig. S5). This observation is consistent with
existing literature. Previous publications have demonstrated
that although tdLNs are immune suppressed environments
with fewer CD8§ CD11b- cross-presenting DCs as compared
to ntdLNs, the tdLNs contain a higher number of tumor anti-
gen-specific CD8+ T cells that can be re-stimulated ex vivo to
secret IFN-g, TNF-a, and IL-2, demonstrating that albeit
immune suppressed tdLNs are also tumor antigen primed,
thereby allowing for the generation of strong immune response
following tdLNs targeted immunization.17 Similarly, it has been
reported that despite the gradual decrease of overall antigen-
presenting cell population in the tdLNs throughout tumor
development, there is a significant increase in migratory, tumor
antigen expressing, CD103§ DC population in the tdLNs, as

compared to that in ntdLNs, which facilitated the priming of
tumor-specific T cells in the tdLNs.38 Similarly, we have dem-
onstrated that IM DNA vaccination targeting the tdLNs
resulted in the generation of stronger tumor infiltrating CTL
responses and better tumor control and prolonged survival as
compared to vaccination targeting ntdLNs (Fig. 2). Further-
more, surgical removal of tdLNs reduced the infiltration of E7-
specific CD8+ T cells to cervicovaginal tumors and abolished
the ability of therapeutic immunization to control tumor
growth (Fig. 4). Thus, our data further support the concept that
even though tdLNs are under the immune suppressive influ-
ence of tumor, they are also immune-educated sites primed
with the ability to elicit potent antitumor immune responses
upon boosting with cancer vaccines (as reviewed in 15,16).

At the molecular level, we showed that IM hind leg vaccina-
tion preferentially induced the expression of integrins LPAM-1
and CD49a by these antigen-specific CD8+ T cells in the cervi-
covaginal tdLNs (Fig. 5B). It has been suggested that antigen-
presenting DCs originated from the site of disease play an
important role in imprinting the T cells in the regional LNs

Figure 6. Blockade of LPAM-1 (a4b7) and CD49a (a1b1) inhibits E7-specific CD8C T cell infiltration and cancer vaccine activity on intravaginally implanted TC-1 tumors. A.
Schematic illustration of the experiment. Female C57BL/6 mice (five to eight weeks old, five/group) were grafted with 5 £ 104 TC-1/luc cells in the cervicovaginal tract on
day 0. The mice were then vaccinated three times with 10 mg/mouse of pNGVL4a-CRT/E7(detox) DNA vaccine via IM injection, followed by electroporation in the hind
legs on days 4, 7 and 10. They were also treated with either anti-LPAM-1 (500 mg/dose) or anti-CD49a (150 mg/dose) antibodies two days before the first vaccination, on
day 2, and repeated every three days. Tumor growth was monitored using bioluminescence imaging. On day 22, peripheral blood lymphocytes and TILs were prepared
and stained with anti-mouse CD8 antibody, H2-Db/E7 tetramer, and 7-AAD. B. Summary of bioluminescence images of the cervicovaginal TC-1/luc tumor-bearing mice. C.
Bar graph depicting the mean luminescence intensity of cervicovaginal TC-1/luc tumor-bearing mice (� p < 0.05, �� p < 0.01). D. Representative flow cytometry images
of E7-specific CD8C T cells in peripheral blood. E. Summary of E7-specific CD8C T cells in peripheral blood. F. Representative flow cytometry images of E7-specific CD8C T
cells in TILs. G. Summary of E7-specific CD8C T cells in TILs. Data are presented as mean § SD. (� p< 0.05, �� p < 0.01, n.s. not significant).
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with appropriate homing signals,39,40 and that, in the absence of
tumors, tumor antigen-specific immunization failed to induce
significant proliferation of antigen-specific CD8+ T cells.41 In
line with these findings, we have shown that tumor antigen-
specific vaccination in na€ıve mice, as well as immunization
with a vaccine encoding non-tumor antigens in cervicovaginal
tumor-bearing mice, failed to induce LPAM-1 and CD49a
integrin expressions by the respective CD8+ T cells in the cervi-
covaginal draining LNs (Figs. 5D and S4). Importance of hom-
ing integrins in mediating mucosal immunity has been well
recognized (for review see 42). The role of CD49a in mediating
T cell homing to mucosal regions, particularly to the buccal
area and the lung, has been reported in both preclinical8,43 and
human8 settings. CD49a has also been identified to be highly
expressed by CD8C T cells residing in the skin epithelial as
well as gut and cervical mucosal tissue samples of human sub-
jects.44 Likewise, LPAM-1 has been shown to facilitate the
homing of T cells to gut mucosa45 as well as the cervicovaginal
tract9,10 in preclinical settings, which is further supported by
the clinical finding that LPAM-1 was expressed on the surface
of nearly all T cells isolated from the cervical mucosa of healthy
human subjects or patients with cervical intraepithelial neopla-
sia 2/3 (CIN2/3).46 This information further supports the abil-
ity of hind leg IM pNGVL4a-CRT/E7(detox) vaccination to
generate potent cervicovaginal antitumor immunity by induc-
ing the expressions of LPAM-1 or CD49a on E7-specific CD8C
T cells (Fig. 5B). We have observed a similar integrin expres-
sion profile for buccal tumor TILs as that of cervicovaginal
tumor TILs, with high CD49a and CD49d and low CD103
expression (Fig. S6). Although buccal tumor TILs do not
express high levels of LPAM-1 as observed for cervicovaginal
tumor TILs, this is expected because LPAM-1 is not a known
homing marker for the buccal mucosa. Importantly, adminis-
tration of anti-LPAM-1 or anti-CD49a neutralizing antibodies
reduced the infiltration of E7-specific CD8+ T cells to cervico-
vaginal tumors and abolished the ability of therapeutic immu-
nization to control the growth of tumors (Fig. 6), further
highlighting the crucial role of homing integrins in controlling
mucosal cancers.

The therapeutic vaccine used in the current study,
pNGVL4a-CRT/E7(detox), has been tested in a phase I clin-
ical trial in 32 patients with CIN2/3 lesions.27 In the study,
the vaccine was administered via 1) gene gun delivery on
the thigh, 2) IM injection in the deltoid muscle without
electroporation, or 3) cervical intralesional injection without
electroporation. While the vaccine was well-tolerated by
patients, only 8 of 27 patients who received all vaccinations
experienced histologic regression of disease. Furthermore,
the increase in intraepithelial CD8C T cell infiltration was
only observed in patients that received intralesional injec-
tion. We have previously demonstrated in a preclinical
study that IM injection of pNGVL4a-CRT/E7(detox) with
electroporation is more efficacious at generating E7-specific
CD8C T cell-mediated antitumor responses compared to
IM injection only or delivery via gene gun.26 In our current
study, we further demonstrated that IM injection of the
vaccine with electroporation in the hind leg is more effec-
tive at generating E7-specific immunity against diseases
located in the cervicovaginal tract, while administration of

the vaccine in the front leg via similar methods resulted in
better control against diseases located in the oral cavity
(Figs. 2 and S2). These observations provide direct ration-
ales for the design of future clinical investigations of
pNGVL4a-CRT/E7(detox) in various human disease
settings.

While our results argued for the ability to generate mucosal
immunity through targeted IM DNA immunization instead of
the need for mucosal vaccination, we recognize the limitation
that no comparisons between the efficacy of targeted IM
immunization versus intravaginal immunization (i.e. hind leg
versus intravaginal vaccination or front leg versus buccal vac-
cination) against mucosal tumors were made in the current
study. We have previously showed that intravaginal injection
of a DNA vaccine with electroporation generated stronger
therapeutic antitumor effects in a preclinical cervicovaginal
tumor model compared to IM injection with electroporation,9

perhaps through the inflammatory responses induced at the
mucosal area by intravaginal electroporation.47,48 Nonetheless,
at least in the context of therapeutic DNA vaccine, vaccine
injection with electroporation in the cervicovaginal tract has
yet to become a clinically applicable treatment strategy (as dis-
cussed in 9,49). Thus, the ability to enhance the therapeutic
efficacy of IM injection of a DNA vaccine with electroporation
against mucosal tumors still holds strong translational
relevance.

Of note, in the current study, we defined axillary lymph
nodes as the buccal draining lymph nodes due to the prox-
imity of axillary lymph nodes to the site of front leg vacci-
nation, and characterized the CD8+ T cells responses in the
axillary lymph nodes, as compared to cervicovaginal drain-
ing iliac and inguinal lymph nodes, when the vaccination is
administered in the front or hind leg. It should be pointed
out that the primary sentinel lymph nodes for head and
neck cancers are the cervical lymph nodes rather than axil-
lary lymph nodes, as established by previous publications
(reviewed in50). However, while less typical, axillary lymph
node metastasis has been observed in multiple occasions in
patients with cancers of oral origin,51-54 suggesting the
potential draining from cancers of the head and neck to the
axillary lymph nodes. Similarly, we have demonstrated that
front leg vaccination generated a significantly stronger anti-
gen-specific CD8+ T cells response in the axillary lymph
nodes of na€ıve mice as compared to that in the iliac and
inguinal lymph nodes, which exerts potent antitumor effects
against tumors located in the buccal area (Figs. 1E and S2),
supporting the translational relevance of front leg vaccina-
tion for improved oral cancer control. Future studies on the
therapeutic mechanisms of targeted intramuscular DNA
vaccination in the oral cancer setting, including the poten-
tial cross talk between axillary and cervical lymph nodes,
are warranted.

This study reports the importance of targeting the
immune response elicited by intramuscular DNA vaccina-
tion to mucosal tumor draining lymph nodes for the gener-
ation of antitumor CD8C T cell responses capable of
trafficking into the mucosal tumors. As intramuscular injec-
tion with electroporation represents a common method for
the administration of therapeutic DNA vaccines in human
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patients, the current findings may lead to readily adaptable
modifications of medical practice for the potential treatment
of mucosal tumors.

Materials and methods

Mice

Female C57BL/6 mice (five- to eight-weeks old) were purchased
from the Charles River Laboratories (Frederick, MD). All mice
were maintained at the Johns Hopkins University School of
Medicine Oncology Animal Facility (Baltimore, MD) under
specific pathogen-free conditions. All experiments were per-
formed according to protocols approved by the Johns Hopkins
Institutional Animal Care and Use Committee and in accor-
dance with recommendations for the proper use and care of
laboratory animals.

Antibodies and other reagents

FITC-conjugated anti-mouse CD8a (clone 53.6.7), purified
anti-mouse CD16/32 (clone 2.4 G2), and purified
anti-mouse CD49a (clone Ha31/8) antibodies were pur-
chased from BD Pharmingen (San Diego, CA). 7-AAD was
also purchased from BD Pharmingen. Zombie Aqua,
BV421-conjugated anti-mouse CD11c (clone N418), PE-
Cy7-conjugated anti-mouse I-Ab (clone AF6-120.1),
BV785-conjugated anti-mouse CD86 (clone GL-1), Percp.
Cy5.5-conjugated anti-mouse CD103 (clone 2E7) and anti-
mouse CD49d (clone R1-2), as well as APC-conjugated
anti-mouse CD29 (clone HMb1-1) antibodies, were pur-
chased from BioLegend (San Diego, CA). PE-conjugated
anti-mouse CD40 (clone 1C10), FITC-conjugated rat anti-
mouse CD4 (clone RM4-5) and anti-mouse Gr-1 (clone
RB6-8C5), PE-conjugated anti-mouse Foxp3 (clone FJK-
16s) and anti-mouse CD11b (clone M1/70), APC-conju-
gated anti-mouse CD25 (clone PC61.5) and anti-mouse
LPAM-1 (clone DATK32), as well as Percp.Cy5.5-conju-
gated anti-mouse CD49a (cloneHa31/8) antibodies, were
purchased from eBioscience (San Diego, CA). Purified
anti-mouse LPAM-1 (clone DATK32) antibodies were pur-
chased from BioXcell (West Lebanon, NH). PE-conjugated,
HPV16/E7aa49-57 peptide-loaded H2-Db tetramers were
obtained from the National Institute of Allergy and Infec-
tious Diseases Tetramer Facility (Atlanta, GA). PE-conju-
gated, ovalbumin (OVA)aa257-264 peptide-loaded H2-Kb

tetramer was purchased from MBL International Corpora-
tion (Woburn, MA).

Cell line

The establishment of the HPV16 E6/E7 and firefly lucifer-
ase-expressing TC-1 tumor cell line (TC-1/luc) have been
previously described.28 The cells were maintained in RPMI-
1640 medium supplemented with 2 mM glutamine, 1 mM
sodium pyruvate, 100 IU/mL penicillin, 100 mg/mL strepto-
mycin, 400 mg/mL G418 disulfate salt, and 10 % fetal
bovine serum (FBS).

DNA plasmid and administration

The generations of the pNGVL4a-CRT/E7(detox),25 pcDNA3-
OVA,55 and pcDNA3-Luciferase56 plasmids have been previ-
ously described. DNA plasmids were prepared using endo-
toxin-free kits (Qiagen). For DNA vaccination, 50 mL of DNA
was prepared and administered in the front (deltoid) or hind
(quadriceps) legs of mice via intramuscular (IM) injection, fol-
lowed by electroporation with an ECM830 Square Wave Elec-
troporation System (BTX Harvard Apparatus company,
Holliston, MA, USA). The mice were boosted as indicated.

In Vivo bioluminescence imaging of luciferase expression

Luciferase expressions by either DNA plasmid injection or
TC-1/luc cells were monitored by bioluminescence using a
Xenogen imaging system (Xenogen). Briefly, D-Luciferin
was dissolved in 7.8 mg/mL in PBS, filter sterilized, and
stored at -80�C. Mice were given D-Luciferin by intraperito-
neal (IP) injection (200 mL/mouse, 75 mg/kg) and anesthe-
tized with isoflurane. In vivo bioluminescence imaging for
luciferase expression was conducted on a cryogenically-
cooled IVIS system using the Living Image acquisition and
analysis software (Xenogen). Mice were placed onto the
pre-warmed stage inside the light-tight camera box with
continuous exposure to 1%-2% isoflurane. Images were
acquired 10 mins after D-luciferin administration and
imaged for 2 mins. The levels of light from the biolumines-
cent cells were detected using the IVIS imager, and subse-
quently integrated and digitized. The region of interest
from displayed images was designated around the vagina
and quantified as total photon counts using the Living
Image 2.50 software (Xenogen).

In Vivo tumor treatment experiment

To test the antitumor effect of pNGVL4a-CRT/E7(detox) DNA
vaccine when vaccinated at different sites, an orthotopic cervi-
covaginal tumor model and an oral cavity tumor model were
used. In orthotopic cervicovaginal tumor models, five- to eight-
week old female C57BL/6 mice (five/group) were injected with
2 £ 104 of TC-1/luc cells at the intravaginal cavity on day 0.
The mice were vaccinated with 20 mg/mouse of pNGVL4a-
CRT/E7(detox) DNA via intramuscular injection, followed by
electroporation at different sites on day 4 and boosted once
four days later. In oral cavity tumor models, five- to eight-week
old female C57BL/6 mice were injected with 2 £ 104 of TC-1/
luc cells in the cheeks on day 0. The mice were vaccinated with
20 mg/mouse of pNGVL4a-CRT/E7(detox) DNA via intramus-
cular injection, followed by electroporation at different sites on
day 4 and boosted once four days later. For antibody blockade
experiments in orthotopic cervicovaginal tumor models, five-
to eight-week old female C57BL/6 mice (five/group) were
grafted with 2£ 104 of TC-1/luc cells in the cervicovaginal tract
on day 0. The mice were then vaccinated twice with 10 mg/
mouse pNGVL4a-CRT/E7(detox) DNA vaccine via intramus-
cular injection, followed by electroporation on days 4 and 8 in
the hind legs. These mice were also treated with either anti-
LPAM-1 (500mg/mouse/dose) or anti-CD49a (150mg/mouse/
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dose) neutralizing monoclonal antibodies via intraperitoneal
injection one day after the first vaccination and repeated every
three days. The growth of cervicovaginal tumor was monitored
with bioluminescence imaging as described above at indicated
time points.

Preparation of single-cell suspensions from lymph nodes
and TC-1 tumors

At the indicated time points after vaccination, various lymph
nodes and TC-1/luc tumor tissues were surgically excised using
sterile techniques, placed in RPMI-1640 medium containing
100 U/mL penicillin and 100 mg/mL streptomycin, and washed
with PBS. The tissues were then minced into 1»2-mm pieces
and immersed in serum-free RPMI-1640 medium containing
0.05 mg/mL collagenase I, 0.05 mg/mL collagenase IV,
0.025 mg/mL hyaluronidase IV, 0.25 mg/mL DNase I, 100 U/
ml penicillin, and 100 mg/ml streptomycin, and incubated at
37�C with periodic agitation. The tissue digest was then filtered
through a 70-mm nylon filter mesh to remove undigested tissue
fragments. The resultant single cell suspensions were washed
twice with PBS, and viable cells were then determined using
trypan blue dye exclusion.

Flow cytometry analysis

For tetramer staining, peripheral blood mononuclear cells
(PBMCs), single cells of lymph nodes, spleen, and tumors from
the mice were stained with purified anti-mouse CD16/32 first,
and then with anti-mouse CD8-FITC. Finally, they are stained
with either the PE-conjugated H-2Db tetramer loaded with
HPV16 E7aa49–57 peptide, or with the PE-conjugated,
OVAaa257-264 peptide loaded with H2-Kb tetramer at 4�C.
After washing, the cells were stained with 7-AAD before flow
cytometry analyses to exclude dead cells. T regulatory (Treg)
cells from mouse lymph nodes were detected through FITC-
conjugated anti-mouse CD4 and APC-conjugated anti-mouse
CD25 antibody staining. Cells were then permeabilized and
fixed per manufacturer’s instructions (eBioscience, San Diego,
CA), followed by intracellular staining of Foxp3. To detect
CD11bCGr-1C myeloid-derived suppressor cells (MDSCs),
lymph node cells were stained with FITC-conjugated anti-
mouse Gr-1 and PE-conjugated anti-mouse CD11b antibodies.
To detect LPAM-1 (a4b7), CD103 (aEb7), CD49a (a1b1), and
CD49d (a4b1) expression on HPV16 E7 or OVA-specific
CD8C T cells, cells from lymph nodes and tumors were stained
with anti-mouse CD8, LPAM-1, CD103, CD29, CD49a,
CD49d, and either HPV16 E7aa49–57 peptide-loaded H-2Db

or OVAaa257-264 peptide-loaded H2-Kb tetramer. The cells
were acquired using a FACSCalibur flow cytometer and ana-
lyzed with the CellQuest Pro software (BD biosciences, Moun-
tain View, CA). To detect the dendritic cell population and
phenotype, lymph node cells were stained with anti-mouse
CD11c, H2-IAb, CD86, and CD40. The cells were acquired
with CytoFlex S flow cytometer (Beckman Coulter, Miami, FL)
and analyzed with FlowJo software (BD biosciences, Mountain
View, CA).

Statistical analyses

All data are expressed as mean § standard deviation (S.D.) and
are representative of at least two separate experiments. Com-
parisons between individual data points were made using Stu-
dent’s t-tests. The non-parametric Mann-Whitney test was
used for comparing two different groups. Survival distributions
for mice in different groups were compared through Kaplan-
Meier survival curves, and by use of the long-rank tests. Of
note, �, �� and ��� indicate P values less than 0.05, 0.01, and
0.001, respectively; n.s., not significant.
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