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vaccination
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Abstract

with CRT/E7 DNA in combination with imiquimod.

-

Background: There is an urgent need to develop new innovative therapies for the control of advanced cancer. The
combination of antigen-specific immunotherapy with the employment of immunomodulatory agents has emerged as
a potentially plausible approach for the control of advanced cancer.

Methods: In the current study, we explored the combination of the DNA vaccine encoding calreticulin (CRT) linked to
human papillomavirus type 16 (HPV-16) E7 antigen (CRT/E7) with the TLR7 agonist imiquimod for their ability to
generate E7-specific immune responses and antitumor effects in tumor-bearing mice.

Results: We observed that treatment with CRT/E7 DNA in combination with imiquimod leads to an enhancement in
the E7-specific CD8+ T cell immune responses and a decrease in the number of myeloid-derived suppressor cells in the
tumor microenvironment of tumor-bearing mice. Furthermore, treatment with CRT/E7 DNA in combination with
imiquimod leads to significantly improved antitumor effects and prolonged survival in treated mice. In addition,
treatment with imiquimod led to increased number of NK1.1+ cells and F4/80+ cells in the tumor microenvironment.
Macrophages and NK1.1+ cells were found to play an important role in the antitumor effects mediated by treatment

Conclusions: Thus, our data suggests that the combination of therapeutic HPV DNA vaccination with topical
treatment with the TLR7 agonist imiquimod enhances the antitumor immunity induced by DNA vaccination. The
current study has significant implications for future clinical translation.

Background

Advanced stage cancers are difficult to control using con-
ventional therapies such as chemotherapy, surgery and
radiation. Therefore, new innovative therapies are
urgently required in order to combat the high mortality
and morbidity associated with cancers. Antigen-specific
immunotherapy has emerged as an attractive approach
for the treatment of cancers since it has the ability to spe-
cifically eradicate systemic tumors and control metasta-
ses without damaging normal cells. For example, in a
recent study, immunotherapy using synthetic long pep-
tide vaccine derived from human papillomavirus type 16
(HPV-16) E6 and E7 antigens has led to significant clini-
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cal responses in patients with precancerous lesions of
gynecological malignancies [1].

DNA vaccination has become a potentially promising
approach for antigen-specific immunotherapy due to its
safety, stability and ease of preparation (for review, see
[2,3]). We have previously developed several innovative
strategies to enhance DNA vaccine potency by directly
targeting the DNA into the dendritic cells (DCs) in vivo
via gene gun as well as by modifying the properties of
antigen-expressing DCs (for review see [4,5]).

One of the strategies to enhance DNA vaccine potency
uses intracellular targeting strategies to enhance MHC
class I antigen presentation and processing in DCs. Previ-
ously, we have studied the linkage of calreticulin (CRT), a
Ca?*-binding protein located in the endoplasmic reticu-
lum (ER) (for review, see [6]) to several antigens, includ-
ing human papillomavirus type-16 (HPV-16) E7 [7,8], E6
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[9], and nucleocapsid protein of severe acute respiratory
syndrome coronavirus [10]. Intradermal administration
of DNA encoding CRT linked to any of these target anti-
gens led to a significant increase in the antigen-specific
CD8+ T cell immune responses and impressive antitu-
mor effects in vaccinated mice. Thus, CRT has been
shown to be highly potent in enhancing the antigen-spe-
cific immune responses and antitumor effects generated
by DNA vaccination in several preclinical models.

Another important innovative cancer therapy involves
the employment of immunomodulatory agents such as
imiquimod (for reviews see [11,12]). The exact mecha-
nism of action in which imiquimod and its analogs acti-
vate the immune system is still under active investigation.
Nevertheless, it is known that imiquimod activates
immune cells through the toll-like receptor 7 (TLR7),
commonly involved in pathogen recognition, on the cell
surface [13,14]. Cells activated by imiquimod via TLR-7
secrete cytokines such as IFN-a, IL-6 and TNF-a [15].
There is evidence that imiquimod, when applied to skin,
can lead to the activation of Langerhans cells, which sub-
sequently migrates to local lymph nodes to activate the
adaptive immune system [16]. Other cell types activated
by imiquimod include NK cells, macrophages and B-lym-
phocytes [16].

In the current study, we hypothesize that the combina-
tion of the DNA vaccine encoding CRT linked to HPV-16
E7 (CRT/E7) with topical application of imiquimod at the
site of the tumor will lead to increased infiltration of
effectior immune cells at the site of the tumor, resulting in
enhanced antitumor effects against E7-expressing tumors
in a preclinical model. We observed that treatment with
CRT/E7 DNA in combination with imiquimod leads to
decrease in the number of myeloid-derived suppressor
cells (MDSCs) but not T regulatory cells in the tumor
microenvironment of tumor-bearing mice. Treatment
with CRT/E7 DNA in combination with imiquimod was
also found to lead to an enhancement in the E7-specific
CD8+ T cell immune responses in tumor-bearing mice.
Furthermore, treatment with CRT/E7 DNA in combina-
tion with imiquimod leads to significantly improved anti-
tumor effects and prolonged survival in treated mice. In
addition, treatment with imiquimod led to increased
number of NK1.1+ cells and F4/80+ cells in the tumor
microenvironment. Furthermore, macrophages and
NK1.1+ cells were found to play an important role in the
antitumor effects mediated by treatment with CRT/E7
DNA in combination with imiquimod. The clinical impli-
cations of the current study are discussed.

Methods
Mice and cell line

Female C57BL/6 mice (H-2KP and I-Ab), 5 to 6 wks of age,
were purchased from the National Cancer Institute. All of
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the mice were maintained under specific pathogen-free
conditions in the animal facility at Johns Hopkins Hospi-
tal or Taipei Veterans General Hospital. Animals were
used in compliance with institutional animal health care
regulations, and all animal experimental procedures were
approved by the Johns Hopkins Institutional Animal Care
and Use Committee and Taipei Veterans General Hospi-
tal Experimental Animal Center.

The production and maintenance of TC-1 cells have
been described previously [17]. TC-1 cells were grown in
RPMI 1640, supplemented with 10% (v/v) fetal bovine
serum, 50 units/mL penicillin/streptomycin, 2 mmol/L L-
glutamine, 1 mmol/L sodium pyruvate, 2 mmol/L nones-
sential amino acids, and 0.4 mg/mL G418 at 37°C with 5%
CO2. The TC-1 cells have been tested and shown to be
free of mycoplasma and other contamination.

Plasmid DNA constructs

The generation of recombinant plasmid pcDNA3-CRT/
E7 has been described previously [7]. The accuracy of the
DNA construct was confirmed by DNA sequencing. For
the gene gun-mediated intradermal vaccination, 2 pg/
mouse of recombinant plasmid DNA were delivered to
the shaved abdominal region of C57BL/6 mice using a
helium-driven gene gun (Bio-Rad) with a previously
described protocol [18].

Flow cytometry analysis

For characterization of regulatory T cells and MDSC in
tumor microenvironment, C57BL/6 mice were divided
into four groups (5/group: untreated, imiquimod alone,
CRT/E7 alone, and combined group). All mice were inoc-
ulated with TC-1 cells (5 x 104/mouse) s.c. over right leg
at dO. For the untreated group, mice were regularly fol-
lowed after TC-1 implantation without specific treat-
ment. For the imiquimod group, each mouse received
topical imiquimod (50 mg/mouse) at the site of the tumor
every two days (begun at d6 for a total of 6 treatments).
For CRT/E7 alone group, each mouse was vaccinated
with pcDNA3-CRT/E7 2 ug via gene gun at d9, d13, and
d17. For the combined treatment group, each mouse
received the same treatment schedule as for each mono-
therapy alone group. Tumors were harvested at d24 for
flow cytometric analysis. Tumor cells were either stained
with PE-conjugated anti-CD4 (L3T4) and FITC-conju-
gated anti-CD25 (PC61) mAbs for quantification of regu-
latory T cells, or stained with stained with PE-conjugated
anti-CD11b (M1/70) and FITC-conjugated anti-Gr-1
(RB6-8C5) mAbs for quantification of MDSC.

For characterization of E7-specific CD8* T cells in
tumor microenvironment, C57BL/6 mice were divided
into four groups (untreated, imiquimod alone, CRT/E7
alone, and combined group). All mice were inoculated
with TC-1 cells (5 x 10*/mouse) s.c. over right leg at d0.
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For the untreated group, mice were regularly followed
after TC-1 implantation without specific treatment. For
the imiquimod group, each mouse received topical imi-
quimod (50 mg/mouse) at the site of the tumor every two
days (begun at d6 for a total of 6 treatments). For CRT/E7
alone group, each mouse was vaccinated with pcDNA3-
CRT/E7 2 pg via gene gun at d9, d13, and d17. For the
combined treatment group, each mouse received the
same treatment schedule as for each monotherapy alone
group. Tumors were harvested at d24 for immune
response analysis. Before intracellular cytokine staining,
pooled tumors from each treatment group were sepa-
rately incubated for 16 h with the H2-DP-restricted CTL
epitope (aa 49-57) (1.0 pmol/L). Cells were then har-
vested and stained for CD8 and IFN-y using previously
described standard protocols [19]. Samples were ana-
lyzed on a FACSCalibur flow cytometer using CellQuest
software. All of the analyses shown were carried out on a
gated lymphocyte population.

As for evaluation of change of various immune effec-
tors in tumor microenvironment after imiquimod and
CRT/E7 treatment, mice were divided into two groups (5/
group: vehicle treated or imiquimod treated), and were
implanted with TC-1 (5 x 104/mouse) at d0. Each mouse
received topical vehicle cream or imiquimod (50 mg/
mouse) every two days initiated at d6 for a total of 6
times. Tumors were harvested 6 hours after last treat-
ment. Tumor cells were then made into single cell sus-
pension, washed once in FACScan buffer, and stained
with surface markers for various innate and adaptive
effectors including PE-conjugated anti-CD4 (L3T4), PE-
conjugated anti-CD8 (53-6.7), FITC-conjugated anti-GR-
1 (RB6-8C5), PE-conjugated anti-CD19 (1D3), PE-conju-
gated anti-NK1.1 (PK136), and PE-Cy5-conjugated anti-
F4/80 (BMS8). Cells were subjected to flow cytometry
analysis gated on lymphocyte population.

In vivo evaluation of the antitumor effects generated by
combined treatment

In order to evaluate monotherapy alone or combined
treatment for the inhibition of TC-1 tumor growth, we
designed a two-step experiment. For the first-step experi-
ment, we evaluated the anti-tumor effects of imiquimod
alone therapy. Mice were divided into 2 groups (4/group,
untreated or imiquimod treated), which were implanted
with TC-1 (5 x 10%mouse) subcutaneously at d0. Mice
were then left untreated or treated with imiquimod (50
mg/mouse) at the site of the tumor every two days initi-
ated at d6 for a total of 6 treatments. Mice were eutha-
nized at d21 and tumors were harvested and
photographed for tumor size comparison. After having
proved that imiquimod was effective as a single agent, we
proceeded with the second-step experiment. Mice were
divided into four groups (5/group: untreated, imiquimod
alone, CRT/E7 alone, and combined group). All mice
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were inoculated with TC-1 cells (5 x 10%/mouse) s.c. over
right leg at dO. For the untreated group, mice were regu-
larly followed for tumor growth after TC-1 implantation
without specific treatment. For the imiquimod group,
each mouse received topical imiquimod (50 mg/mouse)
at the site of the tumor every two days (began at d6 for a
total of 6 treatments). For CRT/E7 alone group, each
mouse was vaccinated with pcDNA3-CRT/E7 2 pg via
gene gun at d9, d13, and d17. For the combined treatment
group, each mouse received the same treatment schedule
as for each monotherapy alone group. Tumor sizes in the
mice were monitored and measured every 3-4 days using
digital calipers.

In vivo antibody depletion experiments

In order to identify the subset of lymphocytes that were
important for anti-tumor effects of combined treatments
of imiquimod and pcDNA3-CRT/E7 DNA vaccine, mice
were divided into 4 groups (combined treatments without
depletion, combined treatments with depletion of neu-
trophils, combined treatments with depletion of NK1.1+
cells, and combined treatments with depletion of mac-
rophages) using methods similar to what we have
described previously [17]. All mice were implanted with
TC-1 (5 x 10*/mouse) at dO, and were then treated with
imiquimod (at d2, d4, d6, d8, d10, and d12) and pcDNA-
CRT/E7 2 pg (d5 and d12). Mice were either undepleted
or depleted of macrophages (using clodronate lipo-
somes), NK1.1+ cells (using anti-mouse NK1.1 mAbs,
PK136), or neutrophils (using anti-mouse Gr-1 mAbs,
RB6-8C5), one day before and 3 days after TC-1 implan-
tation and thereafter once per week until the end of fol-
low-up.

Statistical analysis

All data expressed as mean + standard deviation (S.D.)
are representative of at least two different experiments.
Comparisons between individual data points for tumor
sizes were made using a Student's ¢-test or repeated mea-
sure ANOVA (analysis of variance) test. Differences in
survival between experimental groups were analyzed
using the log-rank test. Tumor sizes were calculated using
the following equation: (tumor lengthxwidthxheight)/2.
Death of mouse was arbitrarily defined as tumor diame-
ter greater than 2 cm.

Results

Treatment with CRT/E7 DNA in combination with
imiquimod leads to decrease in the number of myeloid-
derived suppressor cells but not CD4+CD25+ T cells in the
tumor microenvironment of tumor-bearing mice

In order to determine the number of CD4+CD25+ T cells
(which are mainly comprised of T regulatory cells) and
myeloid-derived suppressor cells in the tumor microenvi-
ronment of tumor-bearing mice treated with CRT/E7
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DNA with imiquimod, we inoculated C57BL/6 mice with
TC-1 cells on dO and treated them with or without topical
imiquimod (50 mg/mouse) every two days starting from
d6 for a total of 6 treatments). Mice were then vaccinated
with CRT/E7 DNA via gene gun on d9, d13, and d17.
Untreated mice were used as controls. Tumors were har-
vested on d24 and characterized for the presence of T
regulatory cells and myeloid-derived suppressor cells by
flow cytometry analysis. As shown in Figure 1, mice
treated with CRT/E7 DNA in combination with imiqui-
mod demonstrated significantly lower numbers of myel-
oid-derived suppressor cells compared to the other
treated mice. In comparison, there was no significant dif-
ference in the number of CD4+CD25+ T cells in mice
treated with CRT/E7 DNA in combination with imiqui-
mod compared to any of the other groups. Thus, our data
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indicate that treatment with imiquimod in combination
with DNA vaccination can reduce the number of myel-
oid-derived suppressor cells in the tumor microenviron-
ment of treated mice.

Treatment with CRT/E7 DNA in combination with
imiquimod leads to an enhancement in the E7-specific
CD8+ T cell immune responses in tumor-bearing mice

In order to determine the E7-specific immune responses
in tumor-bearing mice vaccinated with CRT/E7 DNA
with imiquimod, we inoculated C57BL/6 mice with TC-1
cells on dO and treated them with CRT/E7 DNA vaccine
and/or imiquimod as described in Figure 1. Splenocytes
from tumor-bearing mice were harvested at d24 and
characterized for the E7-specific CD8+ T cell immune
responses by intracellular cytokine staining followed by
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Figure 1 Characterization of the T regulatory cells and myeloid-derived suppressor cells (MDSC) in the tumor microenvironment following
vaccination with CRT/E7 DNA with or without imiquimod in tumor-bearing mice. C57BL/6 mice were divided into four groups (5/group: un-
treated, imiquimod alone, CRT/E7 alone, and combined group). All mice were inoculated with TC-1 cells (5 x 104/mouse) s.c. over right leg at d0. For
the untreated group, mice were regularly followed after TC-1 implantation without specific treatment. For the imiquimod group, each mouse received
topical imiquimod (50 mg/mouse) every two days (began at d6 for a total of 6 treatments). For CRT/E7 alone group, each mouse was vaccinated with
2 ug of pcDNA3-CRT/E7 DNA via gene gun at d9, d13,and d17. For the combined treatment group, each mouse received the same treatment sched-
ule as for each monotherapy alone group. Tumors were harvested at d24 for flow cytometric analysis. Tumor cells were either stained with PE-conju-
gated anti-CD4 (L3T4) and FITC-conjugated anti-CD25 (PC61) mAbs (A & B) or with PE-conjugated anti-CD11b (M1/70) and FITC-conjugated anti-Gr-
1 (RB6-8C5) mAbs (C & D). Plots were gated on lymphocyte population. A) Representative flow cytometry data demonstrating the percentage of
CD4+CD25+ cells. B) Bar graph representing the percentage of Tregs among the tumor-infiltrating lymphocytes. C) Representative flow cytometry
data demonstrating the percentage of CD11b+Gr-1+ cells. D) Bar graph representing the percentage of Tregs among the tumor-infiltrating lympho-
cytes. C denotes untreated group, and | denotes imiquimod treated group. Representative data from one of three independent experiments are
shown. *, P <0.05; **, P <0.01.
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flow cytometry analysis. As shown in Figure 2, mice
treated with CRT/E7 DNA in combination with topical
application of imiquimod demonstrated significantly
higher numbers of E7-specific CD8+ T cells compared to
mice treated with CRT/E7 alone. Thus, our data indicate
that treatment with imiquimod in combination with
DNA vaccination can significantly enhance the E7-spe-
cific CD8+ T cell immune responses in treated mice.

Treatment with CRT/E7 DNA in combination with
imiquimod leads to significantly improved antitumor
effects and prolonged survival in treated mice

In order to determine the therapeutic antitumor effects
generated in tumor-bearing mice vaccinated with CRT/
E7 DNA with imiquimod, we inoculated C57BL/6 mice
with TC-1 cells on dO and treated them with CRT/E7
DNA vaccine and/or topical application of imiquimod as
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described in Figure 1. Tumor growth was monitored over
time. As shown in Figure 3A, mice treated with CRT/E7
DNA in combination with imiquimod demonstrated sig-
nificantly lower tumor size over time compared to mice
treated with CRT/E7 alone. Furthermore, mice treated
with CRT/E7 alone or imiquimod alone demonstrated
significantly lower tumor volumes compared to the mice
without treatment (control). In addition, mice treated
with CRT/E7 DNA in combination with topical applica-
tion of imiquimod demonstrated significantly prolonged
survival compared to mice treated with CRT/E7 alone
(Figure 3B). Thus, our data indicate that topical treatment
with imiquimod in combination with therapeutic HPV
DNA vaccination can enhance the therapeutic antitumor
effects against TC-1 tumors in treated mice.
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Figure 2 Characterization of the E7-specific CD8+ T cellimmune responses following vaccination with CRT/E7 DNA with or without imiqui-
mod in tumor-bearing mice. C57BL/6 mice were divided into four groups (5/group: untreated, imiquimod alone, CRT/E7 alone, and combined
group). All mice were inoculated with TC-1 cells (1 x 104%/mouse) s.c. over right leg at d0. Treatment schedules were the same as in Figure 1. Spleno-
cytes from tumor-bearing mice were harvested at d24 for immune response analysis, stimulated with E7 epitope (aa49-57), and stained for both CD8
and intracellular interferon-y (IFN-y). A) Representative flow cytometry data demonstrating the percentage of CD8+FN-y* T cells. The numbers of CD8*+
IFN-y*double positive T cells are indicated in the upper right hand corner of each representative dot plot. B) Bar graph representing the number of
E7-specific CD8+ T cells/3 x 105 splenocytes (¥, p < 0.05). Representative data from one of three independent experiments are shown.
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Figure 3 Characterization of the therapeutic antitumor effects generated by treatment with E7-CRT in combination with imiquimod in tu-
mor-bearing mice. C57BL/6 mice (5/group: untreated, imiquimod alone, CRT/E7 alone, and combined group) were implanted with TC-1 (5 x 10%/
mouse) at d0. Treatment schedules were the same as described in Figure 1. Tumor growth was monitored over time. A) Line graph depicting the
tumor sizes in tumor-bearing mice treated with the different regimens. (¥, p < .05) B) Kaplan-Meier survival curve of the mice treated with the various
regimens (¥, p < 0.05, compared between CRT/E7 alone and the combined group). Representative data from one of three independent experiments

are shown.

Treatment with imiquimod leads to increased number of
NK1.1+ cells and F4/80+ cells in the tumor
microenvironment

In order to determine the key immune cells in the tumor
microenvironment that were upregulated following imi-
quimod treatment, C57BL/6 mice were implanted with
TC-1 (5 x 104/mouse) at d0 and divided into two groups
(5/group: vehicle treated or imiquimod treated). Each
mouse received topical vehicle cream or imiquimod every
two days initiated at d6 for a total of 6 times. Tumors
were harvested 6 hours after last imiquimod treatment.
Tumor cells were then made into single cell suspension
and analyzed for the presence of various immune cell
markers by flow cytometry analysis. As shown in Figure
4, mice treated with topical application of imiquimod
demonstrated significantly higher number of NKI1.1+
cells, which includes both NK cells as well as NKT cells,
and F4/80+ inflammatory cells in the tumor microenvi-
ronment compared to mice treated with the vehicle.
Thus, our data indicate that imiquimod treatment leads
to the upregulation of NK1.1+ cells and F4/80+ inflam-
matory cells in the tumor microenvironment.

Macrophages and NK1.1+ cells play an important role in
the antitumor effects mediated by treatment with CRT/E7
DNA in combination with imiquimod

In order to determine the immune cells that play an
important role in the antitumor effects mediated by CRT/
E7 DNA vaccination followed by imiquimod treatment,

we performed an in vivo depletion experiment. C57BL/6
mice were divided into 4 groups (5/group). All mice were
implanted subcutaneously with TC-1 at d0, and were
then treated with imiquimod and CRT/E7 DNA vaccine
as described. Mice were either depleted of macrophages
(using clodronate liposomes), NK1.1+ cells (using anti-
mouse NK 1.1 mAbs, PK136), or neutrophils (using anti-
mouse Gr-1 mAbs, RB6-8C5), one day before and 3 days
after TC-1 implantation and thereafter once per week
until the end of follow-up. Undepleted mice were used as
controls. As shown in Figure 5, treated mice depleted of
macrophages or NK1.1+ cells demonstrated significant
increase in tumor growth compared to undepleted mice
or mice depleted of neutrophils. Thus, our data indicate
that macrophages and NK1.1+ cells play an important
role in the antitumor effects mediated by treatment with
CRT/E7 DNA in combination with imiquimod.

Discussion

In the current study, we observed that treatment with
CRT/E7 DNA in combination with imiquimod leads to
decrease in the number of myeloid-derived suppressor
cells but not CD4+CD25+ T cells in the tumor microen-
vironment of tumor-bearing mice. Treatment with CRT/
E7 DNA in combination with imiquimod was also found
to lead to an enhancement in the E7-specific CD8+ T cell
immune responses and improved antitumor effects and
prolonged survival in treated mice. Macrophages and
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Figure 4 Characterization of the levels of various immune cells in the tumor microenvironment following treatment with imiquimod.
C57BL/6 mice were divided into two groups (5/group: vehicle treated or imiquimod treated) and were implanted with TC-1 (5 x 104/mouse) at dO0.
Each mouse received topical vehicle cream or imiquimod (50 mg/mouse) every two days initiated at d6 for a total of 6 times. Tumors were harvested
6 hours after last imiquimod treatment. Tumor cells were then made into single cell suspension, washed once in FACScan buffer, and stained with
surface markers for various innate and adaptive effectors including PE-conjugated anti-CD4 (L3T4), PE-conjugated anti-CD8 (53-6.7), FITC-conjugated
anti-GR-1 (RB6-8C5), PE-conjugated anti-CD19 (1D3), PE-conjugated anti-NK1.1 (PK136), and PE-Cy5-conjugated anti-F4/80 (BM8). Cells were subject-
ed to flow cytometric analysis gated on lymphocyte population (¥, p < 0.05, imiquimod versus vehicle). Representative data from one of three inde-
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NK1.1+ cells were found to play an important role in the
antitumor effects mediated by treatment with CRT/E7
DNA in combination with imiquimod. Our data is quite
consistent with the recent clinical trials using therapeutic
HPV vaccines in conjunction with imiquimod in patients
with vulvar intraepithelial neoplasia. In that study, treat-
ment with imiquimod and vaccination led to clinical
responses in some of the patients, with a significant
increase local infiltration of CD8+ and CD4+ T cells in
the lesions of these patients [20].

In our study, we have observed that depletion of mac-
rophages in TC-1 tumor-bearing mice treated with imi-
quimod and CRT/E7 DNA vaccines led to the loss of
antitumor effect, suggesting the importance of mac-

rophages in the antitumor effect generated by imiquimod
in combination with the DNA vaccine (Figure 5). Tumor-
bearing mice treated with imiquimod also showed a sig-
nificant increase in the number of F4/80+ macrophages
in the tumor microenvironment (Figure 4). Taken
together, these data suggest that the combination of CRT/
E7 DNA vaccination with imiquimod treatment may
result in an increase in M1 macrophages in the tumor,
which can contribute to the antitumor effect (for reviews
see [21,22]) It has been shown that TC-1 tumors contain
significant number of M2 macrophages, that lead to sup-
pression of antitumor T-cell response, thus facilitating
tumor growth [23]. Thus, treatment of TC-1 tumors with
imiquimod and the CRT/E7 DNA vaccine may result in a
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Figure 5 In vivo depletion experiment. C57BL/6 mice were divided
into 4 groups (5/group). All mice were implanted with TC-1 (5 x 104/
mouse) at d0, and were then treated with imiquimod (at d2, d4, d6, d8,
d10,and d12) and pcDNA-CRT/E7 2 ug (d5 and d12). Mice were either
depleted of macrophages (using clodronate liposomes), NK1.1+ cells
(using anti-mouse NK 1.1 mAbs, PK136), or neutrophils (using anti-
mouse Gr-1 mAbs, RB6-8C5), one day before and 3 days after TC-1 im-
plantation and thereafter once per week until the end of follow-up.
Undepleted mice were used as controls. Line graph depicting the tu-
mor sizes in tumor-bearing mice treated with the different regimens.
Representative data from one of three independent experiments are
shown.

switch from immunosuppressive M2 macrophage pheno-
type to the inflammatory M1 phenotype.

We showed that treatment with imiquimod leads to
increased number of NK1.1+ cells and F4/80+ cells in the
tumor microenvironment (Figure 4). Furthermore, our
antibody depletion experiments indicated that NK1.1+
cells are essential for the observed antitumor effects (Fig-
ure 5). NK cells have been shown to express TLR7 and
imiquimod-mediated activation of NK cells through
TLR7 may result in IFN-y production [24]. Thus, it is
likely that not only can NK cells directly lead to cytotoxic
effects, but NK cells can also lead to increased expression
of IFN-y which may lead to upregulation of MHC class I,
which may render tumor cells more susceptible to killing
by CD8+ T cells.

We observed that treatment with CRT/E7 DNA in
combination with imiquimod leads to a reduction in the
number of myeloid-derived suppressor cells (MDSCs) in
the tumor microenvironment of tumor-bearing mice
(Figure 1). It has been shown that myeloid-derived sup-
pressor cells play an important immunosuppressive role
in the tumor microenvironment (for reviews, see [25-
27]). The reduction in MDSCs may potentially lead to
improved antigen-specific CD8+ T cell immune
responses, resulting in better tumor killing.
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The employment of imiquimod for tumor treatment
has significant potential for clinical translation. Currently
there is one ongoing phase I trial to assess the immunoge-
nicity, safety, tolerability and efficacy of pNGVL4a-Sig/
E7(detox)/HSP70 DNA vaccine [28] followed by a
booster vaccination with a recombinant vaccinia express-
ing HPV-16/18 E6 and E7 (TA-HPV) [29] in combination
with locally applied TLR7 agonist, imiquimod in patients
with HPV-16+ high grade cervical intraepithelial neopla-

sia (CIN3) http://www.clinicaltrial.gov/ct2/show/
NCT00788164. The application of imiquimod may gener-

ate local inflammation in the local lesional microenviron-
ment, thus allowing the localized immune effector cells to
access lesional epithelium in patients with CIN lesions,
and function in tumor destruction in the local microenvi-
ronment.

In summary, our study demonstrates that the combina-
tion of therapeutic HPV DNA vaccination with topical
treatment with the TLR7 agonist, imiquimod enhances
the antitumor immunity induced by DNA vaccination.
Our study serves as an important foundation for future
clinical translation.

Competing interests
The authors declare that they have no competing interests.

Authors' contributions

CMC was involved in the execution of the project. AM was involved in the
interpretation of the data and writing the manuscript. CFH and TCW provided
overall supervision and guidance for the project. All authors read and
approved the manuscript.

Acknowledgements
This work was supported by 1 ROT CA114425 01 and SPORE programs (P50
CA098252 and P50 CA96784-06) of the National Cancer Institute.

Author Details

Department of Pathology, Johns Hopkins Medical Institutions, Baltimore,
Maryland, USA, 2Department of Obstetrics and Gynecology, Johns Hopkins
Medical Institutions, Baltimore, Maryland, USA, 3Department of Molecular
Microbiology and Immunology, Johns Hopkins Medical Institutions, Baltimore,
Maryland, USA, “Department of Oncology, Johns Hopkins Medical Institutions,
Baltimore, Maryland, USA, SDepartment of Obstetrics and Gynecology, Taipei
Veterans General Hospital, Taipei, Taiwan and 6School of Medicine, National
Yang-Ming University, Taipei, Taiwan

Received: 11 January 2010 Accepted: 28 April 2010
Published: 28 April 2010

References

1. Kenter GG, Welters MJ, Valentijn AR, Lowik MJ, Meer DM Berends-van der,
Vloon AP, Essahsah F, Fathers LM, Offringa R, Drijfhout JW, Wafelman AR,
Oostendorp J, Fleuren GJ, Burg SH van der, Melief CJ: Vaccination against
HPV-16 oncoproteins for vulvar intraepithelial neoplasia. The New
England journal of medicine 2009, 361:1838-1847.

2. Donnelly JJ, Ulmer JB, Liu MA: DNA vaccines. Life sciences 1997,
60:163-172.

3. Gurunathan S, Klinman DM, Seder RA: DNA vaccines: immunology,
application, and optimization. Annual review of immunology 2000,
18:927-974.

4. Hung CF, Wu TC: Improving DNA vaccine potency via modification of
professional antigen presenting cells. Current opinion in molecular
therapeutics 2003, 5:20-24.


http://www.clinicaltrial.gov/ct2/show/NCT00788164
http://www.clinicaltrial.gov/ct2/show/NCT00788164
http://www.jbiomedsci.com/content/17/1/32
http://creativecommons.org/licenses/by/2.0
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19890126
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9000640
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10837079
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12669466

Chuang et al. Journal of Biomedical Science 2010, 17:32
http://www.jbiomedsci.com/content/17/1/32

20.

21.

22.

23.

24.

25.

26.

27.

Tsen SW, Paik AH, Hung CF, Wu TC: Enhancing DNA vaccine potency by
modifying the properties of antigen-presenting cells. Expert review of
vaccines 2007, 6:227-239.

Gelebart P, Opas M, Michalak M: Calreticulin, a Ca2+-binding chaperone
of the endoplasmic reticulum. The international journal of biochemistry &
cell biology 2005, 37:260-266.

Cheng WF, Hung CF, Chai CY, Hsu KF, He L, Ling M, Wu TC: Tumor-specific
immunity and antiangiogenesis generated by a DNA vaccine encoding
calreticulin linked to a tumor antigen. The Journal of clinical investigation
2001, 108:669-678.

Kim JW, Hung CF, Juang J, He L, Kim TW, Armstrong DK, Pai SI, Chen PJ, Lin
CT, Boyd DA, Wu TC: Comparison of HPV DNA vaccines employing
intracellular targeting strategies. Gene therapy 2004, 11:1011-1018.
Peng S, JiH, Trimble C, He L, Tsai YC, Yeatermeyer J, Boyd DA, Hung CF, Wu
TC: Development of a DNA vaccine targeting human papillomavirus
type 16 oncoprotein E6. JVirol 2004, 78:8468-8476.

Kim TW, Lee JH, Hung CF, Peng S, Roden R, Wang MC, Viscidi R, Tsai YC, He
L, Chen PJ, Boyd DA, Wu TC: Generation and characterization of DNA
vaccines targeting the nucleocapsid protein of severe acute
respiratory syndrome coronavirus. JVirol 2004, 78:4638-4645.

Gaspari A, Tyring SK, Rosen T: Beyond a decade of 5% imiquimod topical
therapy. J Drugs Dermatol 2009, 8:467-474.

Novak N, Yu CF, Bieber T, Allam JP: Toll-like receptor 7 agonists and skin.
Drug news & perspectives 2008, 21:158-165.

Hemmi H, Kaisho T, Takeuchi O, Sato S, Sanjo H, Hoshino K, Horiuchi T,
Tomizawa H, Takeda K, Akira S: Small anti-viral compounds activate
immune cells via the TLR7 MyD88-dependent signaling pathway.
Nature immunology 2002, 3:196-200.

Miller RL, Meng TC, Tomai MA: The antiviral activity of Toll-like receptor 7
and 7/8 agonists. Drug news & perspectives 2008, 21:69-87.

Bilu D, Sauder DN: Imiquimod: modes of action. The British journal of
dermatology 2003, 149(Suppl 66):5-8.

Miller RL, Gerster JF, Owens ML, Slade HB, Tomai MA: Imiquimod applied
topically: a novel immune response modifier and new class of drug.
International journal of immunopharmacology 1999, 21:1-14.

Lin KY, Guarnieri FG, Staveley-O'Carroll KF, Levitsky HI, August JT, Pardoll
DM, Wu TC: Treatment of established tumors with a novel vaccine that
enhances major histocompatibility class Il presentation of tumor
antigen. Cancer research 1996, 56:21-26.

Trimble C, Lin CT, Hung CF, Pai S, Juang J, He L, Gillison M, Pardoll D, Wu L,
Wu TC: Comparison of the CD8+ T cell responses and antitumor effects
generated by DNA vaccine administered through gene gun, biojector,
and syringe. Vaccine 2003, 21:4036-4042.

Chen CH, Wang TL, Hung CF, Yang Y, Young RA, Pardoll DM, Wu TC:
Enhancement of DNA vaccine potency by linkage of antigen gene to
an HSP70 gene. Cancer research 2000, 60:1035-1042.

Daayana S, Elkord E, Winters U, Pawlita M, Roden R, Stern PL, Kitchener HC:
Phase Il trial of imiquimod and HPV therapeutic vaccination in patients
with vulval intraepithelial neoplasia. British journal of cancer 2010,
102:1129-36.

Mantovani A, Sozzani S, Locati M, Allavena P, Sica A: Macrophage
polarization: tumor-associated macrophages as a paradigm for
polarized M2 mononuclear phagocytes. Trends inimmunology 2002,
23:549-555.

Martinez FO, Sica A, Mantovani A, Locati M: Macrophage activation and
polarization. front Biosci 2008, 13:453-461.

Lepique AP, Daghastanli KR, Cuccovia IM, Villa LL: HPV16 tumor
associated macrophages suppress antitumor T cell responses. Clin
Cancer Res 2009, 15:4391-4400.

Hart OM, Athie-Morales V, O'Connor GM, Gardiner CM: TLR7/8-mediated
activation of human NK cells results in accessory cell-dependent IFN-
gamma production. J/mmunol 2005, 175:1636-1642.
Ostrand-Rosenberg S, Sinha P: Myeloid-derived suppressor cells: linking
inflammation and cancer. J/mmunol 2009, 182:4499-4506.

Dolcetti L, Marigo |, Mantelli B, Peranzoni E, Zanovello P, Bronte V:
Myeloid-derived suppressor cell role in tumor-related inflammation.
Cancer letters 2008, 267:216-225.

Marigo I, Dolcetti L, Serafini P, Zanovello P, Bronte V: Tumor-induced
tolerance and immune suppression by myeloid derived suppressor
cells. Immunological reviews 2008, 222:162-179.

Page 9 of 9

28. Trimble CL, Peng S, Kos F, Gravitt P, Viscidi R, Sugar E, Pardoll D, Wu TC: A

phase | trial of a human papillomavirus DNA vaccine for HPV16+
cervical intraepithelial neoplasia 2/3. Clin Cancer Res 2009, 15:361-367.

29. Kaufmann AM, Stern PL, Rankin EM, Sommer H, Nuessler V, Schneider A,

Adams M, Onon TS, Bauknecht T, Wagner U, Kroon K, Hickling J, Boswell
CM, Stacey SN, Kitchener HC, Gillard J, Wanders J, Roberts JS, Zwierzina H:
Safety and immunogenicity of TA-HPV, a recombinant vaccinia virus
expressing modified human papillomavirus (HPV)-16 and HPV-18 E6
and E7 genes, in women with progressive cervical cancer. Clin Cancer
Res 3685, 8:3676-2002.

doi: 10.1186/1423-0127-17-32

Cite this article as: Chuang et al, Treatment with Imiquimod enhances anti-
tumor immunity induced by therapeutic HPV DNA vaccination Journal of Bio-
medical Science 2010, 17:32

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( ) BiolVed Central



http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17408372
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11544272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14985791
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15280455
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15078946
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19537370
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11812998
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14616337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10411278
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8548765
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12922140
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10706121
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=20234368
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12401408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17981560
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19549768
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16034103
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19342621
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18433992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18364001
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19118066

	Abstract
	Background:
	Methods:
	Results:
	Conclusions:

	Background
	Methods
	Mice and cell line
	Plasmid DNA constructs
	Flow cytometry analysis
	In vivo evaluation of the antitumor effects generated by combined treatment
	In vivo antibody depletion experiments
	Statistical analysis

	Results
	Treatment with CRT/E7 DNA in combination with imiquimod leads to decrease in the number of myeloidderived suppressor cells but not CD4+CD25+ T cells in the tumor microenvironment of tumor-bearing mice
	Treatment with CRT/E7 DNA in combination with imiquimod leads to an enhancement in the E7-specific CD8+ T cell immune responses in tumor-bearing mice 
	Treatment with CRT/E7 DNA in combination with imiquimod leads to significantly improved antitumor effects and prolonged survival in treated mice
	Treatment with imiquimod leads to increased number of NK1.1+ cells and F4/80+ cells in the tumor microenvironment
	Macrophages and NK1.1+ cells play an important role in the antitumor effects mediated by treatment with CRT/E7 DNA in combination with imiquimod

	Discussion
	Competing interests
	Authors' contributions
	Acknowledgements
	Author Details
	References

