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ABSTRACT
Although active immunotherapies are effective strategies to induce activation of CD8+ T cells, advanced 
stage tumors require further improvements for efficient control. Concerning the burden of cancer-related 
to Human papillomavirus (HPV), particularly the high incidence and mortality of cervical cancer, our group 
developed an approach based on a DNA vaccine targeting the HPV-16 E7 oncoprotein (pgDE7h). This 
immunotherapy is capable of inducing an antitumour CD8+ T cell response but show only partial control 
of tumors in more advanced growth stages. Here, we combined a chemotherapeutic agent (gemcitabine- 
Gem) with pgDE7h to overcome immunosuppression and improve antitumour responses in a preclinical 
mouse tumor model. Our results demonstrated that administration of Gem had synergistic antitumor 
effects when combined with pgDE7h leading to eradication of both early-stages and established tumors. 
Overall, the antiproliferative effects of Gem observed in vitro and in vivo provided an optimal window for 
immunotherapy. In addition, the enhanced antitumour responses induced by the combined therapeutic 
regimen included enhanced frequencies of antigen-presenting cells (APCs), E7-specific IFN-γ-producing 
CD8+ T cells, and cytotoxic CD8+ T cells and, concomitantly, less pronounced accumulation of immuno-
suppressive myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs). These findings 
demonstrated that the combination of Gem and an active immunotherapy strategy show increased 
effectiveness, leading to a reduced need for multiple drug doses and, therefore, decreased deleterious 
side effects avoiding resistance and tumor relapses. Altogether, our results provide evidence for a new 
and feasible chemoimmunotherapeutic strategy that supports future clinical translation.
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Introduction

Human papillomavirus (HPV) is the second most common 
infectious agent associated with cancer in humans, with an 
estimated worldwide burden of 690,000 cases of cancer 
per year.1 In particular, HPV-16 and HPV-18 are the most 
common viral types with oncogenic potential.2 HPV is asso-
ciated, at different rates, with several types of anogenital and 
oropharynx cancers and, notably, is the causal factor of almost 
all cervical cancer cases, the fourth leading cancer type in 
incidence (570,000/year) and mortality (311,000/year) in 
women.3 Indeed, the global burden of cervical cancer is 
expected to increase in the coming years.4 Vaccines to prevent 
HPV infection have been available for the last ten years, but 
worldwide coverage is still low, especially in developing coun-
tries, where most HPV-associated mortality occurs. People 
who are unvaccinated or already infected by oncogenic HPV 
types remain at risk of developing cancer and rely on currently 
available treatments.

The treatment options for HPV-induced tumors are mainly 
surgery, chemotherapy, and/or radiotherapy. Considering cer-
vical cancer, the 5-year overall survival rate is approximately 
92% for early-stage lesions, but the rate drops to approximately 
50% for stage III cancer cases and 17% for more advanced- 
stage cancer cases.5,6 Although the current treatments provide 
positive survival outcomes, they are often associated with 
debilitating adverse effects and resistance to therapy. In addi-
tion, tumor relapse is frequently observed, particularly in 
patients diagnosed with tumors at an advanced stage.7 Thus, 
the development of alternative therapeutic approaches for 
HPV-associated tumors with reduced toxicity and enhanced 
long-term efficacy is urgently needed.

Gemcitabine (Gem) is a nucleoside analogue used in the 
clinic for a wide range of tumors, such as non-small cell lung 
cancer, pancreatic cancer, bladder cancer, and breast cancer.8,9 

The cytotoxic effects of Gem on tumor cells are associated with 
the inhibition of DNA replication and DNA repair 
mechanisms.10 Monotherapy with high doses of Gem is com-
monly related to hematologic toxicity and resistance following 
multiple administrations.11,12 The use of lower doses of Gem 
has been shown to induce milder toxicity, preserving its anti-
tumour effects and improving patient quality of life.13 

Alternatively, clinical trials have reported synergistic antitu-
mour effects following combination treatment with Gem and 
other drugs or immunotherapeutic approaches.14,15 The coad-
ministration of Gem and DC-based immunotherapy has been 
shown to induce the activation of antigen-specific cytotoxic 
T lymphocytes (CTLs) against advanced pancreatic cancers.16

Gem can act as an adjuvant to immunotherapy by promot-
ing increased MHC-I expression on tumor cells in vivo and 
in vitro, favoring tumor cell recognition by cytotoxic T cells.17 

Additionally, Gem plays an active role in inhibiting the pro-
liferation of immunosuppressive cells, such as myeloid-derived 
suppressor cells (MDSCs) and regulatory T cells (Tregs), but 
does not induce parallel effects on effector T cells.18 Gem was 
found to inhibit STAT3 phosphorylation in myeloid cells,19 

a transcription factor essential for the survival and prolifera-
tion of MDSCs and the differentiation of Tregs.20 Therefore, 
Gem can potentially contribute to modulating some of the 

immunosuppressive mechanisms present in the tumor 
microenvironment.

Given the high numbers HPV-attributable tumors and the 
crucial need to develop alternative therapies with reduced 
toxicity and enhanced efficacy, we evaluated a new antitumour 
treatment involving the use of Gem with a DNA vaccine cap-
able of inducing robust HPV-specific T cell responses. The 
DNA vaccine pgDE7h encodes HPV-16 E7 fused to herpes 
simplex virus type 1 (HSV-1) glycoprotein D (gD).21,22 

Previous results demonstrated that administration of this vac-
cine therapeutically induced the activation of E7-specific CD8+ 

T cells and antitumour protection against early-stage tumors in 
mice.22–24 In the present study, we focused on the combination 
of Gem and pgDE7h, aiming to improve the treatment efficacy, 
particularly against tumors in more advanced stages of devel-
opment. Our results demonstrated the synergistic antitumour 
effects of the combined therapy with simultaneous control of 
immunosuppressive responses, induction of tumor-specific 
cytotoxic CD8+ T cells, and complete eradication of established 
tumors at experimental conditions.

Materials and methods

TC-1 cells

The TC-1 tumor cell line was kindly provided by Dr. T.C. Wu 
(Johns Hopkins University, MD, USA) and was generated by 
transformation of primary C57BL/6 mouse lung epithelial cells 
with c-Ha-ras and the HPV-16 E6 and E7 oncogenes.25 TC-1 
cells were maintained in RPMI 1640 medium (Gibco; MA, 
USA) supplemented with 10% heat-inactivated fetal bovine 
serum (FBS) (Vitrocell, SP, BRA), 50 U/ml penicillin G/strep-
tomycin, and 0.4 mg/ml G418 and were maintained at 37°C in 
a 5% CO2 atmosphere.

Wound healing assay

TC-1 cells (5 × 105) were seeded in 24-well plates and cultured 
at 37°C in 5% CO2 until 95% confluent, which took approxi-
mately 18 to 24 h. Afterward, a wound was made in the 
monolayer by carefully scratching it with a sterile 200-μL pip-
ette tip. Next, fresh medium containing 50 nM or 500 nM Gem 
was added to the cells. Untreated cells were used as a control. 
After 18 h, bright-field images were obtained using an EVOS® 
FL Cell Imaging System light microscope (Thermo Fisher 
Scientific, MA, USA).

Spheroids and viability

Multicellular three-dimensional (3D) spheroids of TC-1 cells 
were prepared according to the following protocol. First, in 
a 96-well U-bottom plate, 50 µl of a PBS solution with 1% 
agarose was carefully applied to each well. After 30 min, 7 × 103 

TC-1 cells, at a final volume of 200 µL, were carefully added to 
50 µl of the agarose matrix previously added to each well. Then, 
the plate was centrifuged for 5 min at 290 g and room tem-
perature in a swing-out rotor. The cells were cultured at 37°C 
and 5% CO2 for 4 days until spheroid formation. Next, 100 µl 
of culture medium was carefully removed from each well, and 
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fresh medium containing Gem was added to the wells such that 
the final concentration reached 50 or 500 nM. Untreated cells 
were used as a control group to normalize the data. The 
spheroids were treated for 72 h. Spheroid images were obtained 
by bright-field microscopy for spheroid size evaluation. Next, 
spheroid viability was assessed using ethidium bromide (EB) 
incorporation in combination with acridine orange (AO) stain-
ing (50 µg/mL of each dye). Images were acquired with an 
EVOS® FL Cell Imaging System (Thermo Fisher Scientific, MA, 
USA). Green indicates live cells, and red indicates dead cells.

Cell proliferation (WST-1) assay

TC-1 cells were seeded at a concentration of 1 × 104 cells/well 
in a 96-well flat-bottom plate. Following overnight resting, 
fresh medium with or without 50 nM or 500 nM Gem was 
added to the cells. At different incubation time points (4, 6, 8, 
12, and 24 h), 10 μL of Cell Proliferation Reagent WST-1 
(Roche, BS, SWI, cat. #11644807001) was added to each well, 
mixed, and incubated for 1 h at 37°C in 5% CO2. Cell viability 
was estimated by measuring the absorbance at 480 nm. The cell 
viability percentage was calculated based on the average of 
triplicate wells using the following calculation: [(Absorbance 
treated cells/absorbance untreated cells) x 100]; values were normal-
ized by the percentage of the control group (untreated cells).

Cell cycle profiling and DNA damage induction

Cells were treated with 50 or 500 mM Gem and harvested after 
24 h. For concomitant cell cycle profiling and DNA damage 
analysis, cells were detached with trypsin and fixed with for-
maldehyde (1%) on ice for 15 min. Next, the cells were centri-
fuged (1500 rpm, 10 min), washed with PBS, centrifuged again, 
and suspended in 70% ice-cold ethanol. The cells were incu-
bated in ethanol for at least 24 h at −20°C. After this time, the 
cells were centrifuged (4000 rpm, 5 min), washed with 500 µL of 
PBS-T-BSA (PBS, 0.2% Triton X-100, and 1% FBS), centrifuged 
again and permeabilized with PBS-T-BSA for 5 min. 
Subsequently, the cells were centrifuged, and the pellet was 
incubated in 50 µL of anti-ɣH2AX antibody (Sigma-Aldrich, 
MO, USA) overnight at 4°C. Next, the pellet was washed twice 
with PBS-T-BSA and incubated in anti-mouse-FITC (Sigma- 
Aldrich, MO, USA) for 1 h in the dark at room temperature. 
After this period, the cells were washed as previously described. 
For cell cycle analyses, the same samples were suspended in 
200 µL of propidium iodide (200 μg/mL RNase A, 20 μg/mL PI, 
and 0.1% Triton X-100 in filtered PBS) for 40 min at room 
temperature. Next, the cells were washed twice with filtered PBS 
and suspended in 200 µL of filtered PBS for cytometric analysis. 
Flow cytometry was performed to evaluate the cell cycle profile 
and DNA damage induction indirectly through the anti-ɣH2AX 
antibody. The ɣH2AX signal and PI fluorescence in 10,000 cells 
were analyzed using an Accuri C6 BD cytometer (BD 
Bioscience, CA, USA) and BD CSampler analysis software.

Mice

Wild-type female C57BL/6 mice aged six to eight weeks were 
purchased from the Animal Breeding Center at Medical School 

(University of Sao Paulo). Female C57BL/6 IFN-γ knockout 
(KO) and C57BL/6 CD8+ T cell KO mice were provided by the 
facility Animal Breeding Center of the Department of 
Immunology at the University of São Paulo. All mice were 
housed at the Microbiology Department of the same university. 
Experimental procedures were carried out following guidelines 
established by the National Council for Control of Animal 
Experimentation (CONCEA), and animal protocols were 
approved by the Ethics Committee on the Use of Animals 
(CEUA) on August 18, 2014 (project number 92/2014 and 
84/2017).

Tumor cell challenge

Mice were subcutaneously injected with 1 × 105 TC-1 cells per 
mouse in 100 μl of FBS-free RPMI medium in the right dorso-
lateral region. Tumor growth was monitored 2 times a week 
with callipers to determine the smaller (d) and larger (D) 
diameters of the tumor. Tumor size is expressed as volume, 
which was calculated according to the formula D x d2/2. Mouse 
survival was recorded for at least 60 days, mice were euthanized 
when tumors reached 15 mm of diameter or became necrotic. 
Tumor-free mice received a second tumor challenge with 
implantation of 10-fold more TC-1 cells (1 x 106 cells per 
mouse) 60 days after the first challenge.

Vaccine and immunization

To generate the vaccine pgDE7h, a gene sequence encoding the 
HPV-16 E7 protein genetically fused to HSV-1 gD was cloned 
into a pUMVC3 vector (Aldevron, ND, USA) as described 
previously.26,27 The therapeutic protocol started 5 days after 
TC-1 cell transplantation (early stage) or when the tumor 
reached 3 mm in diameter (established tumors). For early- 
stage immunization protocols, mice were injected with two 
doses of 50 µg of pgDE7h vaccine with a one-week interval 
by conventional intramuscular (i.m.) inoculation of the tibialis 
anterior muscle. In experiments using established tumors, mice 
were also vaccinated with two doses of the pgDE7h vaccine 
(5 µg per dose) i.m. associated with in vivo electroporation (EP) 
using the NEPA21 Super Electroporator (NepaGeneCo., Ltd., 
Chiba, JPN) as described previously.24 Chemotherapy con-
sisted of intraperitoneal administration of two doses of gemci-
tabine hydrochloride (80 mg/kg, Gemzar, Lilly, SP, BRA) with 
a one-week interval.

Immunological assays

For in vivo cytotoxicity assays, splenocyte suspensions from 
naive mice were stained with carboxyfluorescein diacetate suc-
cinimidyl ester (CFSE; Invitrogen) at a final concentration of 
0.7 μM (CFSElow) or 7 μM (CFSEhigh). The CFSEhigh popula-
tion was pulsed with 2.5 μg/mL CD8-specific E7 peptide (49 
RAHYNIVTF57, GenScript, NJ, USA) for 40 min at 37°C. 
Equal numbers of pulsed and unpulsed cells were injected 
intravenously (a total of 2 × 107 cells/mouse) into mice immu-
nized two weeks prior. Splenocytes were harvested 18 h later, 
and the cell suspension was analyzed for CFSE expression by 
flow cytometry on an LSRFortessa (BD Biosciences, CA, USA). 
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The percentages of lysed cells were determined by the follow-
ing formula: [1 – (% CFSEhigh immunized/% CFSElow immu-
nized)/ (% CFSEhigh naive/% CFSElow naive)] x 100. For 
identification of antigen-specific T cells, a splenocyte suspen-
sion was incubated with anti-CD16/CD32 Fc receptor blocking 
reagent (eBioscience, CA, USA). Splenocytes were then labeled 
with E7-specific APC-conjugated MHC-class I Dextramer 
(Immudex, KBH, DNK) according to the manufacturer’s 
recommendations. Subsequently, the cell surface was stained 
with anti-CD8a (FITC) and anti-CD3 (PE-Cy5) monoclonal 
antibodies (mAbs). For memory phenotyping assays and intra-
cellular staining (ICS) for IFN-γ production, splenocytes were 
cultured at a concentration of 2 × 106 cells/well in the presence 
of brefeldin A (5 µg/ml – GolgiPlug; BD Biosciences, CA, USA) 
and recombinant mouse IL-2 (5 ng/ml) with or without a CD8- 
specific E7 peptide (49RAHYNIVTF57, GeneScript; 1.5 μg/mL) 
at 37°C and 5% CO2. After 12 h of stimulation, the cell surface 
was stained with anti-CD3 (PE-Cy5), anti-CD8a (BV605), anti- 
CD44 (FITC), and anti-CD62L (BV421) mAbs. Next, the sur-
face-stained cells were fixed and permeabilized using Cytofix/ 
Cytoperm (BD Biosciences, CA, USA) and intracellularly 
stained with an anti-IFN-γ antibody (Alexa Fluor 700). The 
number of activated cells was determined based on the pheno-
type CD3+ CD8+ CD44+ IFN-γ+ and effector memory (Tem) 
cells were detected by the surface phenotype CD3+ CD8+ 

CD44+ CD62L− T cells. Alternatively, the percentages of 
CD8+ IFNγ+ cells in the CD8+ CD3+ T cell gate were deter-
mined. Results were calculated by subtracting the percentages 
of unstimulated cells from the percentages of stimulated cells. 
The phenotypes of myeloid-derived suppressor cells (MDSCs) 
and dendritic cells (DCs) were determined after surface label-
ing of cells with anti-CD11b (FITC), anti-Gr1 (APC), anti- 
CD11 c (PE-Cy7), anti-I-A/IE (MHC-II, BV421), anti-Ly6C 
(PerCP-Cy5.5), and anti-F4/80 (PE) mAbs. MDSCs were char-
acterized as CD11b+ Gr-1+. For Tregs assays, surface anti-CD3 
(APC-Cy7), anti-CD4 (BV605) and anti-CD25 (BB515) mAbs 
and an anti-FoxP3 (BV421) mAb were used after cell permea-
bilization with FoxP3 Staining Buffer (eBioscience, CA, USA). 
All antibodies were purchased from eBioscience, BD, or 
BioLegend (CA, USA). The samples were analyzed on an 
LSRFortessa flow cytometer (BD Bioscience, CA, USA), and 
data were analyzed with FlowJo software. All analyses were 
performed after the initial exclusion of doublets using the 
FSC and SSC parameters.

Quantification and statistical analysis

t-distributed stochastic neighbor (t-SNE) analyses were run 
using concatenated flow cytometry data (5,000 events/sample) 
under default parameters (iterations: 2,000, perplexity: 50, and 
u: 0.5) using FlowJo software. t-SNE was applied to expression 
data for Gr-1, Ly6C, F4/80, MHC-II, and CD11c after down-
sampling pregating on CD11c+ CD11b+ single cells. The sam-
ples were merged to create a single t-SNE map and grouped 
according to treatment. The Circle shows the clustered popula-
tion with the MDSCs APC phenotype defined as Gr-1+ Ly6C+ 

F4/80+ MHC-II+ CD11c+. t-SNE heatmaps show the median 
fluorescence intensity (MFI) of the markers Gr-1 and MHC-II 
in all samples overlaid on the t-SNE projection. The scales on 

the heat maps were individually generated for each surface 
marker from low to high expression. Additional statistical 
analyses were performed with GraphPad Prism software, ver-
sion 8.0. To compare different immunization groups, one- or 
two-way ANOVA with multiple comparisons and Bonferroni 
post hoc tests were performed. Survival curves were compared 
using the log-rank (Mantel-Cox) test. All tests were performed 
as two-tailed tests, and significance levels were defined as p  
< .05 (* p < .05; ** p < .01 and *** p < .001) with a confidence 
interval of 95%. Appropriate methods are indicated in the 
legends with significant differences marked in all figures. 
Figures were prepared using GraphPad Prism, Adobe 
Illustrator 2020 (Adobe Systems, San Jose, CA) and Autodesk 
SketchBook Pro 2021 software.

Results

Gem limits the proliferation of TC-1 tumor cells in vitro

The antitumour effects of Gem were initially evaluated in vitro 
using TC-1 cells capable of expressing the HPV-16 E6 and E7 
oncoproteins, either in monolayer (2D) or spheroid (3D) cul-
tures. The 2D cultures treated with 50 nM Gem did not show 
any significant inhibitory effects in cell migration assays com-
pared to untreated cultures (Figure 1a-b). However, exposure 
to 500 nM Gem significantly reduced TC-1 cell migration 
(Figure 1a-b). In contrast, when spheroids were treated with 
Gem, clear inhibition of cell proliferation was detected with 
both 50 nM and 500 nM (Figure 1c-d). Gem also displayed 
cytotoxic effects on 2D TC-1 cultures at both 50 nM and 
500 nM, with viability dropping to 70% and 40%, respectively, 
after 24 h (Figure 1e). Although 50 nM Gem decreased spher-
oid growth, this treatment did not induce significant cell death. 
In contrast, 500 nM Gem halted spheroid growth and caused 
significant cell death (Figure 1f). Gem also caused dose- 
dependent cell cycle arrest in TC-1 cells in vitro. In 2D cultures, 
most of the cells were arrested in G1 phase at both concentra-
tions at 24 h post treatment (Figure 1g). Finally, Gem caused 
significant DNA damage, as measured by evaluating the phos-
phorylation of H2AX, resulting in γH2AX formation, 
a biomarker of genotoxic stress. Notably, both concentrations 
of Gem increased the formation of γH2AX in treated TC-1 
cells (Figure 1g-h).

The combination of gem and pgDE7h promotes synergistic 
antitumour effects on early-stage HPV-associated tumors

We previously reported that immunizations with pgDE7h con-
ferred partial therapeutic antitumour protection in mice after 
transplantation of TC-1 cells.22 To evaluate whether Gem can 
enhance the therapeutic antitumour effects of the therapeutic 
vaccine, we treated mice with two doses of Gem (80 mg/kg) 
combined with pgDE7h (50 µg/dose) or not at 5 and 12 days 
after TC-1 cell transplantation. Gem treatment alone promoted 
an initial delay in tumor growth, but growth promptly resumed 
after interruption of treatment, and all animals had to be 
euthanized before the end of the observation period 
(Figure 2a-d). Immunization with pgDE7h showed a slight 
protective antitumour effect, with only 20% of mice remaining 
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Figure 1. In vitro effects of Gem on TC-1 cells. (a) Regenerative growth (cell migration) following disruption of TC-1 cell monolayers incubated in the presence of 50 nM 
or 500 nM Gem for 15 h. Cells cultured in RPMI medium plus 10% FBS were used as reference controls. (b) Relative TC-1 monolayer regeneration based on the 
experiment described in (A). Values represent the percentage of TC-1 cells that migrated after Gem treatment. The error bars correspond to the SEM of 8 experiments. (c) 
Multicellular three-dimensional (3D) spheroids of TC-1 cells cultured for three days with or without Gem at 50 nM or 500 nM. Control cells were cultured in the medium 
alone. (d) Quantification of TC-1 spheroid growth after treatment with Gem. The dashed line represents the initial area of TC-1 spheroids before treatment with Gem. 
The values are the mean ± SEM of 6 experiments. (e) Sensitivity of TC-1 cells to Gem (50 nM and 500 nM) evaluated by a WST-1 assay at different time points after 
exposure. Nontreated cells were used as a control to normalize the values measured for treated cells. (f) Bright-field (left images) and fluorescence microscopy images 
(central – acridine orange, right – ethidium bromide) of TC-1 3D spheroids to evaluate morphology (density) and viability, respectively, three days after cultivation with 
or without Gem for three days. (g) TC-1 cell cycle arrest promoted by Gem. Representative histograms of cell cycle profiles (top line) and representative immunostaining 
for γH2AX (bottom line) to detect genotoxic stress in TC-1 cells by flow cytometry after 24 h of treatment with Gem (50 or 500 nM). (h) Quantification of γH2AX levels in 
the cells described in (G). All data are presented as the mean ± SEM based on 2 independent experiments performed in triplicate. Statistical significance: (**) p < .01 and 
(***) p < .001 by ANOVA. (ns) Non-significant.
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tumor-free (Figure 2b-d). Nonetheless, the combination of 
Gem and pgDE7h elicited synergistic antitumour effects and 
promoted full tumor protection until the end of the observa-
tion period (Figure 2b-d). We also measured CD8+ T cell 
responses and immunosuppressive cell expansion in mice sub-
jected to the combined treatment. As shown in Figure 2e, mice 
treated with pgDE7h or with Gem plus pgDE7h showed 
increased frequencies of E7-specific IFN-γ-producing CD8+ 

T cells compared with mice treated with only Gem or sham 
treatment (Figure 2e). In agreement with the literature, mice 
treated with Gem efficiently block expansion of MDSCs, but 
did not alter the frequencies of Tregs in the spleen (Figure 2f- 
g). In contrast, mice subjected to the combined treatment 
showed reduced expansion of Tregs and MDSCs in compar-
ison with mice immunized with pgDE7h or treated only with 
Gem (Figure 2f-g).

The combination of gem and pgDE7h delivered by 
electroporation confers full protection against established 
tumors

We next evaluated whether the combined treatment is cap-
able of controlling tumors at more advanced growth stages. 
For these experiments, mice bearing tumors with an aver-
age diameter of 3 mm were treated with two doses of 
pgDE7h (5 µg/dose) delivered by electroporation (pgDE7h 
EP) with or without Gem 10 and 17 days after tumor cell 
engraftment (Figure 3a). All mice treated with Gem com-
bined with pgDE7h EP showed full eradication of estab-
lished tumors (Figure 3b-c). Under the same conditions, 
mice that received Gem or pgDE7h EP alone displayed 
significantly reduced tumor growth but showed no or 40% 
antitumour protection, respectively, until the end of the 
observation period (Figure 3b-c). In order to determine 
whether the combination treatment would prevent tumor 
relapses, immunized mice were grafted with a second load 
of TC-1 cell (with 10-fold higher compared with the first 
tumor cell engraftment) 60 days after the first challenge. 
The mice treated with pgDE7h EP, with or without combi-
nation with Gem, efficiently eliminated TC-1 tumor cells 
and displayed full protection from tumor recurrence, which 
demonstrated the long-lasting immune protection induced 
by the vaccine-based treatment.

The role of effector CD8+ T cells in the protective effects 
conferred by the combined treatment was investigated in 
knockout mice genetically deficient in CD8+ T cells (CD8 
KO) or IFN-γ (IFN-γ KO). The antitumour protection 
elicited in immunocompetent mice was completely abro-
gated in CD8 KO and IFN-γ KO mice (Figure 3d-e). 
Indeed, CD8 KO and IFN-γ KO mice treated with Gem 
or Gem combined with pgDE7h EP exhibited transient 
tumor growth and delayed mortality, but none of the trea-
ted animals remained tumor-free at the end of the observa-
tion period (Figure 3d-e). Collectively, these results indicate 
that the antitumour growth effects induced by the com-
bined treatment require activation of CD8+ T cells and 
IFN-γ responses.

Gem treatment enhances the pgDE7h-induced activation 
of cytotoxic E7-specific CD8+ T cells

To elucidate the immunological basis of the antitumour effects 
observed after combination treatment with Gem and pgDE7h 
EP, CD8+ T cell responses were measured in the spleen of mice 
subjected to the treatment (Figure 3a). Mice treated with 
pgDE7h EP showed no significant increase in the relative 
numbers of E7-specific CD8+ T cells compared with mice 
treated with only Gem or sham treatment (Figure 4a-b). 
However, mice treated with Gem and pgDE7h EP showed 
a significant increase in the number of E7-Dex+ cells compared 
to mice treated with Gem or immunized only with pgDE7h EP 
(Figure 4a-b). Overall, the combined use of Gem and pgDE7h 
EP induced enhanced numbers of E7-specific CD8+ T effector 
memory (Tem) cells (CD8+ CD44high CD62L−) compared to 
treatment with Gem or pgDE7h EP (Figure 4c). Notably, only 
mice treated with the combined therapy exhibited high fre-
quencies of activated CD8+ T cells (% CD44+ IFN-γ+ CD8+ 

T cells) (Figure 4d).
We next determined the in vivo cytotoxic activity of E7- 

specific CD8+ T cells. Mice treated with pgDE7h EP showed an 
increased killing capacity directed against target cells loaded 
with the E7-specific peptide corresponding to the MHC- 
I-restricted CD8+ T cell epitope (Figure 4e-f). Moreover, the 
in vivo E7-specific cytotoxic activity of CD8+ T cells was sig-
nificantly enhanced in mice treated with Gem and pgDE7h EP 
compared with those treated with only pgDE7h EP (Figure 4e- 
f). Taken together, these results demonstrate that administra-
tion of Gem and pgDE7h EP enhances the activation of anti-
gen-specific CD8+ T cells, particularly T cells with the Tem cell 
phenotype, and endows them with in vivo cytotoxic activities.

We also investigated whether the combination of Gem and 
pgDE7h EP impacts the modulation of immunosuppressive 
cells (MDSCs) and promotes the activation of APCs. Mice 
treated with Gem, with or without combination with pgDE7h 
EP, showed higher frequencies of splenic DCs (CD11c+ MHC- 
II+ Ly6C− F4/80−) than mice treated with only pgDE7h EP 
(Figure 5a). In addition, mice that received any of the treat-
ments showed reduced expansion of MDSCs (CD11b+ Gr-1+) 
(Figure 5b). The absence of a significant difference in the 
percentage of MDSCs in this setting between the monothera-
pies and combination therapy could be due to the mice having 
tumors of similar size at the time point evaluated.

To better demonstrate the specific cell population clusters in 
mice subjected to the different tested treatments, we applied 
a t-SNE analysis tool to characterize the heterogeneous profiles 
of splenic MDSCs and APC populations. Based on this analy-
sis, we identified a GR-1+ cell cluster expressing high MHC-II 
levels that was also positive for Ly6C and F4/80 (Figure 5c-d, 
Supl 1a-b). This result suggested an increase in the MDSCs 
population with an APC profile. More importantly, the group 
treated with Gem and pgDE7h had higher frequencies of 
MHC-IIhigh MDSCs and APCs (CD11b+ Gr-1+ Ly6C+ F4/80+ 

CD11c+ MHC-IIhigh) than the other tested mouse groups 
(Figure 5c-e, Supl 1a-b). Overall, the results indicated that the 
combination of pgDE7h EP and Gem shifted the phenotype of 
MDSCs and enhanced the expansion of APCs in treated mice.
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Figure 2. Synergistic antitumour effects observed in mice administered a combination of Gem and pgDE7h to treat early-stage tumors. (a) Schematic 
representation of the treatment regimen. Mice were transplanted with 1 × 105 TC-1 cells per mouse. On days 5 and 12 post-tumor implantation, the mice received Gem 
(80 mg/kg) via i.p. injection and/or i.m. immunization with pgDE7h (50 µg/dose). Groups of mice were inoculated with PBS or only Gem as controls. (b) Tumor sizes were 
measured over time (two-way ANOVA). Each symbol and bar represent the mean tumor volume, and values are expressed as the mean ± SEM. (c) Percentages of 
surviving and (d) tumor-free mice over time (Mantel-Cox log-rank test). (e) Frequencies of IFN-γ-producing CD8+ T cells on CD3+ CD8+ T cell subsets determined by flow 
cytometry after overnight stimulation with the peptide for the HPV-16 E7 Kb MHC class I-restricted immunodominant epitope at 2 weeks post-immunization. (f) 
Frequencies of total Tregs cells were determinate as CD25high FoxP3+ on CD3+ CD4+ subsets, (g) and MDSCs cells were determined as CD11b+ Gr-1+ in spleen cells by 
flow cytometry. Statistically significant differences were determined with ANOVA and Bonferroni’s test. The results represent data from 2 independent experiments 
(n= 7–10). Statistical significance: *p< .05, **p< .01, ***p< .001, ns- non-significant.
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Discussion

Herein, we demonstrated the enhanced antitumour therapeu-
tic effects of antigen-specific immunotherapy (pgDE7h) after 
combination with Gem, leading to eradication of established 
HPV-associated tumors under experimental conditions. 
Notably, the tested chemoimmunotherapy combination acted 
synergistically to increase the anticancer effects induced in 
treated mice, which were demonstrated by the efficient induc-
tion of activated E7-specific cytotoxic CD8+ T cells and 

reduction in systemic immunosuppressive cellular responses. 
Administration of two doses of Gem temporarily controlled 
tumor progression by direct cytotoxic effects on tumor cells 
without noticeable side effects but was unable to confer long- 
term protection. In contrast, we demonstrated that the com-
bined Gem and pgDE7h treatment resulted in improved 
immunomodulatory effects supported by activation of DCs 
and MDSCs expressing MHC-II, leading to increased antigen 
presentation and priming of CD8+ T cell responses. More 
relevantly, all mice with established tumors subjected to the 

Figure 3. Coadministration of Gem and pgDE7h EP controls established tumors. Tumor-bearing mice (3 mm – approximately 10 days after transplantation) 
received two doses of Gem (80 mg/kg) via i.p. injection and/or i.m. immunization with 2 doses of pgDE7h (5 µg/dose) delivered via electroporation at an interval of 
7 days. Groups of mice were inoculated with PBS or only Gem as controls. (a) Schematic representation of the treatment regimen. (b) Tumor sizes in mice subjected to 
the combined treatment. The tumors were measured over time, and the curves are interrupted when one or more animals developed a tumor at a size that required 
euthanasia (two-way ANOVA). Statistical significance: ***p< .001 the control group versus all groups on day 25, +++ p< .001 Gem versus pgDE7h EP and pgDE7h EP + 
Gem on day 33, ### p< .001 pgDE7h versus pgDE7h + Gem on day 50. (c) Percentages of surviving mice over time from different groups. Immunized tumor-free mice 
were grafted with an additional load of TC-1 tumor cells (10-fold higher) 60 days after the first challenge, and protection was followed for 90 days. Data were (n = 7–14) 
analyzed by the Mantel-Cox log-rank test. Tumor sizes of (d) CD8 KO mice and (e) IFN-γ KO mice (n = 5). Statistical significance: ***p< .001 versus all groups on day 29. 
Results represent data from 2 independent experiments. Each symbol and bars represent the mean ± SEM.
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combined treatment exhibited induction of strong immune 
responses and elimination of tumors and remained tumor- 
free through the end of the observation period, even after 
a tumor challenge two months after the initial graft. 
Altogether, our results provide experimental evidence for the 

improved efficacy of the combination strategy involving che-
motherapy (Gem) and active immunotherapy (pgDE7h) with 
regard to eradication of established HPV-associated tumors.

Understanding the effects of Gem on tumor cells represents 
a relevant step toward the establishment of improved 

Figure 4. Activation of cytotoxic E7-specific CD8+ T cells in mice subjected to treatment with Gem and pgDE7h. Tumor-bearing mice (3 mm) received two i.p. 
doses of Gem (80 mg/kg) and/or i.m. immunization with pgDE7h (5 µg/dose) via EP at an interval of 7 days. Groups of mice were inoculated with PBS or only Gem as 
controls. Two weeks after the second immunization, splenocytes were collected and processed for immunological analyses. (a) Representative flow cytometry plots and 
(b) percentages of E7-specific CD8+ T cells determined by H2-Db E749–57 (RAHYNIVTF) tetramer staining gated on CD3+ CD8+ T cell subsets. Frequencies of (c) effector 
memory T cells (CD8+ CD44high CD62L−; Tem) in CD3+ CD8+ T cell subsets and (d) E7-specific CD44high IFN-γ+ in CD3+ CD8+ T cell after stimulation with the HPV-16 E7 Kb 
MHC class I-restricted immunodominant peptide. (e, f) Two weeks after the second pgDE7h dose, mice received CFSE-labeled splenocytes that were pulsed with the E7- 
derived peptide or left unpulsed. In vivo cytotoxic activity is expressed as results in a histogram (e) and (f) the percentages of target cell lysis. (n = 10). Values are 
expressed as the mean ± SEM. Statistical analysis: ANOVA, posttest: Bonferroni. *p < .05, **p < .01, ***p < .001.
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anticancer therapies. Several studies have shown the effects of 
Gem on different tumor cell lines under in vitro and in vivo 
conditions. We found direct cytotoxic activity of Gem against 
TC-1 tumor cells in vitro in both 2D and 3D cultures. Such 
effects included inhibition of cell migration, reduction in cell 
viability, induction of cell cycle arrest, and genotoxic effects 
demonstrated by generating γH2AX, suggesting prevention of 
malignant progression. These effects also translated into 
a temporary oncostatic effect of the drug in vivo but were 

restricted to a short time frame close to the administration of 
Gem. Indeed, Gem monotherapy shows disease stabilization 
and good tolerability but has minimal antitumour activity in 
treating recurrent or advanced-stage cervical cancer 
patients.28,29 Despite its use in the clinic for different types of 
cancer, Gem is associated with the emergence of drug resis-
tance when used long-term.30 Preclinical studies have demon-
strated that long-term use of Gem enhances negative immune 
checkpoint receptors (PD-L1 and PD-L2) and drug resistance 

Figure 5. Mice subjected to combined chemoimmunotherapy showed inhibition of the expansion of immunosuppressive cells and promotion of the 
expansion of APCs. Tumor-bearing mice (3 mm) received two i.p. doses of Gem (80 mg/kg) and/or i.m. immunization with 2 doses of pgDE7h (50 µg/dose) by 
electroporation at an interval of 7 days. Groups of mice were inoculated with PBS or only Gem as controls. At two weeks after immunization, splenocytes were collected 
and processed for immunological analyses. (a) The frequencies of CD11b+ Gr-1+ MDSCs and (b) CD11c+ MHC-II+ (gated out using the markers F4/80 and Ly6C) cells were 
determined by flow cytometry. (c) t-SNE projection was performed using 2,000 iterations and a perplexity of 50 from splenocyte samples gated on CD11c+ CD11b+. The 
samples were merged to create a single t-SNE map and grouped according to treatment. A circle marks the clustered population with the MDSCs APC phenotype 
defined as Gr-1+ Ly6C+ F4/80+ MHC-II+ CD11c+. (d) Heatmaps of the markers Gr-1 and MHC-II in all samples overlaid on the t-SNE projection. (e) The frequencies of 
MDSCs APC are shown for individual samples defined by the manual gating strategy. Values are expressed as the mean + SEM. Statistical analysis: ANOVA, posttest: 
Bonferroni. *p < .05, **p < .01, ***p < .001.
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mediated by TGF-β secretion.31 On the other hand, Gem 
exhibits a positive impact on the exposure of tumor antigens 
when used at a low dose, which may enhance active immuno-
logical responses.32 Such an effect may be directly linked to the 
enhanced antitumour therapeutic effects achieved when com-
bined with active immunotherapy, favoring presentation and 
cross-presentation of tumor antigen epitopes by APCs and 
subsequent induction of antigen-specific cytotoxic T cells.32 

The described data suggests that short-term Gem therapy 
may be an interesting approach when associated with active 
immunotherapies capable of boosting tumor-specific immune 
responses, controlling tumor growth and inducing immunolo-
gical memory to tumor antigens.

Cytotoxic CD8+ T cell responses positively correlate with 
the control of HPV-16-associated tumors in humans.33,34 

Enhanced antitumour effects and generation of E7-specific 
CD8+ T cells and CTL responses in mice immunized with 
pgDE7h are observed after EP delivery (Sales et al., 2017). 
Since DNA vaccines are poorly immunogenic, the use of EP 
increases cell transfection and the antitumour effects, even at 
DNA concentrations up to 10-fold lower than the amount 
required to achieve similar results after conventional i.m. injec-
tions. Nonetheless, without any other associated therapy, such 
effects drop significantly in mice with established tumors fol-
lowing the engraftment of TC-1 cells, a fast-growing tumor cell 
line.23 In the present study, the combination of pgDE7h EP 
with Gem resulted in enhanced antitumour activities in mice 
with established tumors, including activation of tumor-specific 
CTL responses. In order to demonstrate the synergic adjuvant 
effects of Gem when combined with immunotherapy, we 
selected a suboptimal dose of (80 mg/kg) in a two-dose treat-
ment regimen (significantly lower than the dose used in 
patients – 120 mg/kg), based on previously reported preclinical 
conditions.35 Our results demonstrate that Gem, when applied 
concomitantly with immunotherapy at rather low amounts, 
promotes strong adjuvant effects leading to the synergistic 
activation of E7-specific CD8+ T cells and control of immuno-
suppressive responses. Indeed, the generation of CTL 
responses has been previously identified as a major mechanism 
underlying the enhanced antitumour effects of Gem when 
combined with other immunotherapies. Nonetheless, such 
effects were detected only with repeated administration of 
Gem at high doses or with concomitant administration of 
additional adjuvants.36,37 Importantly, previous studies have 
demonstrated that administration of multiple doses of Gem 
suppresses CTL responses in mice transplanted with TC-1 
cells, with a reduction in antitumour effectiveness.37 In con-
trast, in our preclinical test, mice treated with two doses of 
Gem or with Gem + pgDE7h showed no signs of morbidity, 
weight loss, or a reduction in the number of circulating CD8+ 

T cells. Moreover, our findings demonstrated that Gem treat-
ment provides a window for immunological intervention that 
enhances vaccine effectiveness. The enhanced and long-lived 
therapeutic effects of the combined chemoimmunotherapy 
approach may thus be attributed to the combined immuno-
modulatory properties of both Gem and the chimaeric protein 
encoded by the DNA vaccine vector, as demonstrated by acti-
vation of murine and human DCs with a purified gD-E7 
protein.38 Of note, the antitumour responses achieved in 

mice subjected to combined Gem and pgDE7h treatment con-
ferred long-lived immune responses, preventing tumor recur-
rence even after the subsequent implantation of TC-1 cells. 
Altogether, the present evidence supports the application of 
combined therapy for eradication of established HPV- 
associated tumors.

As highlighted by the present study, combination therapy 
with Gem and pgDE7h prevented the accumulation of immu-
nosuppressive cells, including MDSCs and Tregs. Circulating 
and tumor-infiltrating MDSCs are capable of inhibiting the 
activation of T cells, which leads to immune escape and dismal 
overall survival with tumor relapse in patients and preclinical 
models.39–41 Previous evidence has also demonstrated that 
Gem combined with immunotherapies blocks immunosup-
pressive mechanisms by reducing the levels of PD-1-expressing 
cells, MDSCs, tumor-infiltrating Tregs, and tumor-associated 
macrophages (TAMs).36,42 The inhibitory effects of Gem on 
these cells may contribute to the tumor protection observed in 
mice subjected to combination therapy based on pgDE7h. 
Indeed, our own previous observations clearly demonstrated 
that the combination of active immunotherapies with blockade 
of immunosuppressive mechanisms, such as neutralization of 
IL-10, inhibition of IDO, or depletion of MDSCs,23,24,43,44 

represents a trend toward the development of treatments cap-
able of controlling HPV-associated tumors, particularly at 
advanced growth stages.

Here, we showed that the combination of Gem with 
pgDE7h increases the frequency of DCs in vivo. Induction of 
immune responses capable of eradicating established tumors 
requires the interaction of APCs and CD8+ T cells. Available 
evidence indicates that Gem promotes the maturation of DCs 
by upregulating CD80, CD86, and HLA-DR and enhances 
CTLs under in vitro conditions in cultures with pancreatic 
cancer cells.45 Similarly, gD target antigens have the potential 
to induce maturation of mouse and human DC subsets specia-
lized in cross-presentation.38 In addition, our results demon-
strated that the decrease in MDSCs in mice subjected to the 
combined treatment was accompanied by an increase in Gr-1+ 

cells expressing MHC-IIhigh, Ly6C+, F4/80+, CD11c+, and 
Ly6C+, suggesting that Gem, in association with pgDE7h, 
modulates the MDSCs phenotype and maximizes the interac-
tions favoring antigen presentation by APCs. Indeed, modula-
tion of MDSCs to a phenotype favoring the expression of 
costimulatory molecules was also observed after administra-
tion of a combined treatment using carboplatin–paclitaxel- 
based drugs and a long peptide vaccine in a preclinical TC-1 
cell tumor model.46 The present results open interesting per-
spectives for future studies aiming to elucidate the mechanisms 
leading to modulation of APC phenotypes by Gem and active 
immunotherapies.

Treatment of advanced-stage cervical cancer remains 
a clinical challenge and, so far, mainly involves chemother-
apy. The present study provides experimental evidence that 
concomitant administration of Gem and active immunother-
apy (pgDE7h) confers enhanced antitumour responses to 
treat established HPV-associated tumors using only two 
doses of the combined treatment. Indeed, the proposed ther-
apy avoids the application of multiple Gem doses and would 
certainly decrease the incidence of deleterious side effects, 
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a serious concern among patients receiving conventional 
treatments based on chemotherapy and passive immu-
notherapies, such as cytokines and monoclonal antibodies. 
Additionally, the combined treatment led to simultaneous 
activation of T cell mediated cytotoxic responses with mod-
ulation of immunosuppressive cells and induction of immu-
nological memory, which may avoid tumor relapse. 
Altogether, the present findings support the undertaking of 
further studies aiming to evaluate this combination therapy 
under clinical conditions.
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