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ARTICLE INFO ABSTRACT

Keywords: We determined the anti-tumor effects and possible mechanisms of an antigen-specific DNA vaccine combined
Antigen-specific DNA vaccine with PD-1 or CTLA-4 blockade. Using the HPV16 E6/E7* syngeneic mouse tumor model, we investigated
Anti-PD-1 Ab

whether anti-CTLA-4 antibody (Ab) or anti-PD-1 Ab increases the antigen-specific anti-tumor effects and im-
mune response induced by CTGF/E7 chimeric DNA vaccine and the possible mechanisms. Anti-PD-1 Ab or anti-
CTLA-4 Ab combined with E7-specific DNA vaccine generated more potent antigen-specific immunity, including
anti-E7 Abs and the number and cytotoxic activity of E7-specific cytotoxic CD8* T lymphocytes, and anti-tumor
effects than E7-specific DNA vaccine alone. In addition, the number of systemic and intratumoral Tregs was
lower with the anti-PD-1 or anti-CTLA-4 Ab and E7-specific DNA vaccine. Furthermore, anti-PD-1 and anti-
CTLA-4 Abs could enhance the maturation and abilities of intratumoral DCs to activate E7-specific cytotoxic
CD8™ T cells. Immune checkpoint blockade overcomes the immunosuppressive status of the tumor-micro-
environment to enhance the antigen-specific immunity and anti-tumor effects generated by an antigen-specific
DNA vaccine. Antigen-specific immunotherapy combined with immune checkpoint blockade can be a novel
strategy in clinical cancer therapy.

Anti-CTLA-4 Ab
Dendritic cell
Regulatory T cell

1. Introduction

An ideal antigen-specific cancer immunotherapy is a treatment
modality that not only eradicates systemic tumors in multiple sites, but
also discriminates between neoplastic and non-neoplastic cells through
antigen-specific anti-tumor immune responses. Anti-tumor T cell acti-
vation is counteracted by immunosuppression mediated by tumors
through stimulatory and inhibitory ligand-receptor interactions be-
tween T cells, dendritic cells, tumor cells, and macrophages in the
tumor microenvironment [1]. One of these ligand-receptor interactions
for inhibiting immune responses is involved with the appearance of
various immune checkpoints, including cytotoxic T-lymphocyte an-
tigen-4 (CTLA-4) and programmed cell death protein 1 (PD-1) during
the process of tumorigenesis [2]. Therefore, targeting the immune
checkpoints may have an impact on the caner immunotherapy.

Blockade of inhibitory immune checkpoint molecules such as CTLA-
4 or PD-1 has been shown to be promising modalities in the clinic for
many cancer types [3-5]. The anti-CTLA-4 monoclonal Ab, ipilimumab
or anti-PD-1 monoclonal Ab, pembrolizumab has been demonstrated
overall survival benefits in metastatic melanoma [4] or non-small cell
lung cancer [6], respectively. However, the response rates of advanced
melanoma patients treated with ipilimumab or pembrolizumab alone
would be poor [7]. The possibility could be the lack of pre-existing anti-
tumor T cell responses [8,9]. Therefore, immune checkpoint blockades
combined with other treatment modalities having the abilities to prime
the tumor-associated T cell responses may improve the therapeutic
outcome.

The antigen-specific DNA vaccine can provoke antigen-specific anti-
tumor immunity through antigen processing and presentation by an-
tigen presenting cells (APCs) [10-12]. Unlike peptide vaccines
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Fig. 1. Anti-tumor effects of CTGF/E7 DNA vaccine alone or with immune checkpoint inhibitor. (A) Diagram of the different treatment regimens for CTGF/E7
DNA vaccine with or without anti-CTLA-4 or PD-1 Ab for TC-1 tumor model. (B) Diagram of the different treatment regimens for CTGF/MSLN DNA vaccine with or
without anti-CTLA-4 or PD-1 Ab for WF-3 tumor model. (C) Anti-tumor effects in mice treated with anti-CTLA-4 Ab alone, anti-PD-1 Ab alone, or CTGF/E7 DNA
vaccine with or without the Abs. Anti-CTLA-4 or anti-PD-1 Ab alone had no anti-tumor effects in tumor-bearing mice (n = 5 per group, mean + SEM). DNA vaccine
combined with anti-CTLA-4 or anti-PD-1 Ab enhanced the anti-tumor effects of DNA vaccine in tumor-bearing mice (p = 0.01, Kruskal-Wallis test). (D) Overall
survival of mice treated with anti-CTLA-4 Ab alone, anti-PD-1 Ab alone, or CTGF/E7 DNA vaccine with or without the Abs. Mice were euthanized when the tumor
diameter exceeded 1.5 cm or when they appeared sick (n = 5 per group). One hundred percent or eighty percent of mice that received CTGF/E7 DNA vaccination
combined with anti-CTLA-4 Ab or anti-PD-1 Ab were alive 100 days after TC-1 tumor challenge respectively and none of the mice in CTGF/E7 DNA vaccine alone
group could survive more than 60 days (p = 0.003, log-rank test). (E) Percentages of tumor-free mice immunized with CTGF/E7 DNA vaccine with or without the
Abs. The percentages of tumor-free mice 60 days after treatment with CTGF/E7 DNA vaccine and anti-CTLA-4 Ab or anti-PD-1 Ab were 60% and 40%, respectively.
Tumor-free mice were subsequently re-challenged with TC-1 tumor cells. All of the mice remained tumor-free 40 days after tumor re-challenge. All experiments were

performed independently in triplicate.

restricted by histocompatibility leukocyte antigen (HLA)-matched
concerns, DNA vaccines have the potential to induce both major his-
tocompatibility complex (MHC)-I and II binding antigens for most pa-
tients. However, most DNA vaccine could not generate sufficiently
vigorous anti-tumor immune responses in patients [13]. Several stra-
tegies, including metronomic chemotherapy [12], toll-like receptor
(TLR) agonist, or recombinant vaccinia virus have been integrated to
elevate the anti-tumor effects of DNA vaccines [14,15].

We previously demonstrated that the connective tissue growth
factor (CTGF) linked to the E7 tumor antigen DNA vaccine significantly
enhances the E7-specific anti-tumor effects by prolonging the lifespan
of DCs [16]. However, this CTGF/E7 DNA vaccine alone is not potent
enough to control established tumors [16]. CTGF linked to the me-
sothelin (MSLN) (CTGF/MSLN) DNA vaccine alone does not generate
potent MSLN-specific immune responses to control MSLN-expressing
tumor model, either [17]. In consideration of improving the anti-tumor
efficacy of the CTGF/E7 or CTGF/MSLN DNA vaccine, inhibition of
immune checkpoint with CTLA-4 or PD-1 was combined to treat the
tumors. In the study, anti-tumor effects of this combinational treatment
modality were investigated in both of the E7-expressing and MSLN-
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expressing tumor models. The roles of immune checkpoint blockades in
the therapeutic strategy were also explored. Blockade of CTLA-4 or PD-
1 with the antigen-specific DNA vaccine could generate more potent
anti-tumor activity and immunity compared to checkpoint or vaccine
alone. Consequently, we showed that antigen-specific DNA vaccine
combined with immune checkpoint blockades is a potentially in-
novative approach for immunotherapy of antigen-expressing cancers in
the survey.

2. Materials and methods
2.1. Cell lines

The TC-1 tumor cells [18], WF-3 tumor cells [19], and E7-specific
CD8* T cells [20] were produced and maintained as described pre-
viously. Luciferase/GFP-expressing TC-1 (TC-1/LG) or WF-3 (WF-3/LG)
cells were generated by transducing TC-1 or WF-3 cells with lentiviral
vector, respectively [21,22]. Briefly, 293T cells generated lentiviral
particles through transfection of pCMVARS8.91, pMDG (Academia Si-
nica, Taipei, Taiwan), and pLKO/luciferase/AS3.1.EGFP3, in which the
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luciferase gene was subcloned from pGL2-basic (Promega, Madison,
WI) into pLKO/AS3.1.EGFP3 (Academia Sinica, Taipei, Taiwan). TC-1
or WF-3 cells were then infected with lentivirus using 8 ug/ml poly-
brene (Sigma, St Louis, MO). The TC-1/LG and WF-3/LG cells were
sorted by flow cytometry, cultured, and then used in subsequent ex-
periments.

2.2. Preparation of DNA vaccine

pcDNA3-CTGF/E7 and pcDNA3-CTGF/MSLN were generated in our
laboratory as described previously [16,17]. The DNA construct was
verified by DNA sequencing. The DNA bullet was also prepared as de-
scribed previously [11]. The gold particle-coated DNA was delivered by
a low pressure-accelerated gene gun (BioWare Technologies, Taipei,
Taiwan) as described previously [11].

2.3. Mice

Six to 8-week-old female C57BL/6J mice were purchased from the
National Laboratory Animal Center (Taipei, Taiwan) and bred in the
animal facility of the School of Medicine of National Taiwan University.
All animal procedures were carried out according to approved protocols
and in accordance with recommendations for the proper use and care of
laboratory animals. In all of the following experiments, the mice were
divided into groups of five.

2.4. Administration of immune checkpoint inhibitors

Rat anti-mouse PD-1 (RMP1-14) and anti-CTLA-4 (9D9) Abs were
purchased from BioXCell (West Lebanon, NH). The Ab was diluted with
PBS and 200 (anti-mouse PD-1 Ab) or 100 (anti-CTLA-4 Ab) g in-
traperitoneally injected into each mouse at indicated intervals (Fig. 1A
and B).

2.5. In vivo tumor treatment

The treatment protocols for the DNA vaccine and/or immune
checkpoint Ab are presented in Fig. 1A for TC-1 tumor model and
Fig. 1B for WF-3 tumor model, respectively. First, each mouse was
challenged with 1 x 10 TC-1 cells subcutaneously in the right leg or
1 x 10° WF-3/LG cells intraperitoneally. Anti-mouse PD-1 or anti-
CTLA-4 Ab was administered 7, 10, and 13 days or 3, 6, 9 days after TC-
1 or WF-3/LG tumor challenge with or without the DNA vaccine, re-
spectively. For the CTGF/E7 DNA vaccine groups, mice were vaccinated
with 16 ug of DNA 7, 11, 14, and 18 days after TC-1 tumor challenge.
For the CTGF/MSLN DNA vaccine groups, mice were vaccinated with
16 ug of DNA 3, 7, 10, and 14 days after WF-3/LG tumor challenge. The
diameter of TC-1 tumor was measured using calipers twice a week
starting 7 days after tumor challenge and the tumor volume defined by
47R3/3, where R is the radius of the tumor. Electronic balance was used
to measure mice body weight twice a week from 10 to 25 days after TC-
1 tumor challenge. And the bioluminescences of WF-3/LG tumor
images were used to detect the tumor growth using the IVIS Imaging
System Series 200 (Xenogen, Alameda, CA) twice a week until they
died, or 100 days after tumor challenge. Mice were euthanized when
TC-1 tumor reached 1.5 cm in diameter or they appeared sick, recorded
as death for the survival curve.

2.6. Cell staining and flow cytometric analysis

To determine if antigen-specific CD8 " T cells express CTLA-4 and/
or PD-1 in vitro or ex vivo, the E7-specific CD8 * T cells from splenocytes
or TILs were stained with PE-conjugated anti-CD8a Ab (BD
Pharmingen, San Jose, CA), APC-conjugated H-2Db/E749_57 tetramers
(MBL International Corporation), FITC-conjugated anti-PD-1 Ab
(eBioscience, San Diego, CA), or FITC-conjugated anti-CTLA-4 Ab
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(Invitrogen Life Technologies, Carlsbad, CA) respectively. To evaluate
the expression of various surface markers of Tregs from splenocytes or
TILs, mice were challenged with TC-1 and immunized with DNA vac-
cine and/or the respective immune checkpoint Ab as described earlier.
The mice were sacrificed on 25 days after tumor challenge.

Splenocytes or TILs were acquired from various groups on day 25
after tumor challenge (Fig. 1A) and prepared as described previously
[12]. First, the Tregs were stained with PE-Cy5.5-conjugated anti-CD4
Ab (BD Pharmingen) and PE-conjugated anti-CD25 Ab (BD Phar-
mingen). Next, the cells were fixed and permeabilized using the Cy-
tofix/Cytoperm kit (BD Pharmingen). Finally, the cells were stained
with FITC-conjugated Foxp3 Ab (BioLegend). For the expression of
surface PD-1, Tregs were stained with APC-conjugated anti-PD-1 Ab
(BioLegend) before fixation and permeabilization. For the expression of
CTLA-4, Tregs were stained with APC-conjugated anti-CTLA-4 Ab
(eBioscience, San Diego, CA) after fixation and permeabilization.

To determine the expression of PD-1, PD-L1, and/or CTLA-4 by
mature or immature DCs, mature or immature bone marrow monocyte
(BMM)-derived DCs from mice were obtained, cultured, and harvested
as described previously [23]. We also determine the expression of PD-1
and/or PD-L1 of mature or immature tumor-infiltrating DCs from mice
treated with DNA vaccine as described earlier (Fig. 1A). For the PD-1/
PD-L1 surface expression of TC-1 tumor cells, cells were stained with
FITC-conjugated anti-PD-1 Ab (BioLegend) or PE-conjugated anti-PD-L1
Ab (BioLegend). For the expression of surface PD-1, the BMM-derived
DCs or tumor-infiltrating DCs were stained with FITC-conjugated anti-
CD11c Ab (BioLegend), APC-conjugated anti-PD-1 Ab (BioLegend), and
PE-conjugated anti-CD80 Ab (BioLegend) or PE-conjugated anti-CD86
Ab (BioLegend) respectively. For the surface expression of PD-L1, BMM-
derived DCs or tumor-infiltrating DCs were stained with PE-conjugated
anti-CD11c Ab (BioLegend), FITC-conjugated anti-PD-L1 Ab (BioLe-
gend), and PE-Cy5-conjugated anti-CD80 Ab (BioLegend) or PE-Cy5-
conjugated anti-CD86 Ab (BioLegend) respectively. For the expression
of CTLA-4, the BMM-derived DCs were stained with FITC-conjugated
anti-CD11c Ab (BioLegend), APC-conjugated anti-CTLA-4 Ab (BioLe-
gend). Flow cytometric analysis was performed using a BD Biosciences
FACSCalibur flow cytometer (Becton Dickinson) with CELLQuest soft-
ware.

2.7. Intracellular IFN-y staining and MHC I-restricted E7 peptide H-2D"
tetramer staining analyzed by flow cytometry

To determine antigen-specific antitumor immunities, mice were
challenged with TC-1 tumor cells and immunized with CTGF/E7 DNA
vaccine and/or immune checkpoint Ab (Fig. 1A). Splenocytes were
harvested 7 days after the last DNA immunization [12] (=on day 25
after tumor challenge) and incubated with 1 ug/ml of MHC I-restricted
E7 peptide (aa49-57) or 10pg/ml of MHC Il-restricted E7 peptide
(aa30-67) overnight. Splenocytes cultured without E7 peptides were as
negative controls. Golgistop (BD Pharmingen) was added 6 h before
harvesting. The harvested splenocytes were stained with PE-conjugated
anti-CD4 or anti-CD8a Ab (BD Pharmingen), and then fixed and per-
meabilized using the Cytofix/Cytoperm kit (BD Pharmingen). The
splenocytes were then stained with FITC-conjugated IFN-y Ab (BD
Pharmingen). Splenocytes were also stained with FITC-conjugated anti-
CD8a Ab (Abcam) and APC-conjugated H-2DP/E7,49.5, tetramers (MBL
International Corporation). The cells were analyzed using a BD Bios-
ciences FACSCalibur flow cytometer.

2.8. Isolation of tumor-infiltrating lymphocytes (TILs)

TILs were prepared as described previously, with some modifica-
tions [11]. Briefly, mice were challenged with TC-1 tumor cells and
immunized with CTGF/E7 DNA vaccine and/or immune checkpoint Ab.
The mice were sacrificed and tumors excised 7 days after the last DNA
immunization (=on day 25 after tumor challenge) as shown in Fig. 1A.
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The tumors were dissected into small fragments and digested in 0.1 mg/
ml collagenase in CTL medium at 37 °C overnight. After filtering
through a 40-um cell strainer (BD Falcon, San Jose, CA), the cell sus-
pension was incubated for 30 min at 37 °C. After washing with CTL
medium, mixing cell suspensions of CTL medium and balanced salt
medium were layered on Ficoll-Paque medium (GE Healthcare, Pitts-
burgh, PA) before centrifugation. TILs from the white interface layer
were collected and washed with PBS.

2.9. Detection of CD4™ T lymphocytes, CD8"* T lymphocytes, IFN-y-
secreting antigen-specific CD8™ cytotoxic T lymphocytes, antigen-specific
CD8™ cytotoxic T lymphocytes, and Tregs from TILs

CD4™" T cells and CD8* T cells from the prepared TILs were stained
with FITC-conjugated anti-CD3 Ab (BD Pharmingen), PE-conjugated
anti-CD4 Ab, and PE-conjugated anti-CD8 Ab (BD Pharmingen). To
determine the number of IFN-y-secreting antigen-specific CD8* cyto-
toxic T TILs, the cells were incubated with or without MHC I-restricted
E7 peptide (aa49-57), stained with PE-conjugated anti-CD8a Ab, fixed,
and permeabilized using the Cytofix/Cytoperm kit and then stained
with FITC-conjugated IFN-y (BD Pharmingen) as described above. To
determine the number of antigen-specific CD8* cytotoxic T lympho-
cytes of TILs, the TILs were stained with FITC-conjugated anti-CD8a Ab,
and APC-conjugated-H-2DP/E7 49.5, tetramers as described above. Tregs
from the prepared TILs were stained with PE-Cy5-conjugated anti-CD4
Ab (BD Pharmingen), PE-conjugated anti-CD25 Ab (BD Pharmingen),
and FITC-conjugated anti-Foxp3 Ab (BioLegend) as described pre-
viously [12]. The cells were analyzed by flow cytometry as described
above.

2.10. In vivo activation markers of tumor-infiltrating CD4* or CD8* T
cells

To further examine whether the blockade of PD-1 or CTLA-4 could
enhance the expressions of T cell activation markers such as Ki-67 and
CD69 of tumor-infiltrating CD4™ or CD8™ T cells in vivo, tumors were
harvested from mice treated with CTGF/E7 DNA vaccine with or
without Abs 7 days after the last DNA vaccination (=on day 25 after
tumor challenge). TILs were first stained with APC-conjugated anti-CD4
Ab (eBioscience, San Diego, CA), PerCP-Cy5.5-conjugated anti-CD8a Ab
(BioLegend), and PE-conjugated anti-CD69 Ab (BioLegend). TILs were
fixed, and permeabilized using the Cytofix/Cytoperm kit and then
stained with FITC-conjugated anti-Ki-67 Ab (BioLegend). The cells were
analyzed by flow cytometry as described above.

2.11. Engyme-linked immune-absorbent assay (ELISA) for anti-E7 Ab

Mice were challenged with TC-1 tumor cells and immunized with
CTGF/E7 DNA vaccine and/or immune checkpoint Ab (Fig. 1A). Sera
were collected 14 days after the last DNA vaccination (=on day 32
after tumor challenge). To detect E7-specific Abs in the sera, direct
ELISA was used as described previously [24]. Briefly, a 96-microwell
plate was coated with 100 pl of bacteria-derived HPV-16 E7 proteins
(0.5 ug/ml) and incubated at 4 °C overnight before blocking with PBS
containing 20% fetal bovine serum (FBS). Sera were serially diluted in
PBS, added to the ELISA wells, and incubated at 37 °C for 2h. After
washing with PBS containing 0.05% Tween 20, the plate was incubated
with a 1:2000 dilution of a peroxidase-conjugated rabbit anti-mouse
IgG Ab (Zymed, San Francisco, CA) at room temperature for 1 h. The
plate was then washed, developed with 1-Step Turbo TMB-ELISA
(Pierce, Rockford, IL), and stopped with 1 M H,SO,. The ELISA plate
was read at 450 nm using a standard ELISA reader.

2.12. In vitro tumor killing activities

In vitro and ex vivo tumor killing assays were performed to evaluate
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whether the blockade of PD-1 or CTLA-4 on E7-specific CD8* T cells or
splenocytes from mice treated with DNA vaccine and/or immune
checkpoint Ab can enhance the anti-tumor effects. E7-specific CD8* T
cells were cultured with irradiated TC-1/LG tumor cells (1:8 ratio) in a
96-well plate (1 x 10* cells/well) for 24 h in the presence of anti-PD-1
Ab (10 pg/ml), anti-CTLA-4 Ab (10pug/ml), or isotype Ab. Luciferin
(Promega, Madison, WI) was added and the total flux (p/s) from each
well measured using IVIS Imaging Systems.

Splenocytes were harvested from various groups on day 25 after
tumor challenge as described earlier (Fig. 1A), and then co-cultured
with irradiated TC-1/LG cells (10:1 ratio) in a 96-well plate
(2 x 10*cells/well) for 24 h, and luciferin was added to detect the total
flux (p/s) from each well using IVIS Imaging Systems as described
earlier.

2.13. In vivo maturation status of DCs

To further evaluate whether the blockade of PD-1 or CTLA-4 en-
hances the maturation of DCs in vivo, inguinal lymph nodes (LNs) and
tumors were harvested from mice treated with CTGF/E7 DNA vaccine
and/or Abs 7 days after the last DNA vaccination (=on day 25 after
tumor challenge). Single cell suspensions of LNs were prepared as de-
scribed previously [11]. To detect the maturation status of DCs, the
cells from LNs and TILs were stained with FITC-conjugated anti-CD11c
Ab, PE-conjugated anti-CD80 Ab, and PE-Cy5-conjugated anti-CD86 Ab
(BioLegend). The cells were analyzed by flow cytometry as described
above.

2.14. Activation of antigen-specific CD8™ cytotoxic T cells by DCs from
TILs

To evaluate whether the DCs from TILs in mice treated with CTGF/
E7 DNA vaccine and Ab could be more mature to stimulate the secre-
tion of IFN-y by cytotoxic T lymphocytes, CD11c " -enriched DCs were
isolated and sorted from TILs from mice in various groups as described
previously, with some modifications [11]. Briefly, the CD11c™ cells
were enriched from TILs using magnetic CD11c MicroBeads UltraPure
(Miltenyi Biotec, Auburn, CA) via positive selection using autoMACS
Pro Separator. The CD11c* cells (2 x 10*) were co-cultured with E7-
specific CD8* T cells (2 X 10°) (E:T ratio 1:100) and MHC I-restricted
E7 peptide (aa49-57) for 16 h [25]. Next, the cells were stained with
PE-conjugated anti-CD8a Ab (BD Pharmingen), fixed, permeabilized
using the Cytofix/Cytoperm kit (BD Pharmingen), stained with FITC-
conjugated IFN-y Ab, and analyzed using a BD Biosciences FACSCalibur
flow cytometer as described above.

2.15. Immunofluorescent staining of TILs within the tumors

The mice were challenged with TC-1 tumor cells and immunized
with CTGF/E7 DNA vaccine and/or immune checkpoint Ab as de-
scribed above. Tumors were excised at the indicated days for the var-
ious groups. The cancerous tissues were prepared as frozen specimens
[26]. Tumors were embedded in optimal cutting temperature (OCT)
compound and cut into 10-um sections using cryostats. The sections
were mounted on slides. After fixation with cold methanol (— 20 °C) for
20 min, the slides were incubated with 5% FBS for 10 min. To stain
Tregs, rat anti-mouse CD4 (Abcam) and rabbit anti-mouse Foxp3 Abs
(Abcam) were used. The maturation status of DCs was assessed by
staining with rat anti-mouse CD80 Ab (Abcam) and FITC-conjugated
anti-mouse CD11c Ab (Abcam).

After incubating with the primary Ab at 4 °C overnight, the sections
were incubated with appropriate donkey anti-rat IgG H* L (Alexa Fluor
594; Abcam) secondary Ab or anti-rabbit IgG H™L (Alexa Fluor 488;
Abcam) secondary Ab at room temperature for 2h, followed by
counter-staining with DAPI (Sigma-Aldrich, St. Louis, MO). After
washing with PBS, the sections were cover-slipped using anti-fade
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mounting medium (Invitrogen, Carlsbad, CA) and analyzed using a
fluorescence microscope (Olympus BX51, Tokyo).

2.16. Maturation status of BMM-derived DCs treated with anti-PD-1 or
anti-CTLA-4 Ab

Bone marrow cells from mice were prepared as described pre-
viously, with some modifications [23]. Briefly, bone marrow cells were
collected from the femurs and tibias by flushing and the cells filtered
through a 70-um cell strainer (BD Falcon, San Jose, CA). Red blood cells
were removed using RBC lysis buffer (eBioscience, San Diego, CA).
Bone marrow cells (1 x 10° cells/well) were cultured in 24-well plates
in culture medium supplemented with 10° U/ml recombinant murine
granulocyte-macrophage colony-stimulating factor (GM-CSF; Pepro-
Tech, Rocky Hill, NJ) in a 5% CO- atmosphere at 37 °C for 6 days. Fresh
GM-CSF-containing medium was replaced every 2 days.

To determine whether anti-PD-1 Ab or anti-CTLA-4 Ab could en-
hance the maturation of DCs, BMM-derived DCs treated with 50 ng/ml
lipopolysaccharide (LPS; Sigma-Aldrich Chemie GmbH) were used as a
positive control. DCs were treated with or without LPS and 50 pug/ml of
anti-PD-1 or anti-CTLA-4 Ab in a 5% CO, atmosphere at 37 °C over-
night. The cells were stained with FITC-conjugated anti-CD11lc Ab
(BioLegend), PE-conjugated anti-CD80 Ab (BioLegend), anti-MHC class
I (Biolegend), PE-Cy5-conjugated anti-CD86 Ab (BioLegend) or anti-
MHC class II (Biolegend). The cells were analyzed by flow cytometry as
described above.

2.17. Antigen presenting and processing abilities of the BMM-derived DCs
treated with anti-CTLA-4 Ab by flow cytometric analysis

To analyze the influence of anti-CTLA-4 Ab on antigen processing
ability, the BMM-derived DCs were treated with anti-CTLA-4 Ab (50 ug/
ml) or isotype Ab, and 1pg/ml FITC-conjugated OVA long peptide
(OVA353.339 [ISQAVHAAHAEINEAGR]) (Invitrogen) on day 6, with
some modifications [21]. On day 7, the cells were then washed and
stained with PE-conjugated anti-CD11c Ab (BioLegend), and assessed
by flow cytometry.

To further analyze the influence of anti-CTLA-4 Ab on antigen
presentation abilities, the BMM-de-rived DCs were treated with anti-
CTLA-4 Ab (50 ug/ml) or isotype Ab, and 50 ug/ml FITC-conjugated
OVA short peptide (OVAas7.264 [SIINFEKL]) (Invitrogen) on day 6
[21,23], and the cells were stained with PE-conjugated anti-CD11c Ab
and assessed by flow cytometry next day as described earlier.

2.18. Histology

To access the toxicity of tumor-bearing mice immunized with
CTGF/E7 DNA vaccine with or without immune checkpoint Ab, mice
were sacrificed 7 days after the last DNA immunization (=on day 25
after tumor challenge) and the organs including colon, liver, kidney,
and skin of the ear were collected from varous groups. These organs
were fixed in 10% neutral-buffered formalin, and prepared as paraffin
specimens and cut into 5-um thick sections and stained with hema-
toxylin and eosin (H&E). H&E-stained tissue sections were imaged using
optical microscope (Olympus BX51, Tokyo).

2.19. Statistical analysis

All data were expressed as the mean + standard error of the mean
(SEM) from at least three independent experiments. Mann-Whitney U
test for comparisons of two groups and Kruskal Wallis test for com-
parisons of multiple groups were used to evaluate the data from surface
marker staining in flow cytometric analysis, ELISA, and tumor treat-
ment experiments. The log-rank test was used to evaluate the data from
survival experiments. A p < 0.05 was considered significant.
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3. Results

3.1. Immune checkpoint blockades enhanced the anti-tumor effects of E7-
specific chimeric DNA vaccine

We first evaluated whether immune checkpoint Abs could enhance
the anti-tumor effects of E7 antigen-specific DNA vaccine in E7-ex-
pressing tumor model. The protocols for in vivo therapeutic experiments
were shown in Fig. 1A. Treatment was started when TC-1 tumors pal-
pated 7 days after tumor challenge. TC-1 tumor volumes on day 28
were not different among mice treated with PBS (1643.2 = 77.0 mm?),
anti-CTLA-4 Ab (1329.4 + 119.7mm>), or anti-PD-1 Ab alone
(1748.2 + 107.0 mm?®, p = 0.093, Kruskal-Wallis test; Fig. 1C). How-
ever, mice immunized with CTGF/E7 DNA vaccine with or without Abs
had smaller tumor volumes than mice treated with PBS (p = 0.003,
Kruskal-Wallis test). Mice immunized with CTGF/E7 DNA vaccine and
anti-CTLA-4 Ab (74.7 + 35.5mm®) or anti-PD-1 Ab
(215.8 = 84.3mm®) had significantly smaller tumor volumes on day
56 than mice immunized with CTGF/E7 DNA vaccine alone
(1788.5 + 10.9mm?>, p = 0.01, Kruskal-Wallis test; Fig. 1C). Tumor
volume was not different in mice immunized with CTGF/E7 DNA and
anti-CTLA-4 or anti-PD-1 Ab (p = 0.18, Mann-Whitney U test). Anti-
CTLA-4 Ab or anti-PD-1 Ab monotherapy had no impact on mouse
survival. Mice immunized with CTGF/E7 DNA vaccine and anti-CTLA-4
Ab or anti-PD-1 Ab had significantly longer survival than mice im-
munized with CTGF/E7 DNA vaccine alone (p = 0.003, log-rank test;
Fig. 1D). One hundred percent or eighty percent of the mice that re-
ceived the CTGF/E7 DNA vaccine with anti-CTLA-4 Ab or anti-PD-1 Ab
were alive 100 days after challenge with TC-1 tumor cells respectively
(Fig. 1D). The percentage of tumor-free mice 60 days after treatment
with CTGF/E7 DNA vaccine and anti-CTLA-4 Ab or anti-PD-1 Ab was
60% and 40%, respectively. To evaluate the memory of anti-tumor
immunity, tumor-free mice were subsequently re-challenged with TC-1
tumor cells. All of the mice remained tumor-free 40 days after re-
challenge (Fig. 1E).

Our results indicated that combination of E7 antigen-specific chi-
meric DNA vaccine and immune checkpoint inhibitors could generate
more potent anti-tumor effects than DNA vaccine alone in E7-expres-
sing tumor model.

3.2. Immune checkpoint blockades enhanced the antigen-specific CD8* T
cell systemic and local immune responses generated by antigen-specific
chimeric DNA vaccine

Then, we investigated whether immune checkpoint Ab regulates the
antigen-specific immunological profiles induced by the antigen-specific
DNA vaccine in systemic lymphoid organs, the spleen, and at the local
tumor site. The protocols for in vivo immune response experiments on
day 25 after tumor challenge were shown in Fig. 1A. In the systemic
lymphoid organ, the spleen, the number of E7-specific IFN-y-secreting
CD4™ helper T cells from splenocytes were significantly higher in the
CTGF/E7 DNA vaccine with anti-CTLA-4 (190.3 = 12.4) or anti-PD-1
Ab (197.0 £ 20.0) groups compared to the CTGF/E7 DNA vaccine
alone group (71.7 = 8.3, p = 0.003, Kruskal-Wallis test; Fig. 2A). The
number of E7-specific IFN-y-secreting CD4™ helper T cells was not
different between the CTGF/E7 DNA vaccine with anti-CTLA-4 Ab and
vaccine with anti-PD-1 Ab groups (p = 0.39, Mann-Whitney U test).

Representative results of flow cytometric analysis of E7-specific IFN-
y-secreting CD8™ cytotoxic T cells from splenocytes are shown in
Fig. 2B. The number of E7-specific IFN-y-secreting CD8* cytotoxic T
cells was significantly higher in the CTGF/E7 DNA vaccine with anti-
CTLA-4 (1472.3 * 65.7) or anti-PD-1 Ab (1206.3 = 116.9) groups
compared to the CTGF/E7 DNA vaccine alone group (665.0 + 44.3,
p = 0.01, Kruskal-Wallis test; Fig. 2C). The number of E7-specific IFN-y-
secreting CD8™ cytotoxic T cells was not different between the CTGF/
E7 DNA vaccine with anti-CTLA-4 Ab and vaccine with anti-PD-1 Ab
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Fig. 2. Antigen-specific immunoprofiles of mice treated with CTGF/E7 DNA vaccine alone or with immune checkpoint inhibitor. (A) Numbers of E7-specific
IFN-y-secreting CD4* helper T-cell precursors/3.5 x 10° splenocytes with (open columns) or without (filled columns) the corresponding MHGC Il-restricted E7
peptide (aa 30-67) on day 25 after tumor challenge in various vaccinated groups as determined by flow cytometry (n = 5 per group, mean *+ SEM). DNA vaccine
combined with anti-CTLA-4 or anti-PD-1 Ab significantly augmented antigen-specific CD4 ™ T cell immune responses compared to DNA vaccine alone (p = 0.003,
Kruskal-Wallis test). (B) Representative figures of E7-specific IFN-y-secreting CD8* cytotoxic T-cell precursors/3.5 x 10° splenocytes in various groups (1: PBS, 2:
anti-CTLA-4 Ab, 3: anti-PD-1 Ab, 4: CTGF/E7 DNA vaccine, 5. CTGF/E7 DNA vaccine with anti-CTLA-4 Ab, 6: CTGF/E7 DNA vaccine with anti-PD-1 Ab). (C)
Numbers of E7-specific IFN-y-secreting CD8* cytotoxic T-cell precursors/3.5 X 10° splenocytes with (open columns) or without (filled columns) the corresponding
MHC I-restricted E7 peptide (aa 49-57) in various groups as determined by flow cytometry (n = 5 per group, mean = SEM). DNA vaccine combined with anti-CTLA-
4 or anti-PD-1 Ab significantly augmented antigen-specific CD8" T cell immune responses compared to DNA vaccine alone (p = 0.01, Kruskal-Wallis test). (D)
Representative figures of E7-specific CD8* cytotoxic T precursors/3.5 X 10° splenocytes by HPV-16 E7 tetramer staining in various groups (1: PBS, 2: anti-CTLA-4
Ab, 3: anti-PD-1 Ab, 4: CTGF/E7 DNA vaccine, 5: CTGF/E7 DNA vaccine with anti-CTLA-4 Ab, 6: CTGF/E7 DNA vaccine with anti-PD-1 Ab). (E) Numbers of E7-
specific CD8™* cytotoxic T precursors/3.5 x 10° splenocytes in various groups as determined by HPV-16 E7 tetramer staining (n = 5 per group, mean *= SEM). DNA
vaccine combined with anti-CTLA-4 or anti-PD-1 Ab significantly augmented the numbers of antigen-specific CD8* T cells compared to DNA vaccine alone
(p < 0.001, Kruskal-Wallis test). (F) Titers of E7-specific antibodies on day 32 after tumor challenge in various groups as detected by ELISA (n = 5 per group,
mean *+ SEM). DNA vaccine combined with anti-CTLA-4 or anti-PD-1 Ab significantly augmented antigen-specific Abs in sera compared to DNA vaccine alone
(p < 0.001, Kruskal-Wallis test). (G) Percentages of CD4™ and CD8* T lymphocytes from TILs in various groups (n = 5 per group, mean = SEM). The percentages
of CD4™ (p = 0.33)and CD8™ (p = 0.07) T lymphocytes from TILs of mice treated with CTGF/E7 DNA vaccine combined with anti-CTLA-4 or anti-PD-1 were similar
to the DNA vaccine alone group (both by Kruskal-Wallis test). (H) Representative figures of E7-specific IFN-y-secreting CD8 * cytotoxic T-cell precursors/2 x 10* TILs
in various groups. (I) Numbers of E7-specific IFN-y-secreting CD8* cytotoxic T-cell precursors/2 x 10* TILs with (open columns) or without (filled columns) the
corresponding MHC I-restricted E7 peptide (aa 49-57) in various groups (n = 5 per group, mean * SEM). DNA vaccine combined with anti-CTLA-4 or anti-PD-1 Ab
significantly augmented the numbers of E7-specific CD8* T cells in TILs compared to DNA vaccine alone (p = 0.001, Kruskal-Wallis test) (1: PBS, 2: anti-CTLA-4 Ab,
3: anti-PD-1 Ab, 4: CTGF/E7 DNA vaccine, 5: CTGF/E7 DNA vaccine with anti-CTLA-4 Ab, 6: CTGF/E7 DNA vaccine with anti-PD-1 Ab). All experiments were
performed independently in triplicate.

groups (p = 0.20, Mann-Whitney U test). Furthermore, the re- with DNA vaccine alone group (1026.5 = 48.5, p < 0.001, Kruskal-
presentative figures of tetramer staining of E7-specific CD8 " cytotoxic Wallis test; Fig. 2E).

T cells from splenocytes are shown in Fig. 2D. The numbers of E7- The antigen-specific humoral immunity of various groups was fur-
specific CD8™" cytotoxic T cells also dramatically increased in mice ther analyzed by detecting the anti-E7 Abs. The titers of E7-specific Abs
treated with CTGF/E7 DNA vaccine with anti-CTLA-4 (1777.3 = 28.9) were significantly higher in the CTGF/E7 DNA vaccine with anti-CTLA-
and anti-PD-1 Ab (1519.2 + 48.7) groups compared with those treated 4 (1.858 *= 0.038) or anti-PD-1 Ab (1.955 * 0.021) groups than the
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CTGF/E7 DNA vaccine alone group (1.164 * 0.079, p < 0.001,
Kruskal-Wallis test, in 1:100 dilution; Fig. 2F). The titers of E7-specific
Abs were not different among the CTGF/E7 DNA vaccine with anti-
CTLA-4 Ab and vaccine with anti-PD-1 Ab groups (p = 0.27, Mann-
Whitney U test).

In the local tumor site, the percentage of CD4™ T TILs was not
significantly higher in the CTGF/E7 DNA vaccine with anti-CTLA-4
(4.74 = 0.17%) or anti-PD-1 Ab (3.93 = 0.60%) groups compared to
the CTGF/E7 DNA vaccine alone group (4.35 = 0.20%, p = 0.33,
Kruskal-Wallis test; Fig. 2G). The percentages of CD8 " T TILs were also
similar in all groups (CTGF/E7 DNA vaccine with anti-CTLA-4
(78.52 £ 0.99%) or anti-PD-1 Ab (64.42 + 2.41%), CTGF/E7 DNA
vaccine alone (72.82 *= 0.59%); p = 0.07, Kruskal-Wallis test;
Fig. 2G). However, representative numbers of flow cytometric analysis
of E7-specific IFN-y-secreting CD8* cytotoxic T cells from TILs are
shown in Fig. 2H. The number of antigen-specific IFN-y-secreting CD8 *
cytotoxic T TILs was significantly higher in the CTGF/E7 DNA vaccine
with anti-CTLA-4 (5519.3 + 37.2) or anti-PD-1 Ab (5475.7 = 11.1)
groups than the CTGF/E7 DNA vaccine alone group (3351.8 + 47.3,
p = 0.001, Kruskal-Wallis test; Fig. 2I). The number of E7-specific IFN-
y-secreting CD8 ™ cytotoxic T cells was not different between the CTGF/
E7 DNA vaccine with anti-CTLA-4 Ab and vaccine with anti-PD-1 Ab
groups (p = 0.40, Mann-Whitney U test).

Thus, our results indicate that immune checkpoint inhibitor en-
hances the number of antigen-specific CD8 " cytotoxic T cells generated
by antigen-specific chimeric DNA vaccine in the spleen and local tu-
mors.

3.3. Combination of DNA vaccine with immune checkpoint blockades
decreases the frequencies of Tregs in splenocytes and tumors in mice by
reducing CTLA-4 expression of splenocytes and TILs

We further investigated whether immune checkpoint Abs influence
the Tregs from splenocytes and tumors from mice vaccinated with an
antigen-specific DNA vaccine. In the systemic lymphoid organ, the
spleen, representative flow cytometry results of Tregs from splenocytes
are shown in Fig. 3A. The percentage of Tregs was significantly reduced
in the CTGF/E7 DNA vaccine with anti-CTLA-4 (8.75 * 0.07%) or
anti-PD-1 Ab (9.01 + 0.07%) groups compared to the CTGF/E7 DNA
vaccine alone group (11.48 = 0.18%, p = 0.004, Kruskal-Wallis test;
Fig. 3B). The percentage of Tregs was not different between the CTGF/
E7 DNA vaccine with anti-CTLA-4 Ab and vaccine with anti-PD-1 Ab
groups (p = 0.14, Mann-Whitney U test). The percentage of CTLA-4"
CD4*CD25%FoxP3™ Tregs was significantly lower in the CTGF/E7
DNA vaccine with anti-CTLA-4 (3.47 = 0.05%) or anti-PD-1 Ab
(3.64 = 0.06%) groups compared to the CTGF/E7 DNA vaccine alone
group (6.35 = 0.17%, p = 0.01, Kruskal-Wallis test; Fig. 3C). The
percentage of CTLA-4* CD4*CD25*FoxP3"* Tregs was not different
between the CTGF/E7 DNA vaccine with anti-CTLA-4 Ab and vaccine
with anti-PD-1 Ab groups (p = 0.20, Mann-Whitney U test). However,
the percentage of PD-1* CD4"CD25"FoxP3™" Tregs was significantly
higher in the CTGF/E7 DNA vaccine with anti-CTLA-4
(25.07 £ 0.41%) or anti-PD-1 Ab (25.79 = 0.11%) groups than in the
CTGF/E7 DNA vaccine alone group (22.92 * 0.11%, p = 0.01,
Kruskal-Wallis test; Fig. 3D).

We also investigated whether anti-CTLA-4 or anti-PD-1 Ab com-
bined with the CTGF/E7 DNA vaccine decreases the number of Tregs in
tumors. Representative flow cytometry results and immunofluorescent
staining of tumor-infiltrating Tregs are shown in Fig. 3E and
Supplementary Fig. 1A, respectively. The CTGF/E7 DNA vaccine with
anti-CTLA-4 (6.37 = 0.21%) or anti-PD-1 Ab (12.66 * 0.71%) groups
had significantly lower percentages of tumor-infiltrating Tregs than the
CTGF/E7 DNA vaccine alone group (22.52 *+ 0.33%, p = 0.03,
Kruskal-Wallis test) and the other groups (p = 0.04, Kruskal-Wallis test;
Fig. 3F). In addition, the CTGF/E7 DNA vaccine with anti-CTLA-4 Ab
group had significantly lower percentages of tumor-infiltrating Tregs
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than the CTGF/E7 DNA vaccine with anti-PD-1 Ab group (p = 0.002,
Mann-Whitney U test). The ratio of tumor-infiltrating CD4 ™" cells/Tregs
in different groups was shown in Fig. 3G. The CTGF/E7 DNA vaccine
with anti-CTLA-4 (0.75 *= 0.02) or anti-PD-1 Ab groups (0.41 = 0.07)
had higher CD4* /Treg ratios than the CTGF/E7 DNA vaccine alone
group (0.19 * 0.01, p = 0.03, Kruskal-Wallis test; Fig. 3G). The CTGF/
E7 DNA vaccine with anti-CTLA-4 Ab group also had higher tumor-
infiltrating total CD8* cells/Tregs ratios (10.28 + 0.78) than the
CTGF/E7 DNA vaccine with anti-PD-1 Ab group (4.67 = 0.51) or DNA
vaccine alone group (3.32 = 0.19, p = 0.01, Kruskal-Wallis test;
Fig. 3H). Moreover, the CTGF/E7 DNA vaccine with anti-CTLA-4 Ab
group had higher tumor-infiltrating antigen-specific cytotoxic CD8* T
cells/Tregs ratios (4.29 = 0.12) than the CTGF/E7 DNA vaccine with
anti-PD-1 Ab group (2.21 = 0.08) or DNA vaccine alone group
(0.73 = 0.03, p = 0.001,Kruskal-Wallis test; Fig. 31I).

Thus, our results indicate that immune checkpoint inhibitor com-
bined with the DNA vaccine decreases Tregs in both the spleen and
tumors, and reduces their expression of CTLA-4 compared to the DNA
vaccine alone.

3.4. In vitro and ex vivo antigen-specific CD8™ cytotoxic T cells treated
with anti-CTLA-4 or anti-PD-1 Ab have enhanced tumor killing activities

In vitro tumor killing assays were performed to evaluate whether the
tumor cell killing activities of CD8 ™" cytotoxic T cells can be enhanced
by blocking the CTLA-4 or PD-1 molecule. The representative lumi-
nescence results for TC-1/LG tumor cells co-cultured with E7-specific
CD8™ cytotoxic T cells or splenocytes are shown in Fig. 4A and C, re-
spectively. The E7-specific CD8 " cytotoxic T cells pretreated with anti-
CTLA-4 (8.1 % 0.5 x 10° p/s) or anti-PD-1 Ab (7.1 = 0.4 x 10° p/s)
had significantly less luminescence than those pretreated with isotype
Ab (1.1 x 107 £ 0.9 x 10° p/s, p = 0.03, Kruskal-Wallis test; Fig. 4B).

The ex vivo tumor killing effects of splenocytes were also evaluated.
The representative luminescence activities of TC-1/LG cells co-cultured
with splenocytes from mice treated with CTGF/E7 DNA vaccine with or
without anti-CTLA-4 or anti-PD-1 Ab are shown in Fig. 4C. The CTGF/
E7 DNA vaccine with anti-CTLA-4 (1.4 + 0.5 x 10® p/s) or anti-PD-1
Ab (1.4 % 0.9 x 10® p/s) resulted in significantly lower luminescence
activities than CTGF/E7 DNA vaccine alone (2.0 + 0.4 x 108 p/s,
p = 0.04, Kruskal-Wallis test; Fig. 4D). The luminescence activities
were not different between mice treated with CTGF/E7 DNA vaccine
with anti-CTLA-4 Ab and those treated with vaccine and anti-PD-1 Ab
(p = 0.70, Mann-Whitney U test).

Our results indicate that the tumor killing activities of E7-specific
CD8™ cytotoxic T lymphocyte can be enhanced by immune checkpoint
blockades.

3.5. Both PD-1 and CTLA-4 are highly expressed on antigen-specific CD8 ™"
T cells and Tregs of splenocytes

The inhibition of CTLA-4 or PD-1 combined with CTGF/E7 DNA
vaccine generated similar anti-tumor effects and immune responses
(Figs. 1 and 2); therefore, we further evaluated regulatory mechanisms
of the inhibitory surface receptors, CTLA-4 and PD-1. As shown in
Fig. 5A and B, both CTLA-4 and PD-1 were highly expressed on E7-
specific cytotoxic CD8 ™" cytotoxic T cells. 9.6% (Fig. 5C2) and 19.3%
(Fig. 5C3) of Tregs from splenocytes expressed CTLA-4 and PD-1, re-
spectively. Consequently, our results indicate that antigen-specific
CD8™ cytotoxic T cells and Tregs expressed both PD-1 and CTLA-4.

3.6. Higher percentage of immature BMM-derived DCs express PD-1 and
PD-L1 than mature BMM-derived DCs

CTLA-4 is expressed exclusively on T cells, and PD-1 is broadly
expressed on activated T cells, B cells, and myeloid cells [27]. In ad-
dition to lymphocytes, we investigated whether the inhibitory surface
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Fig. 3. Alteration of Tregs from the splenocytes and TILs of mice treated with CTGF/E7 DNA vaccine with or without anti-CTLA-4 or anti-PD-1 Ab. (A)
Representative numbers of Tregs from the splenocytes on day 25 after tumor challenge of various groups by flowcytometric analysis (1: PBS, 2: anti-CTLA-4 Ab, 3:
anti-PD-1 Ab, 4: CTGF/E7 DNA vaccine, 5: CTGF/E7 DNA vaccine with anti-CTLA-4 Ab, 6: CTGF/E7 DNA vaccine with anti-PD-1 Ab). (B) Percentages of Tregs
among the CD4* T lymphocytes from splenocytes from various groups (n = 5 per group, mean *+ SEM). The percentage of Tregs was significantly lower in the
CTGF/E7 DNA vaccine with anti-CTLA-4 or anti-PD-1 Ab groups than the CTGF/E7 DNA vaccine alone group (p = 0.004, Kruskal-Wallis test). (C) The percentages of
CTLA-4* Tregs from various groups (n = 5 per group, mean + SEM). The percentage of CTLA-4™ Tregs was lower in the DNA vaccine with anti-CTLA-4 Ab or anti-
PD-1 Ab groups than the DNA vaccine alone group (p = 0.01, Kruskal-Wallis test). (D) The percentages of PD-1* Tregs from various groups (n = 5 per group,
mean + SEM). The percentage of PD-1" Tregs was higher in the DNA vaccine with anti-CTLA-4 Ab or anti-PD-1 Ab groups than the DNA vaccine alone group
(p = 0.01, Kruskal-Wallis test). (E) Representative numbers of Tregs from TILs in various groups by flowcytometric analysis (1: PBS, 2: anti-CTLA-4 Ab, 3: anti-PD-1
Ab, 4: CTGF/E7 DNA vaccine, 5: CTGF/E7 DNA vaccine with anti-CTLA-4 Ab, 6: CTGF/E7 DNA vaccine with anti-PD-1 Ab). (F) Percentages of Tregs from TILs in
various groups (n = 5 per group, mean + SEM). The percentage of tumor-infiltrating Tregs was significantly decreased in the DNA vaccine with anti-CTLA-4 or anti-
PD-1 Ab groups compared to the DNA vaccine or Ab alone groups (p = 0.04, Kruskal-Wallis test). (G) The ratios of total CD4™ T cells to Tregs in TILs of various
groups. The ratio of total CD4* T cells to Tregs from TILs was significantly higher in the DNA vaccine with anti-CTLA-4 or anti-PD-1 Ab groups than the DNA vaccine
alone group (p = 0.03, Kruskal-Wallis test). (H) The ratios of total CD8* T cells to Tregs in TILs of various groups. The ratio of total CD8* T cells to Tregs from TILs
was significantly higher in the DNA vaccine with anti-CTLA-4 or anti-PD-1 Ab groups than the DNA vaccine alone group (p = 0.01, Kruskal-Wallis test). (I) The ratios
of antigen-specific cytotoxic CD8 ' T cells to Tregs in TILs of various groups. The ratio of antigen-specific cytotoxic CD8* T cells to Tregs from TILs was significantly
higher in the DNA vaccine with anti-CTLA-4 or anti-PD-1 Ab groups than the DNA vaccine alone groups (p = 0.001, Kruskal-Wallis test) (1: PBS, 2: anti-CTLA-4 Ab,
3: anti-PD-1 Ab, 4: CTGF/E7 DNA vaccine, 5: CTGF/E7 DNA vaccine with anti-CTLA-4 Ab, 6: CTGF/E7 DNA vaccine with anti-PD-1 Ab). All experiments were
performed independently in triplicate.

receptor and its ligand are expressed on other cells, including DCs and (9.03 + 0.17%) expressed PD-L1 than CD80"CD1lc* DCs
tumor cells. The representative of flow cytometric analysis of CD80, (4.08 = 0.11%) and CD86"CD1lc™ DCs (3.41 = 0.04%)
CD86, PD-1 or PD-L1 from BMM-derived CD11c" DCs are shown in (CD80 " CD11c*PD-L1* vs. CD80*"CD11c*PD-L1*, p =0.002;
Fig. 5D and F. A greater proportion of CD80 CDl1lc* DCs CD86 CD11c¢*PD-L1* vs. CD86"CD11¢*PD-L1*, p = 0.002, Mann-
(7.52 = 0.16%) and CD86 CD11c* DCs (10.2 *= 0.12%) expressed Whitney U test; Fig. 5G). As shown in Fig. 5H, the PD-1 was not ex-
PD-1 than CD80"CD11c™ DCs (1.45 = 0.03%) and CD86"CD11c™ pressed on the TC-1 tumor cells. Whereas, the PD-L1, was highly ex-
DCs (1.67 + 0.04%) (CD80 CD11c*PD-1* vs. CD80"CD11c*PD-1%, pressed on the TC-1 tumor cells (Fig. 5I).

p = 0.002; CD86 CD11c"PD-1" vs. CD86"CD11c¢"PD-1", p = 0.002, Our results revealed that immature DCs could express higher PD-1
Mann-Whitney U test; Fig. 5E). In addition, a greater proportion of and PD-L1 molecules than mature DCs in BMM-derived DCs. The PD-L1
CD80 CD11lc* DCs (11.68 *= 0.1%) and CD86 CDllc* DCs could also be noted to express on the tumor cells.
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Fig. 4. In vitro tumor specific killing activity of antigen-specific CD8* cytotoxic T cells or splenocytes from various immunized groups. (A) Representative
luminescence images of the in vitro tumor-specific killing activity of E7-specific CD8* cytotoxic T cells treated with or without anti-CTLA-4 or anti-PD-1 immune
checkpoint Ab. (B) Quantification of the average luminescence of TC-1/LG cells in various groups (1: isotype Ab, 2: anti-CTLA-4 Ab, 3: anti-PD-1 Ab). Anti-CTLA-4 or
anti-PD-1 Ab significantly enhanced tumor killing activities of E7-specific CD8™" cytotoxic T cells (p = 0.03, Kruskal-Wallis test). (C) Representative luminescence
images of the ex vivo tumor-specific killing activity of splenocytes from mice vaccinated with CTGF/E7 DNA vaccine and treated with or without anti-CTLA-4 or anti-
PD-1 Ab. (D) Quantification of the average luminescence of TC-1/LG cells co-cultured with splenocytes from various groups (n = 5 per group, mean * SEM) (1: PBS,
2: anti-CTLA-4 Ab, 3: anti-PD-1 Ab, 4: CTGF/E7 DNA vaccine, 5: CTGF/E7 DNA vaccine with anti-CTLA-4 Ab, 6: CTGF/E7 DNA vaccine with anti-PD-1 Ab). Anti-
CTLA-4 or anti-PD-1 Ab significantly enhanced the tumor killing activities of E7-specific CD8* cytotoxic T lymphocytes from CTGF/E7 DNA vaccinated mice
(p = 0.04, Kruskal-Wallis test). All experiments were performed independently in triplicate.

3.7. Anti-CTLA-4 and anti-PD-1 Abs enhance the maturation of DCs in LNs
and tumors in vivo

To examine whether anti-CTLA-4 or anti-PD-1 Ab enhances the
maturation of DCs in vivo, DCs were obtained from the inguinal LNs and
tumors of mice in various groups. The representative results of flow
cytometric analysis of CD80*CD11c* and CD86"CD11c™ DCs from
inguinal LNs are shown in Fig. 6A. The percentage of CD80*CD11c™
DCs was significantly higher in the CTGF/E7 DNA vaccine with anti-
CTLA-4 (3.00 = 0.10%) or anti-PD-1 Ab (4.71 = 0.11%) groups than
in the CTGF/E7 DNA vaccine alone group (2.32 + 0.02%, p < 0.001,
Kruskal-Wallis test; Fig. 6B). In addition, the percentage of
CD86"CD11c™ DCs was significantly higher in the CTGF/E7 DNA
vaccine with anti-CTLA-4 (3.63 * 0.06%) or anti-PD-1 Ab
(5.32 = 0.02%) groups than in the CTGF/E7 DNA vaccine alone group
(2.85 = 0.01%, p < 0.001, Kruskal-Wallis test; Fig. 6C).

In the local tumor site, the representative results of flow cytometric
analysis and immunofluorescent staining of tumor-infiltrating
CD80*CD11c* DCs are shown in Fig. 6D and Supplementary Fig. 1B,
respectively. The percentage of tumor-infiltrating CD80 *CD11c* DCs
was significantly higher in the CTGF/E7 DNA vaccine with anti-CTLA-4
(9.27 = 0.08%) or anti-PD-1 Ab (6.23 * 0.09%) groups than in the
CTGF/E7 DNA vaccine alone group (3.59 = 0.25%, p < 0.001,
Kruskal-Wallis test; Fig. 6E). In addition, the percentage of tumor-
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infiltrating CD80*CD11c ™ cells (other possible APCs) was significantly
higher in the CTGF/E7 DNA vaccine with anti-CTLA-4 (27.4 + 0.13%)
or anti-PD-1 Ab (14.7 = 0.08%) groups than in the CTGF/E7 DNA
vaccine alone group (6.37 = 0.41%, p < 0.001, Kruskal-Wallis test;
Fig. 6F). The percentage of tumor-infiltrating CD86 " CD11c* DCs was
significantly higher in the CTGF/E7 DNA vaccine with anti-PD-1
(8.35 * 0.15%) or anti-CTLA-4 Ab (7.73 + 0.08%) groups than in the
DNA vaccine alone group (6.79 = 0.15%, p < 0.001, Kruskal-Wallis
test; Fig. 6G).

Thus, our results revealed that the immune checkpoint blockades
could enhance the maturation of DCs and other possible APCs in tumor
sites.

3.8. Anti-CTLA-4 or anti-PD-1 Ab enhances the activation of antigen-
specific cytotoxic CD8* T cells from tumor-infiltrating DCs

Next, we evaluated whether the immune checkpoint blockades en-
hance the activation of antigen-specific cytotoxic CD8* T cells from
tumor-infiltrating DCs. CD11c*-enriched DCs were isolated using
magnetic CD11c beads from TILs of mice with various treatment
modalities and then tumor-infiltrating CD11c* DCs were co-cultured
with the E7-specific CD8* cytotoxic T cells. To account for the varia-
tions of IFN-y-secreting E7-specific CD8* cytotoxic T cells pulsed with
tumor-infiltrating DCs of different groups, the fold change of E7-specific
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Fig. 5. Expression of CTLA-4, PD-1, and PD-L1 in E7-specific CD8 " T cells, Tregs, BMM-derived DCs, and tumor cells. (A-B) Flow cytometric analysis of the
expression of CTLA-4 and PD-1 in E7-specific T cells. CTLA-4 and PD-1 were both highly expressed on E7-specific T cells. (C) Expression of CTLA-4 and PD-1 in Tregs
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PD-L1 in TC-1 tumor cells. The TC-1 tumor cells expressed PD-L1 but not PD-1. All experiments were performed independently in triplicate.

IFN-y-secreting CD8™ cytotoxic T cells was further calculated. The
average number of IFN-y-secreting E7-specific CD8* cytotoxic T cells of
PBS group was used as baseline. The fold changes of E7-specific IFN-y-
secreting CD8™ cytotoxic T lymphocytes were significantly higher in
the CTGF/E7 DNA vaccine with anti-CTLA-4 (33.4 = 0.52) and anti-
PD-1 Ab (32.06 = 0.42) groups than those in the CTGF/E7 DNA vac-
cine alone group (8.77 % 0.06) and the other groups (p = 0.004,
Kruskal-Wallis test; Fig. 6H).

Our results revealed that immune checkpoint blockades could
augment the number of antigen-specific CD8* T cells by modulating
tumor-infiltrating DCs.

3.9. Immune checkpoint blockades could also enhance the anti-tumor
effects of MSLN-specific chimeric DNA vaccine

Finally, we evaluated whether immune checkpoint Abs could also
enhance the anti-tumor effects of MSLN-specific DNA vaccine in MSLN-
expressing tumor model. The protocols for in vivo therapeutic experi-
ments were shown in Fig. 1B. Treatment was started when WF-3/LG
tumors injected 3 days after tumor challenge. The luciferase activities of
WF-3/LG tumor-bearing mice in various groups as detected by the IVIS
system were shown in Fig. 7A. The CTGF/MSLN DNA vaccine combined
with anti-CTLA-4 Ab (4.6 = 0.4 x 10°) or anti-PD-1 Ab
(4.7 + 0.4 x 10°) exhibited the least luminescence of all the groups
after 28 days of WF-3/LG tumor cell injection (PBS: 1.5 + 0.1 X 107,
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anti-CTLA-4 Ab: 1.4 + 0.1 x 107, anti-PD-1 Ab: 1.4 = 0.1 x 107,
CTGF/MSLN alone: 1.2 * 0.1 x 107; p < 0.001, Kruskal-Wallis test,
Fig. 7B). Sixty percent of the mice that received the CTGF/MSLN DNA
vaccine with anti-CTLA-4 Ab or anti-PD-1 Ab were alive 100 days after
WF-3/LG tumor challenge. Whereas, all of the mice in the other groups
died less than 60 days after tumor challenge (p = 0.005, log-rank test,
Fig. 7C).

Our results indicated that combination of MSLN antigen-specific
chimeric DNA vaccine and immune checkpoint inhibitors could also
generate more potent anti-tumor effects than DNA vaccine alone in
MSLN-expressing tumor model.

3.10. Anti-PD-1 Ab enhances the maturation of BMM-derived DCs by
upregulating CD80/86 and MHC I molecules

As both PD-1 and PD-L1 were expressed on mature and immature
DCs (Fig. 5E and G), the maturation status of DCs may be inhibited
through the interaction of PD-1 and PD-L1. We determined whether
anti-PD-1 Ab enhances the maturation of BMM-derived DCs. The CD80/
86 expression of DCs treated with anti-PD-1 Ab are shown in
Supplementary Fig. 2A. The anti-PD-1 Ab-treated DCs had significantly
higher percentages of CD11c* CD80™ cells than the isotype Ab-treated
group (25.88 = 0.93% vs. 17.57 = 0.16%, p < 0.001, Mann-
Whitney U test; Supplementary Fig. 2B). In addition, the percentage of
CD11c* CD86™" cells was significantly higher in the anti-PD-1 Ab-
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Fig. 6. Maturation status and function of dendritic cells (DCs) in lymph nodes and tumors of mice treated with CTGF/E7 DNA vaccine and/or immune
checkpoint Ab. (A) Flow cytometric analysis of the proportion of CD80*CD11c* or CD86*CD11c™ DCs in lymph nodes on day 25 after tumor challenge from
various groups (1: PBS, 2: anti-CTLA-4 Ab, 3: anti-PD-1 Ab, 4: CTGF/E7 DNA vaccine, 5: CTGF/E7 DNA vaccine with anti-CTLA-4 Ab, 6: CTGF/E7 DNA vaccine with
anti-PD-1 Ab). (B) Percentages of CD80"CD11c™ DCs in lymph nodes from various groups (n = 5 per group, mean = SEM). The CD80 maturation marker of
CD11c™ DCs significantly increased in lymph nodes from the DNA vaccine with anti-CTLA-4 or anti-PD-1 Ab groups compared to the DNA vaccine alone group
(p < 0.001, Kruskal-Wallis test). (C) Percentages of CD86" CD11lc* DCs in lymph nodes from various groups (n = 5 per group, mean = SEM). The CD86 ma-
turation marker of CD11c* DCs significantly increased in lymph nodes from the DNA vaccine with anti-CTLA-4 or anti-PD-1 Ab groups compared to the DNA vaccine
alone group (p < 0.001, Kruskal-Wallis test). (D) Flow cytometric analysis of the proportions of CD80 " CD11c™ DCs and CD80*CD11c ™ antigen-presenting cells in
tumors from various groups. (E) Percentages of CD80*CD11c* DCs in tumors from various groups (n = 5 per group, mean * SEM). The percentage of CD80-
expressing CD11c* DCs was significant higher in tumors from the DNA vaccine with anti-CTLA-4 or anti-PD-1 Ab groups compared to the DNA vaccine alone group
(p < 0.001, Kruskal-Wallis test). (F) Percentages of CD80™ CD11c™ cells in tumors from various groups (n = 5 per group, mean + SEM). The percentage of CD80-
expressing CD11c™ cells was significantly higher in tumors from the DNA vaccine with anti-CTLA-4 or anti-PD-1 Ab groups compared to the DNA vaccine alone group
(p < 0.001, Kruskal-Wallis test). (G) Percentages of CD86 " CD11c™* DCs in tumors from various groups (n = 5 per group, mean + SEM). The percentage of CD86-
expressing CD11c*t DCs was significantly higher in tumors from the DNA vaccine with anti-CTLA-4 or anti-PD-1 Ab groups compared to the DNA vaccine alone group
(p < 0.001, Kruskal-Wallis test). (H) Fold changes in IFN-y-secreting E7-specific CD8* cytotoxic T-cells co-cultured with CD11c*-enriched cells isolated from the
TILs of various vaccinated groups (n = 5 per group, mean = SEM). The numbers of IFN-y-secreting E7-specific CD8 * cytotoxic T cells pulsed by tumor-infiltrating
DCs of PBS group was defined as baseline. DCs from the DNA vaccine with anti-CTLA-4 or anti-PD-1 Ab groups stimulated significant fold changes of E7-specific
CD8™ IFN-y secreting T cells than those from the DNA vaccine alone group (p = 0.004, Kruskal-Wallis test). Column1: PBS, 2: anti-CTLA-4 Ab, 3: anti-PD-1 Ab, 4:
CTGF/E7 DNA vaccine, 5: CTGF/E7 DNA vaccine with anti-CTLA-4 Ab, 6: CTGF/E7 DNA vaccine with anti-PD-1 Ab. All experiments were performed independently
in triplicate.

treated group than in the isotype Ab-treated group (24.83 + 1.17% vs. between the anti-PD-1 Ab and isotype Ab-treated groups
1490 = 0.17%, p < 0.001, Mann-Whitney U test; Supplementary (39.49 = 0.52% vs. 40.80 *= 0.14%, p = 0.32, Mann-Whitney U test;
Fig. 20). Supplementary Fig. 2F).

MHC class I and II expression in DCs treated with anti-PD-1 Ab is Thus, our results indicated that anti-PD-1 Ab enhances the expres-
shown in Supplementary Fig. 2D. The anti-PD-1 Ab-treated DCs had sion of surface markers of mature DCs.
significantly higher percentages of CD1lc* MHC I* cells than the
isotype Ab-treated group (21.63 = 1.37% vs. 14.31 + 0.69%,
p = 0.004, Mann-Whitney U test; Supplementary Fig. 2E). However, no
difference in the percentage of CD1lc* MHC I cells was found
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Fig. 7. Anti-tumor effects of CTGF/MSLN DNA vaccine with or without immune checkpoint inhibitor. (A) Representative luminescence images of WF-3/LG
tumor-bearing mice in various groups using the IVIS system at indicated intervals. (B) Luminescences of WF-3/LG tumor-bearing mice in various groups
(mean = SEM). Mice immunized with the CTGF/MSLN DNA vaccine combined with anti-CTLA-4 or anti-PD-1 Ab exhibited the least luminescence (p < 0.001,
Kruskal Wallis test). (C) Overall survival of mice treated with CTGF/MSLN DNA vaccine with or without respective Ab. Sixty percent of mice that received CTGF/
MSLN DNA vaccine combined with anti-CTLA-4 Ab or anti-PD-1 Ab were alive 100 days after WF-3/LG tumor challenge. None of the mice in CTGF/MSLN DNA
vaccine alone group could survive more than 60 days after tumor challenge (p = 0.005, log-rank test). All experiments were performed independently in duplicate.
(D) Schematic diagram shows more potent anti-tumor effects of antigen-specific DNA vaccine combined with PD-1 or CTLA-4 blockade. Anti-CTLA-4 and PD-1 Abs
enhanced the antigen-specific CD8 " T cell responses through targeting antigen-specific CD8* T cells and Tregs. In addition, PD-1 blockade could promote the
maturation of DCs through targeting PD-1/PD-L1 pathway between DCs and tumor cells.

3.11. Combination of DNA vaccine with immune checkpoint blockades does
not induce significant changes of histopathology and body weight in mice

To further evaluate whether CTGF/E7 DNA vaccine combined with
immune checkpoint blockades induced the toxicity of the mice. Various
organs of the mice in various groups were examined. No significant or
specific tissue damages or immune responses noted in these organs of
the mice in different groups (Supplementary Fig. 3A). Besides, there
was no significant changes of the body weight of mice in various groups
(Supplementary Fig. 3B).

Thus, our results revealed that the strategy of DNA vaccine combine
with immune checkpoint blockades was well tolerated without definite
serious toxicities to the mice.

3.12. DNA vaccine combined with anti-CTLA-4 or anti-PD-1 Abs could
enhance the expression of Ki-67 activation marker on the T lymphocytes of
TILs

We further examined where the frequencies of activated CD4* and
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CD8* T cells in the TILs of DNA vaccine combined with immune
checkpoint blockades were higher than those of DNA vaccine. So the T
cell activation markers such as Ki-67 and CD69 were stained. The
percentage of tumor-infiltrating Ki-67*CD4* T cells was significantly
higher in the CTGF/E7 DNA vaccine with anti-CTLA-4 (5.92 * 0.13%)
or anti-PD-1 Ab (5.87 * 0.11%) groups than in the DNA vaccine alone
group (4.19 = 0.08%, p = 0.003, Kruskal-Wallis test; Supplementary
Fig. 4A). However, the percentage of CD69 (DNA: 6.95 + 0.04%, DNA
with anti-CTLA-4Ab: 7.02 + 0.03%, DNA with anti-PD-1 Ab:
6.96 * 0.04%, p = 0.38, Kruskal-Wallis test; Supplementary Fig. 4B)
of tumor-infiltrating CD4* T cells was no difference in the three groups.
In addition, the percentage of tumor-infiltrating Ki-67 *CD8" T cells
was also significantly higher in the CTGF/E7 DNA vaccine with anti-
CTLA-4 (39.65 = 1.3%) or anti-PD-1 Ab (39.67 + 0.97%) groups
than in the DNA vaccine alone group (30.75 = 0.88%, p = 0.003,
Kruskal-Wallis test; Supplementary Fig. 4C). The percentage of CD69
(DNA: 56.83 = 0.54%, DNA with anti-CTLA-4 Ab: 58.15 = 0.12%,
DNA with anti-PD-1 Ab: 58.04 + 0.08%, p = 0.11, Kruskal-Wallis test;
Supplementary Fig. 4D) of tumor-infiltrating CD8* T cells was no
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difference in these three groups, either.

Our results indicated that immune checkpoint blockades could en-
hance the activation of tumor-infiltrating CD4" and CD8* T lympho-
cytes of the TILs by increasing Ki-67 expressions.

3.13. Both of CD8™ T cells and Tregs could highly express PD-1 and CTLA-
4 molecules in TILs

Both of the CTLA-4 and PD-1 molecules were highly expressed on
E7-specific CD8 ™" cytotoxic T cells and Tregs in the splenocytes of mice
treated with CTGF/E7 DNA vaccine alone (Fig. 5A-C). So we further
examined whether E7-specific cytotoxic CD8 " T cells and Tregs in tu-
mors of mice treated with DNA vaccine could also express CTLA-4 and
PD-1 molecules. As shown in Supplementary Fig. 5A, there were 8.3%
and 12.7% of E7-specific cytotoxic CD8* T cells of TILs expressed
CTLA-4 and PD-1 molecules, respectively. There were 9.9% and 34.7%
of Tregs of TILs expresssd CTLA-4 and PD-1, respectively
(Supplementary Fig. 5B).

Consequently, our results indicated that antigen-specific cytotoxic
CD8™ T cells and Tregs in tumors could express both of PD-1 and CTLA-
4 molecules.

3.14. Higher percentages of immature DCs express PD-1 and PD-L1
molecules than mature DCs in TILs

Because higher percentages of immature BMM-derived DCs could
express PD-1 and PD-L1 molecules than mature BMM-derived DCs
(Fig. 5D-G), we further investigated whether the similar phenomena
could be observed in TILs of tumors in mice treated with CTGF/E7 DNA
vaccine. A greater proportion of CD80~CD11c™ DCs (52.65 + 0.17%)
and CD86 CDllc* DGCs (53.24 = 0.05%) expressed PD-1 than
CD80*"CD11c* DCs (5.44 = 0.13%) and CD86*CD1lc* DCs
(4.85 = 0.02%) in tumors (p = 0.03, Mann-Whitney U test;
Supplementary Fig. 5C). A greater proportion of CD80 CD11c™ DCs
(23.41 + 0.52%) and CD86CD11c* DCs (35.24 = 0.60%) also ex-
pressed PD-L1 than CD80"CD1lc* DGCs (7.67 = 0.20%) and
CD86CD11c* DCs (5.94 + 0.19%) in tumors (p = 0.002, Mann-
Whitney U test; Supplementary Fig. 5D).

Our results revealed that higher percentages of immature DCs could
express both of PD-1 and PD-L1 molecules than mature DCs in tumors.

3.15. Immune checkpoint blockades could enhance the numbers of antigen-
specific CD8™ TILs generated by antigen-specific chimeric DNA vaccine

Because immune checkpoint inhibitor enhanced the numbers of E7-
specific IFN-y-secreting CD8™* cytotoxic T cells in tumors (Fig. 2I), we
further examined whether similar phenomena could be observed in
tumors by staining HPV-16 E7 tetramer. Representative figures of flow
cytometric analysis of tetramer staining E7-specific CD8* T cells from
TILs are shown in Supplementary Fig. 5E. The numbers of E7-specific
CD8™ cytotoxic T cells from TILs significantly increased in mice treated
with CTGF/E7 DNA vaccine with anti-CTLA-4 (5064.0 = 56.9) and
anti-PD-1 Ab (4834.7 = 37.4) groups compared with those treated
with DNA vaccine alone group (3256.0 + 11.5) (p = 0.004, Kruskal-
Wallis test; Supplementary Fig. 5F).

Our results revealed that anti-CTLA-4 Ab or anti-PD-1 Ab could
enhance the numbers of antigen-specific CD8* T cells in the tumors of
mice treated with antigen-specific DNA vaccine.

3.16. Anti-CTLA-4 Ab does not induce the maturation, antigen-processing,
and antigen-presenting activities of BMM-derived DCs

Because DNA vaccine combined with anti-CTLA-4 Ab could en-
hanced the DC maturation compared to the DNA vaccine alone in vivo
(Fig. 6). We further evaluated whether the blockade of CTLA-4 could
directly enhance the maturation status, antigen-processing, and

32

Cancer Letters 444 (2019) 20-34

antigen-presenting activities of BMM-derived DCs in vitro. Only 1.3% of
BMM-derived CD11c™ DCs expressed CTLA-4 molecule at baseline
(Supplementary Fig. 6A). The percentages of CD11c*CD80* or
CD11c*CD86™ cells were no difference between the anti-CTLA-4 Ab
and isotype Ab-treated groups (CD11c*CD80*: 25.39 + 1.41% vs.
25.14 + 0.66%, p=0.94; CD11lc*CD86": 27.56 + 1.50% vs.
27.21 = 0.74%, p=0.94, both by Mann-Whitney U test;
Supplementary Figs. 6B-C).

The percentages of MHC class I and II in DCs treated with anti-
CTLA-4 Ab are shown in Supplementary Figs. 6D and 6E. The percen-
tages of CD11¢"MHC I or CD11¢*MHC II* cells were no difference
between the anti-CTLA-4 Ab and isotype Ab-treated groups
(CD11c*MHC I*: 19.22 + 0.13% vs. 20.41 = 0.11%, p = 0.14;
CD11c*MHCII*: 48.66 = 0.05% vs. 47.59 = 2.03%, p = 0.79, both
by Mann-Whitney U test).

The percentages of FITC-OVAjs; 564 short peptide pulsed-DCs
treated with anti-CTLA-4 Ab were no difference as compared with those
treated with isotype Ab (p =0.14, Mann-Whitney U test;
Supplementary Fig. 6F). The percentages of FITC-conjugated OVAszz3.
339 long peptide pulsed-DCs treated with anti-CTLA-4 Ab were no dif-
ference compared with those treated with isotype Ab, either (p = 0.25,
Mann-Whitney U test; Supplementary Fig. 6G).

Our results revealed that anti-CTLA-4 Ab does not induce the ma-
turation and function of BMM-derived DCs. DNA vaccine with blockade
of CTLA-4 enhancing the maturation and function of DCs may be
mediated by suppression of Tregs.

4. Discussion

Our results reveal that immune checkpoint blockade, such as anti-
CTLA-4 Ab or anti-PD-1 Ab, enhances the antigen-specific anti-tumor
effects, and cell-mediated and humoral immunities, of an antigen-spe-
cific DNA vaccine than the DNA vaccine alone. The immune checkpoint
inhibitors decreased the number of Tregs in both splenocytes and TILs.
In addition, anti-CTLA-4 Ab and anti-PD-1 Ab enhanced the maturation
and antigen-presenting abilities of DCs in vivo, promoting the anti-
tumor activities of the antigen-specific DNA vaccine.

Antigen-specific chimeric DNA vaccines, including CTGF/E7 DNA
vaccine could generate potent antigen-specific immunity and anti-
tumor effects to control small tumors [16]. However, the CTGF/E7 DNA
vaccine alone is not potent enough to control established tumors in a
subcutaneous tumor model (Fig. 1C and D). Therefore, a new combi-
national strategy is needed to enhance the anti-tumor effects of the
antigen-specific chimeric DNA vaccine.

Tumor cells could downregulate the amplitude of T cell activation
and suppress anti-tumor immunity through the CTLA-4 and PD-1
pathways [27]. Like the previous report [27], the antigen-specific
CD8™ T cells and Tregs expressed both CTLA-4 and PD-1 (Fig. 5A-C).
Anti-CTLA-4 Ab or anti-PD-1 Ab enhanced the antigen-specific tumor
killing effects in vitro and ex vivo in this study (Fig. 4). PD-L1 can be
upregulated by oncogenes, such as activated AKT and STAT3 [28], or
IFN-y secreted by activated anti-tumor T cells [29,30]. It is expressed
mainly on the surface of tumor cells in many different cancer types and
inhibits anti-tumor T cell immunity [31]. PD-L1 was also detected on
TC-1 tumor cells in our survey (Fig. 5I). Therefore, inhibition of im-
mune checkpoint molecules, such as CTLA-4, PD-1, and PD-L1 block-
ades could promote anti-tumor effects by inhibiting the immune-sup-
pressive effects.

The poorly immunogenic cancers, such as highly progressive
mammary carcinoma, SM1 [32], and highly tumorigenic murine mel-
anoma, B16-BL6 [33], could respond to anti-CTLA-4 Ab combined with
cell-based vaccine. Peptide vaccines targeting E7 antigen combined
with modulation of immune checkpoint molecules such as anti-PD-1 Ab
have been shown more potent anti-tumor effects than E7 peptide vac-
cine alone in HPV-associated cancer model [34,35]. Duperret et al. also
reported that combination therapy of DNA vaccine with anti-CTLA-4 Ab
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or anti-PD-1 Ab enhanced more robust anti-tumor effects than DNA
vaccine alone [8]. Therefore, an antigen-specific DNA vaccine com-
bined with immune checkpoint inhibitor may have potential to produce
potent antigen-specific anti-tumor immunities and effects to control
larger tumors. As demonstrated in this current study, the antigen-spe-
cific DNA vaccine combined with anti-PD-1 Ab or anti-CTLA-4 Ab could
generate more potent antigen-specific anti-tumor immunities and ef-
fects than DNA vaccine alone for treating established tumors
(Figs. 1-2).

Immune checkpoint inhibitor could suppress immuno-suppressive
lymphocytes, such as Tregs, which are crucial in suppression of both
autoimmune and anti-tumor immune responses [36,37]. Our previous
study demonstrated that depletion of Tregs corrects the imbalance of
immunologic profiles between pro- and anti-tumor immunities and
generates more potent anti-tumor effects in vivo [26]. In addition,
previous studies showed that targeting Tregs with an immune check-
point Ab, such as anti-CTLA-4 Ab [38,39] or anti-PD-1 Ab [40], en-
hances anti-tumor immunities. Recently, Kurose et al. showed that
depletion of Tregs by infusion of anti-CCR4 Ab, KW-0761, was safe and
well tolerated in a phase I clinical trial in solid cancer patients [41]. In
the present study, the anti-CTLA-4 Ab and anti-PD-1 Ab reduced the
number of Tregs systemically (i.e., splenocytes) and locally (i.e., TILs),
and enhanced the potency of the antigen-specific DNA vaccine (Fig. 3).

Because the CD8 ™ cytotoxic T cell tested in Fig. 4B was E7 antigen-
specific CD8* cytotoxic T cell line, so immune checkpoint blockade
could be more effective to enhance the killing effects to the E7-ex-
pression TC-1/LG tumor cells than isotype Ab treated group. However,
the splenocytes of mice treated with PBS, anti-CTLA-4 Ab alone, or anti-
PD-1 Ab alone groups in Fig. 4D had fewer E7 antigen-specific CD8*
cytotoxic T cells (Fig. 2E), so the tumor-killing effect might be abolished
in the ex vivo experiments.

Immune checkpoint inhibitors could enhance the maturation and
function of DCs. The CTLA-4 molecule expressed on T cells, including
Tregs, has a higher affinity for the counterreceptor of the DC matura-
tion molecules CD80 and CD86, and outcompetes CD28 costimulation
for the activation of T lymphocytes [1,42,43]. In the present study,
CTLA-4 blockade rescued the maturation and function of DCs in LNs
and tumors (Fig. 6). In addition, PD-L1 was expressed on DCs (Fig. 5G
and supplementary Fig. 5D). Thus, tumor cells and DCs could interact
with antigen-specific CD8* T cells to down-regulate the anti-tumor
immune responses through the PD-1 and PD-L1 interaction. Tumor cells
could also induce the expression of PD-1 on tumor-infiltrating DCs to
suppress DC-mediated anti-tumor immunities [44,45]. As shown in the
present study, PD-1 blockade could enhance the maturation of BMM-
derived DCs and the maturation and function of DCs in LNs and the
tumor microenvironment. In addition, no difference between the ma-
turation status of BMM-derived DCs treated with or without isotype Ab
(data not shown), which may exclude the activation of DCs via FcR
pathway. Thus, the blockade of CTLA-4 or PD-1 could enhance anti-
tumor immunity through the modulation of DCs.

As shown in Fig. 7D, CTLA-4 and PD-1 blockades enhanced the
antigen-specific CD8" T cell responses through targeting antigen-spe-
cific CD8* T and Tregs. PD-1 blockade had additional role to promote
DCs maturation through targeting PD-1/PD-L1 pathway of DCs and
tumor cells. Therefore, immune checkpoint blockade of CTLA-4 or PD-1
combined with an antigen-specific DNA vaccine generates more potent
antigen-specific effector T cell responses by enhancing the maturation
and functions of DCs and decreasing immuno-suppressive Tregs. Our
results provide a novel strategy for developing antigen-specific cancer
immunotherapies and treatment.

Ethics approval

Animal handling and procedures were approved by the animal ethic
committee of College of Medicine, National Taiwan University.

33

Cancer Letters 444 (2019) 20-34

Conflicts of interest
No potential conflicts of interest was disclosed.
Acknowledgements

This work was supported in part by the 2nd and 7th core laboratory
facilities of the Department of Medical Research of National Taiwan
University Hospital. This study was supported by National Science
Committee and Ministry of Science and Technology of Taiwan (NSC 98-
2628-B-002 -083 -MY3, MOST 103-2325-B-002 -036, MOST 104-2325-
B-002 -009) and National Taiwan University Hospital (NTUH107-
$3800), and the cooperative study sponsored by HealthBanks Biotech
Company [grant number NTUH101R7155]. None of the funding
sources had a role in study design, collection, analyses, interpretation of
data, writing of the report or the decision to submit the paper for
publication.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.canlet.2018.11.039.

References

[1] D.M. Pardoll, The blockade of immune checkpoints in cancer immunotherapy, Nat.
Rev. Canc. 12 (2012) 252-264.

K. Weintraub, Drug development: releasing the brakes, Nature 504 (2013) S6-S8.
S.L. Topalian, F.S. Hodi, J.R. Brahmer, S.N. Gettinger, D.C. Smith, D.F. McDermott,
J.D. Powderly, R.D. Carvajal, J.A. Sosman, M.B. Atkins, P.D. Leming, D.R. Spigel,
S.J. Antonia, L. Horn, C.G. Drake, D.M. Pardoll, L. Chen, W.H. Sharfman,

R.A. Anders, J.M. Taube, T.L. McMiller, H. Xu, A.J. Korman, M. Jure-Kunkel,

S. Agrawal, D. McDonald, G.D. Kollia, A. Gupta, J.M. Wigginton, M. Sznol, Safety,
activity, and immune correlates of anti-PD-1 antibody in cancer, N. Engl. J. Med.
366 (2012) 2443-2454.

F.S. Hodi, S.J. O'Day, D.F. McDermott, R.W. Weber, J.A. Sosman, J.B. Haanen,

R. Gonzalez, C. Robert, D. Schadendorf, J.C. Hassel, W. Akerley, A.J. van den
Eertwegh, J. Lutzky, P. Lorigan, J.M. Vaubel, G.P. Linette, D. Hogg,

C.H. Ottensmeier, C. Lebbe, C. Peschel, 1. Quirt, J.I. Clark, J.D. Wolchok, J.S. Weber,
J. Tian, M.J. Yellin, G.M. Nichol, A. Hoos, W.J. Urba, Improved survival with ipi-
limumab in patients with metastatic melanoma, N. Engl. J. Med. 363 (2010)
711-723.

O. Hamid, C. Robert, A. Daud, F.S. Hodi, W.J. Hwu, R. Kefford, J.D. Wolchok,

P. Hersey, R.W. Joseph, J.S. Weber, R. Dronca, T.C. Gangadhar, A. Patnaik,

H. Zarour, A.M. Joshua, K. Gergich, J. Elassaiss-Schaap, A. Algazi, C. Mateus,

P. Boasberg, P.C. Tumeh, B. Chmielowski, S.W. Ebbinghaus, X.N. Li, S.P. Kang,

A. Ribas, Safety and tumor responses with lambrolizumab (anti-PD-1) in melanoma,
N. Engl. J. Med. 369 (2013) 134-144.

M. Reck, D. Rodriguez-Abreu, A.G. Robinson, R. Hui, T. Csoszi, A. Fulop,

M. Gottfried, N. Peled, A. Tafreshi, S. Cuffe, M. O'Brien, S. Rao, K. Hotta,

M.A. Leiby, G.M. Lubiniecki, Y. Shentu, R. Rangwala, J.R. BrahmerK. Investigators,
Pembrolizumab versus chemotherapy for PD-L1-positive non-small-cell lung cancer,
N. Engl. J. Med. 375 (2016) 1823-1833.

C. Robert, J. Schachter, G.V. Long, A. Arance, J.J. Grob, L. Mortier, A. Daud,
M.S. Carlino, C. McNeil, M. Lotem, J. Larkin, P. Lorigan, B. Neyns, C.U. Blank,

O. Hamid, C. Mateus, R. Shapira-Frommer, M. Kosh, H. Zhou, N. Ibrahim,

S. Ebbinghaus, A. RibasK. investigators, Pembrolizumab versus ipilimumab in ad-
vanced melanoma, N. Engl. J. Med. 372 (2015) 2521-2532.

E.K. Duperret, M.C. Wise, A. Trautz, D.O. Villarreal, B. Ferraro, J. Walters, J. Yan,
A. Khan, E. Masteller, L. Humeau, D.B. Weiner, Synergy of immune checkpoint
blockade with a novel synthetic consensus DNA vaccine targeting TERT, Mol. Ther.
26 (2018) 435-445.

A. Cipponi, G. Wieers, N. van Baren, P.G. Coulie, Tumor-infiltrating lymphocytes:
apparently good for melanoma patients. But why? Cancer Immunol. Immunother.
60 (2011) 1153-1160.

W.F. Cheng, C.F. Hung, C.Y. Chai, K.F. Hsu, L. He, M. Ling, T.C. Wu, Tumor-specific
immunity and antiangiogenesis generated by a DNA vaccine encoding calreticulin
linked to a tumor antigen, J. Clin. Invest. 108 (2001) 669-678.

C.-Y. Hsieh, C.-A. Chen, C.-Y. Huang, M.-C. Chang, C.-N. Lee, Y.-N. Su, W.-F. Cheng,
IL-6-Encoding tumor antigen generates potent cancer immunotherapy through an-
tigen processing and anti-apoptotic pathways, Mol. Ther. 15 (2007) 1890-1897.
C.-A. Chen, C.-M. Ho, M.-C. Chang, W.-Z. Sun, Y.-L. Chen, Y.-C. Chiang, M.-H. Syu,
C.-Y. Hsieh, W.-F. Cheng, Metronomic chemotherapy enhances antitumor effects of
cancer vaccine by depleting regulatory T lymphocytes and inhibiting tumor an-
giogenesis, Mol. Ther. 18 (2010) 1233-1243.

C.L. Trimble, S. Peng, F. Kos, P. Gravitt, R. Viscidi, E. Sugar, D. Pardoll, T.C. Wu, A
phase I trial of a human papillomavirus DNA vaccine for HPV16 + cervical in-
traepithelial neoplasia 2/3, Clin. Canc. Res. 15 (2009) 361-367.

[2]
[3]

[4]

[5]

[6]

[7

[8]

[91]

[10]

[11]

[12]

[13]


https://doi.org/10.1016/j.canlet.2018.11.039
https://doi.org/10.1016/j.canlet.2018.11.039
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref1
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref1
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref2
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref3
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref3
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref3
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref3
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref3
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref3
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref3
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref4
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref4
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref4
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref4
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref4
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref4
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref4
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref5
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref5
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref5
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref5
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref5
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref5
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref6
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref6
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref6
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref6
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref6
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref7
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref7
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref7
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref7
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref7
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref8
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref8
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref8
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref8
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref9
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref9
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref9
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref10
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref10
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref10
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref11
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref11
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref11
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref12
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref12
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref12
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref12
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref13
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref13
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref13

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

. Sun et al.

R.S. Soong, L. Song, J. Trieu, J. Knoff, L. He, Y.C. Tsai, W. Huh, Y.N. Chang,

W.F. Cheng, R.B. Roden, T.C. Wu, C.L. Trimble, C.F. Hung, Toll-like receptor ago-
nist imiquimod facilitates antigen-specific CD8 + T-cell accumulation in the genital
tract leading to tumor control through IFNgamma, Clin. Canc. Res. 20 (2014)
5456-5467.

Y.Y. Sun, S. Peng, L. Han, J. Qiu, L. Song, Y. Tsai, B. Yang, R.B. Roden, C.L. Trimble,
C.F. Hung, T.C. Wu, Local HPV recombinant vaccinia boost following priming with
an HPV DNA vaccine enhances local HPV-specific CD8+ T-cell-mediated tumor
control in the genital tract, Clin. Canc. Res. 22 (2016) 657-669.

W.-F. Cheng, M.-C. Chang, W.-Z. Sun, C.-N. Lee, H.-W. Lin, Y.-N. Su, C.-Y. Hsieh, C.-
A. Chen, Connective tissue growth factor linked to the E7 tumor antigen generates
potent antitumor immune responses mediated by an antiapoptotic mechanism,
Gene Ther. 15 (2008) 1007-1016.

Y.L. Chen, M.C. Chang, Y.C. Chiang, H.W. Lin, N.Y. Sun, C.A. Chen, W.Z. Sun,
W.F. Cheng, Immuno-modulators enhance antigen-specific immunity and anti-
tumor effects of mesothelin-specific chimeric DNA vaccine through promoting DC
maturation, Cancer Lett. 425 (2018) 152-163.

K.-Y. Lin, F.G. Guarnieri, K.F. Staveley-O'Carroll, H.I. Levitsky, J.T. August,

D.M. Pardoll, T.-C. Wu, Treatment of established tumors with a novel vaccine that
enhances major histocompatibility class II presentation of tumor antigen, Cancer
Res. 56 (1996) 21-26.

W.F. Cheng, C.F. Hung, C.Y. Chai, C.A. Chen, C.N. Lee, Y.N. Su, W.Y. Tseng,

C.Y. Hsieh, M. Shih Ie, T.L. Wang, T.C. Wu, Generation and characterization of an
ascitogenic mesothelin-expressing tumor model, Cancer 110 (2007) 420-431.
T.-L. Wang, M. Ling, I.-M. Shih, T. Pham, S. Pai, Z. Lu, R. Kurman, D. Pardoll, T.-
C. Wu, Intramuscular administration of E7-transfected dendritic cells generates the
most potent E7-specific anti-tumor immunity, Gene Ther. 7 (2000) 726-733.

C.-T. Huang, M.-C. Chang, Y.-L. Chen, T.-C. Chen, C.-A. Chen, W.-F. Cheng, Insulin-
like growth factors inhibit dendritic cell-mediated anti-tumor immunity through
regulating ERK1/2 phosphorylation and p38 dephosphorylation, Cancer Lett. 359
(2015) 117-126.

M.C. Chang, Y.L. Chen, Y.C. Chiang, T.C. Chen, Y.C. Tang, C.A. Chen, W.Z. Sun,
W.F. Cheng, Mesothelin-specific cell-based vaccine generates antigen-specific im-
munity and potent antitumor effects by combining with IL-12 immunomodulator,
Gene Ther. 23 (2016) 38-49.

M.C. Chang, C.N. Lee, Y.L. Chen, Y.C. Chiang, W.Z. Sun, Y.H. Hu, C.A. Chen,
W.F. Cheng, Cord blood stem-cell-derived dendritic cells generate potent antigen-
specific immune responses and anti-tumour effects, Clin. Sci. (Lond.) 123 (2012)
347-360.

W.F. Cheng, C.F. Hung, K.F. Hsu, C.Y. Chai, L. He, M. Ling, L.A. Slater, R.B. Roden,
T.C. Wu, Enhancement of sindbis virus self-replicating RNA vaccine potency by
targeting antigen to endosomal/lysosomal compartments, Hum. Gene Ther. 12
(2001) 235-252.

T.W. Kim, C.F. Hung, M. Ling, J. Juang, L. He, J.M. Hardwick, S. Kumar, T.C. Wu,
Enhancing DNA vaccine potency by coadministration of DNA encoding anti-
apoptotic proteins, J. Clin. Invest. 112 (2003) 109-117.

Y.L. Chen, M.C. Chang, C.A. Chen, H.W. Lin, W.F. Cheng, C.L. Chien, Depletion of
regulatory T lymphocytes reverses the imbalance between pro- and anti-tumor
immunities via enhancing antigen-specific T cell immune responses, PLoS One 7
(2012) e47190.

E.I Buchbinder, A. Desai, CTLA-4 and PD-1 pathways: similarities, differences, and
implications of their inhibition, Am. J. Clin. Oncol. 39 (2016) 98-106.

A.T. Parsa, J.S. Waldron, A. Panner, C.A. Crane, LF. Parney, J.J. Barry,

K.E. Cachola, J.C. Murray, T. Tihan, M.C. Jensen, P.S. Mischel, D. Stokoe,

R.O. Pieper, Loss of tumor suppressor PTEN function increases B7-H1 expression
and immunoresistance in glioma, Nat. Med. 13 (2007) 84-88.

J. Kim, A.C. Myers, L. Chen, D.M. Pardoll, Q.A. Truong-Tran, A.P. Lane,

J.F. McDyer, L. Fortuno, R.P. Schleimer, Constitutive and inducible expression of b7
family of ligands by human airway epithelial cells, Am. J. Respir. Cell Mol. Biol. 33
(2005) 280-289.

S.K. Lee, S.H. Seo, B.S. Kim, C.D. Kim, J.H. Lee, J.S. Kang, P.J. Maeng, J.S. Lim, IFN-
gamma regulates the expression of B7-H1 in dermal fibroblast cells, J. Dermatol.
Sci. 40 (2005) 95-103.

34

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

Cancer Letters 444 (2019) 20-34

H. Dong, S.E. Strome, D.R. Salomao, H. Tamura, F. Hirano, D.B. Flies, P.C. Roche,
J. Lu, G. Zhu, K. Tamada, V.A. Lennon, E. Celis, L. Chen, Tumor-associated B7-H1
promotes T-cell apoptosis: a potential mechanism of immune evasion, Nat. Med. 8
(2002) 793-800.

A.A. Hurwitz, T.F. Yu, D.R. Leach, J.P. Allison, CTLA-4 blockade synergizes with
tumor-derived granulocyte-macrophage colony-stimulating factor for treatment of
an experimental mammary carcinoma, Proc. Natl. Acad. Sci. U. S. A. 95 (1998)
10067-10071.

A. van Elsas, A.A. Hurwitz, J.P. Allison, Combination immunotherapy of B16
melanoma using anti-cytotoxic T lymphocyte-associated antigen 4 (CTLA-4) and
granulocyte/macrophage colony-stimulating factor (GM-CSF)-producing vaccines
induces rejection of subcutaneous and metastatic tumors accompanied by auto-
immune depigmentation, J. Exp. Med. 190 (1999) 355-366.

C. Badoual, S. Hans, N. Merillon, C. Van Ryswick, P. Ravel, N. Benhamouda,

E. Levionnois, M. Nizard, A. Si-Mohamed, N. Besnier, A. Gey, R. Rotem-Yehudar,
H. Pere, T. Tran, C.L. Guerin, A. Chauvat, E. Dransart, C. Alanio, S. Albert, B. Barry,
F. Sandoval, F. Quintin-Colonna, P. Bruneval, W.H. Fridman, F.M. Lemoine,

S. Oudard, L. Johannes, D. Olive, D. Brasnu, E. Tartour, PD-1-expressing tumor-
infiltrating T cells are a favorable prognostic biomarker in HPV-associated head and
neck cancer, Cancer Res. 73 (2013) 128-138.

M. Mkrtichyan, N. Chong, R. Abu Eid, A. Wallecha, R. Singh, J. Rothman,

S.N. Khleif, Anti-PD-1 antibody significantly increases therapeutic efficacy of
Listeria monocytogenes (Lm)-LLO immunotherapy, J Immunother Cancer 1
(2013) 15.

S. Sakaguchi, N. Sakaguchi, M. Asano, M. Itoh, M. Toda, Immunologic self-tolerance
maintained by activated T cells expressing IL-2 receptor alpha-chains (CD25).
Breakdown of a single mechanism of self-tolerance causes various autoimmune
diseases, J. Immunol. 155 (1995) 1151-1164.

S. Sakaguchi, Naturally arising CD4+ regulatory t cells for immunologic self-tol-
erance and negative control of immune responses, Annu. Rev. Immunol. 22 (2004)
531-562.

K.S. Peggs, S.A. Quezada, C.A. Chambers, A.J. Korman, J.P. Allison, Blockade of
CTLA-4 on both effector and regulatory T cell compartments contributes to the
antitumor activity of anti-CTLA-4 antibodies, J. Exp. Med. 206 (2009) 1717-1725.
T.R. Simpson, F. Li, W. Montalvo-Ortiz, M.A. Sepulveda, K. Bergerhoff, F. Arce,
C. Roddie, J.Y. Henry, H. Yagita, J.D. Wolchok, K.S. Peggs, J.V. Ravetch,

J.P. Allison, S.A. Quezada, Fc-dependent depletion of tumor-infiltrating regulatory
T cells co-defines the efficacy of anti-CTLA-4 therapy against melanoma, J. Exp.
Med. 210 (2013) 1695-1710.

J. Duraiswamy, G.J. Freeman, G. Coukos, Dual blockade of PD-1 and CTLA-4
combined with tumor vaccine effectively restores T-cell rejection function in tu-
mors-response, Cancer Res. 74 (2014) 633-634 discussion 635.

K. Kurose, Y. Ohue, H. Wada, S. Iida, T. Ishida, T. Kojima, T. Doi, S. Suzuki,

M. Isobe, T. Funakoshi, K. Kakimi, H. Nishikawa, H. Udono, M. Oka, R. Ueda,

E. Nakayama, Phase Ia study of FoxP3+ CD4 Treg depletion by infusion of a hu-
manized anti-CCR4 antibody, KW-0761, in cancer patients, Clin. Canc. Res. 21
(2015) 4327-4336.

R.V. Parry, J.M. Chemnitz, K.A. Frauwirth, A.R. Lanfranco, I. Braunstein,

S.V. Kobayashi, P.S. Linsley, C.B. Thompson, J.L. Riley, CTLA-4 and PD-1 receptors
inhibit T-cell activation by distinct mechanisms, Mol. Cell Biol. 25 (2005)
9543-9553.

H. Schneider, J. Downey, A. Smith, B.H. Zinselmeyer, C. Rush, J.M. Brewer, B. Wei,
N. Hogg, P. Garside, C.E. Rudd, Reversal of the TCR stop signal by CTLA-4, Science
313 (2006) 1972-1975.

J. Krempski, L. Karyampudi, M.D. Behrens, C.L. Erskine, L. Hartmann, H. Dong,
E.L. Goode, K.R. Kalli, K.L. Knutson, Tumor-infiltrating programmed death re-
ceptor-1+ dendritic cells mediate immune suppression in ovarian cancer, J.
Immunol. 186 (2011) 6905-6913.

L. Karyampudi, P. Lamichhane, A.D. Scheid, K.R. Kalli, B. Shreeder, J.W. Krempski,
M.D. Behrens, K.L. Knutson, Accumulation of memory precursor CD8 T cells in
regressing tumors following combination therapy with vaccine and anti-PD-1 an-
tibody, Cancer Res. 74 (2014) 2974-2985.


http://refhub.elsevier.com/S0304-3835(18)30705-5/sref14
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref14
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref14
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref14
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref14
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref15
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref15
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref15
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref15
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref16
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref16
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref16
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref16
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref17
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref17
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref17
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref17
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref18
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref18
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref18
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref18
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref19
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref19
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref19
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref20
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref20
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref20
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref21
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref21
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref21
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref21
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref22
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref22
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref22
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref22
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref23
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref23
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref23
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref23
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref24
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref24
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref24
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref24
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref25
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref25
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref25
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref26
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref26
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref26
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref26
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref27
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref27
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref28
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref28
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref28
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref28
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref29
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref29
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref29
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref29
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref30
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref30
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref30
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref31
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref31
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref31
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref31
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref32
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref32
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref32
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref32
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref33
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref33
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref33
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref33
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref33
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref34
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref34
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref34
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref34
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref34
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref34
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref34
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref35
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref35
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref35
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref35
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref36
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref36
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref36
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref36
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref37
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref37
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref37
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref38
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref38
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref38
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref39
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref39
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref39
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref39
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref39
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref40
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref40
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref40
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref41
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref41
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref41
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref41
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref41
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref42
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref42
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref42
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref42
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref43
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref43
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref43
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref44
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref44
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref44
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref44
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref45
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref45
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref45
http://refhub.elsevier.com/S0304-3835(18)30705-5/sref45

	Immune checkpoint Ab enhances the antigen-specific anti-tumor effects by modulating both dendritic cells and regulatory T lymphocytes
	Introduction
	Materials and methods
	Cell lines
	Preparation of DNA vaccine
	Mice
	Administration of immune checkpoint inhibitors
	In vivo tumor treatment
	Cell staining and flow cytometric analysis
	Intracellular IFN-γ staining and MHC I-restricted E7 peptide H-2Db tetramer staining analyzed by flow cytometry
	Isolation of tumor-infiltrating lymphocytes (TILs)
	Detection of CD4+ T lymphocytes, CD8+ T lymphocytes, IFN-γ-secreting antigen-specific CD8+ cytotoxic T lymphocytes, antigen-specific CD8+ cytotoxic T lymphocytes, and Tregs from TILs
	In vivo activation markers of tumor-infiltrating CD4+ or CD8+ T cells
	Enzyme-linked immune-absorbent assay (ELISA) for anti-E7 Ab
	In vitro tumor killing activities
	In vivo maturation status of DCs
	Activation of antigen-specific CD8+ cytotoxic T cells by DCs from TILs
	Immunofluorescent staining of TILs within the tumors
	Maturation status of BMM-derived DCs treated with anti-PD-1 or anti-CTLA-4 Ab
	Antigen presenting and processing abilities of the BMM-derived DCs treated with anti-CTLA-4 Ab by flow cytometric analysis
	Histology
	Statistical analysis

	Results
	Immune checkpoint blockades enhanced the anti-tumor effects of E7-specific chimeric DNA vaccine
	Immune checkpoint blockades enhanced the antigen-specific CD8+ T cell systemic and local immune responses generated by antigen-specific chimeric DNA vaccine
	Combination of DNA vaccine with immune checkpoint blockades decreases the frequencies of Tregs in splenocytes and tumors in mice by reducing CTLA-4 expression of splenocytes and TILs
	In vitro and ex vivo antigen-specific CD8+ cytotoxic T cells treated with anti-CTLA-4 or anti-PD-1 Ab have enhanced tumor killing activities
	Both PD-1 and CTLA-4 are highly expressed on antigen-specific CD8+ T cells and Tregs of splenocytes
	Higher percentage of immature BMM-derived DCs express PD-1 and PD-L1 than mature BMM-derived DCs
	Anti-CTLA-4 and anti-PD-1 Abs enhance the maturation of DCs in LNs and tumors in vivo
	Anti-CTLA-4 or anti-PD-1 Ab enhances the activation of antigen-specific cytotoxic CD8+ T cells from tumor-infiltrating DCs
	Immune checkpoint blockades could also enhance the anti-tumor effects of MSLN-specific chimeric DNA vaccine
	Anti-PD-1 Ab enhances the maturation of BMM-derived DCs by upregulating CD80/86 and MHC I molecules
	Combination of DNA vaccine with immune checkpoint blockades does not induce significant changes of histopathology and body weight in mice
	DNA vaccine combined with anti-CTLA-4 or anti-PD-1 Abs could enhance the expression of Ki-67 activation marker on the T lymphocytes of TILs
	Both of CD8+ T cells and Tregs could highly express PD-1 and CTLA-4 molecules in TILs
	Higher percentages of immature DCs express PD-1 and PD-L1 molecules than mature DCs in TILs
	Immune checkpoint blockades could enhance the numbers of antigen-specific CD8+ TILs generated by antigen-specific chimeric DNA vaccine
	Anti-CTLA-4 Ab does not induce the maturation, antigen-processing, and antigen-presenting activities of BMM-derived DCs

	Discussion
	Ethics approval
	Conflicts of interest
	Acknowledgements
	Supplementary data
	References




