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Therapeutic Tumor Control of HER2 DNA Vaccines
ls Achieved by an Alteration of rumor cells and rumor

Microenvironment by Gemcitabine and Anti-Gr-1 Ab
Treatment in a HER2-Expressing Tumor Model

Sayyed Nilofar Danishmalik and Jeong-lm Sin

Therapeutic control of tumors is challenging as they tend to alter their biological functions and microenvironment.
In a CT26|HER2 tumor model, HER2 DNA vaccines and even anti-PD-Ll Abs failed to display antitumor
therapeutic activity while inducing Ag-specific cytotoxic T lymphocyte (CTL) activity. to ctariryinis contra-
dictory finding, we selected tumor cells (CT26/HER2- 1) from one tumor-bearing animal in the therapeutic model.
CT26ft1ER2-1 cells behaved similar to wild-type CT261HER2 cells in their HER2 expression, immune cell
stimulation for IFN-7 production, and antitumor immune sensitivity. A similar finding was obtained with addi-
tional CT26/HER2-2, -3, -4, -5, and -6 cells from the therapeutic model, suggesting that a lack of antitumor
therapeutic activity of HER2 DNA vaccines might be ascribed to a factor in the tumor microenvironment, but not
to an alteration in tumor cell functions. When tumor-bearing mice were depleted of myeloid-der.ived suppressol.
cells (MDSCs) by anti-Gr-1 Ab treatment, they displayed HER2 vaccine-mediated antitumor activity, suggesting
a role of MDSCs in blocking antitumor activity. Moreover, when tumor-bearing mice were treated with gemci-
tabine, they displayed HER2 vaccine-mediated antitumor activity, suggesting that cytotoxic drug treatment makes
tumor cells susceptible to lysis by CTLs. Thus, these studies show that therapeutic control of HER2 DNA vaccines
can be achieved by anti-Gr-l Ab treatment through MDSC depletion and by gemcitabine treatment through
sensitization of tumor cells to CTl-mediated killing in this model. These findings may have implications for
achieving therapeutic control of CTl-resistant tumors in cancer therapy.

Keywords: antitumor immunity, gemcitabine, HER2 vaccines, immune evasion, myeloid-derived suppressor
cells

lntroduclion

ff uue,N EeTDERMAL GRowrH FAcroR RECEeToR 2 (HER2)
llplays an important role in oncogenesis (Akiyama et al.,
1986; Bargmann et a\.,1986). Certain cancer types, including
breast, ovarian, and colorectal cancers. ovelexDress the HER2
protein (Slamon et al,,1987;Natali er a/., 1990). In rhis conrexr,
HER2 proteins have been endorsed as a target of therapy for
patients with tlER2-positive cancers. To date, clinical trials
using HER2-targeting vaccines have been performed to test
whether they are effective and safe in patients with HER2-
positive cancer (reviewed in Milani et aL, 2014. HER2-
targeting vaccines have been also evaluated in the animal model
rrystems. For example, HER2 DNA vaccines elicited Ag-
r;pecific CD8+ cytotoxic T lymphocyte (CTL) responses as well
;ls prophylactic antitumor responses to subsequent tumor cell
r:hallenges; in aCT26ft{ER2 animal model (Lee et a1.,2003). In

that study, HER2 DNA vaccines showed antimetastatic activity
only when the animals were challenged with a lower number of
tumor cells before DNA vaccine featment. Recently, Foy et al.
(2016) also reported that combined therapy using FIER2-targeting
poxvirus-based active immunization and anti-CTLA4 anti-
bodies increased survival of mice from metastatic CT26/HER2
tumor cell challenge through increasing the magnitude and
quality of CTI s. Multiple srudies have shown that HER263_71-
specific CD8+ CTLs are crucial for tumor regression in the
4TI.2|IIERZ and CT26/IIER2 models (Danishmalik er al.,
2017), as well as in a mouse mammary tamor (D2F2/82-
expressing HER2) model (Nguyen-Hoai et al., 2012). In
contrast, HER2-specific antibodies are responsible for anti-
tumor activity in aBT474 xenografr model (Kim et al.,2O16).

During tumor immunotherapy, tumor cells utilize immune
inhibitory ligands (such as programmed death [PD]-L1,
Fas-L, and CD73) on the cell surface to suppress Ag-specific
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T cell responses (Bennett et al., 1998; Dong et a1,,2002;
Wang et a\.,2008;hn et a\.,2010). In addition, rumor cells
and the tumor microenvironment utilize various strategies
to evade antitumor immunity mediated by tumor antigen-
specific CDS+ CTLs (reviewed in Lee et at., 2015). For
these reasons, the removal of established tumors by im-
munological methods has been thought to be challeng-
ing. Even with this, the antitumor activity of tumor vacctnes
against established tumors is likely improved by controlling
antitumor immune inhibitory mechanisms.

In this study, we observed that HER2 DNA vaccines and
even anl.i-PD-Ll Abs had no antitumor therapeutic activity
against PD-Ll-positive CT26ft1ER2 cells, while they still
induced Ag-specific CTL responses. To clarify this strange
finding, we evaluated the functions of tumor cells and im-
mune cerlls with special focus on antitumor immune eva-
sion mechanism(s). Finally, we demonstrated that myeloid-
derived suppressor cells (MDSCs) in tumor tissues were
responsible for a lack of therapeutic tumor control by
IIER2 DNA vaccines and that the alteration of tumor cells
by gemcitabine treatment conffibuted to therapeutic tumor
control by HER2 DNA vaccines in rhis model. These find-
ings ma1' have implications for achieving therapeutic control
of CTl-resistant tumors in cancer theraDv.

Materials and Methods

Cells and animals

Six-week-old female BALB/c mice were purchased from
Daehan Biolink (Chungbuk, Korea). The mice were cared
for under the guidelines of the Kangwon Institutional Ani-
mal Care and Use Committee-approved protocols. CT26l
HER2 cells expressing HER2 proteins are colon cancer cell
lines of BALBic mouse origin (Penichet et al., 1999). The
cell line was kindly provided by H.J. Hong (Kangwon
National University, Korea). The cells were maintained in
cDMEM (supplemented wrth lOEo fetal bovine sertm, lVo
L-glutarnine, and lVo penicillin/streptomycin),

Reagents and treatment of mice

Intram
formed a

50 pg of
The IIER
HER2 proteins were kindly provided by W.Z. Wei (Wayne
State University, Detroit, MI). For adoptive transfer of anti-pD-
L1 Abs, the animals were injected intraperitoneally (i.p.) with
200pg of anti-PD-L1 Abs, unless mentioned otherwise, For
depletion of MDSCs, the animals were treated i.p. with anti-
Gr-l Abs at a dos
buffered r;aline (PB
etal.,21ll). Anti-P
RB6-8C5) Abs werepurchased from Bio X Cells (lilest Lebanon,
NH). Control rat immunoglobulin G (IgG) was purchased
from Sigma-Aldrich (St. Louis, MO). Animals were also
treated i.p. with gemcitabine (Gemzar@; Lilly) twice weekly
(at 3-day intewals) ar a dose of 75 ptglg of body weight.

IFN-y ass;ay

A l-ml- aliquot containing 6x 106 splenocytes was added
to each well of 24-well plates containing 1 pg of a series of
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HER2 class I peptides (IIER263_7r, HER23a2_35s, HER244g_448,
HER2553-561, HER2730-788, and HER2e07_e15) and Trp2
peptides as a control peptide. The HER2 class I peptides
(HER263-7r, TYLPTNASL; HER23a2_35s, CyGLGMEHL;
HER236e-3??, KIFGS LAFL ; HER2 44o _448, AYSLTLeGL ;

HER2553-56 1, EYVNARHCL; HER27s6_7ss, pyVSRLLGI;
and HER2e07_ers, SYGVTVWEL) and Trp2 peprides
(SV\DFFVWL) were purchased from Peptron, Taejon, Kor-
ea. In addition, a 1-mL aliquot containing 6x 106 spleuocytes
was added to wells of 24-well plates containhg 5 x 10s rumor
cells, which had been exposed ro ulrraviolet (UV) lighr for 3 h
before immune cell stimulation . After 2 days of incubation at
37"C in 57o CO2, cell supernatants were isolated and used to
analyze IFN-1 levels, which was performed with commercial
cytokine kits (BD Biosciences, San Jose, CA) and by adding
the extracellular fluids to IFN-y-specific enzyme-linked im-
munosorbent assay (ELISA) plates.

In vivo CIL lytic activity assay

In vivo CTL lytic assay was performed as previously
described (Ahn et al., 2015), except that spleen cells were
pulsed with 5 pg of HER263_71 peprides.

ELISA

ELISA to detect HER2-specific IgG levels was performed
as previousfy described (Sin et aL, 1997), except that re-
combinant HER2 proreirrs (1 prglml- in PBS) were used as a
coating antigen. The HER2 proteins were purchased from
Sino Biological, Inc. (China).

Fluorescence-activated cell sorting analysis

Tumor cells were reacted at 4.C for 30min with phyco-
erythrin (PE)-labeled Abs specific for Fas-L, pD-L1, CD73,
and CD80, as well as fluorescein isothiocyanate (FITC)-
labeled Abs specific for MHC class I (H-2Kd) in parallel
with PE/FITC-labeled isotype control Abs for fluorescence-
activated cell sorting analysis. For detection of HER2 anti-
gens, the cells were reacted with 2 pL serum samples of
mice that had been immunized twice witb HER2 DNA
vaccines by IM-EP, followed by reaction with FITC-Iabeled
anti-mouse IgG Abs. The Abs were purchased from BD
Biosciences. Finally, the cells were tested using a flow
cytometer (BD Biosciences).

Tumor cell challenge studies

For.the antitumor prophylactic and therapeutic studies, 3-
5x10'CT26/HER2 tumor cells per mouse were injected
subcutaneously (s.c.) into the flank of BALB/c mice. In one
study, when the tumor sizes reached 2mm in mean diame-
ter, the animals were injected with HER2 DNA vaccines by
IM-EP. For tumor-forming ability assay, 3 x l}s CT26/
HER2, CT26IIIER2-1, CT26MER2-2, CT26ftfBR2-3,
CT26ftIER2-4, CT26MER2-5, and CT26\HER2-6 ceils oer
mouse were injected into each flank site of BALB/c mice.
The tumor cells were grown in cDMEM, washed twice with
PBS, and injected into mice. The mice were monitored
twrce per week for tumor growth. The tumor growth was
measured in mm using a caliper and was recorded as mean
diameter {longest surface length (a) and width (b), (a+b)/2).
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HER2 DNIA VACCINES AND THERAPEUTIC TUMOR CONTROL

Statisticztl analysis

Statistical analysis was performed by one-way ANOVA
using the SPSS 17.0 software program. The values of the
experimental groups were compared with the values of the
control group. Any p-values <0.05 were corrsidered to be
significar.rt.

Results

Antitumor therapeutic effects of anti-PD-Ll Abs
and HEFI2 DNA vaccines against PD-L1-positive
CT26/HEiR2 cells

Immune inhibitory ligands, such as Fas-L, pD-Ll, and
CD73, are associated with the suppression of immune re-
sponses by binding to their receptors expressed on effector
immune cells (Bennett et al,,1998;Dong et a\.,2002;Wang
et al.,2008; Jtn et a1.,2010). In this study, we examined
whether taT26MER2 cells might express Fas-L, pD-Ll, and
CD73 on the cell surface. As shown in Figure lA-C, CT26l
HER2 cells expressed PD-LI, bur nor Fas-L and CD73, on
the cell surface, as measured by flow cytometry. Next, we
treated OT26/I1ER2 tumor-bearing mice with anti-pD-L1
Abs along with HER2 DNA vaccines. As shown rn
Figure lD, mice treated wirh HER2 DNA vaccines did not
expenence tumor growth suppression over time compared
with negative control mice. Furthermore, a combination of
HER2 DNA vaccines with anti-PD-L1 Abs resulred in no
dramatic effects on tumor growth inhibition. Taken together,
these results suggest that both HER2 DNA vaccines and

anti-PD-L1 Abs might not induce any antitumor therapeutic
activity against PD-L1-posirive CT26IHER2 cells,

HER2 DNA vaccines induced Ag-specific Ab and CTL
responses as well as antitumor prophylactic responses
to a CT16/HER2 cell challenge

Because we failed to see any antitumor therapeutic ac-
tivity against CT261ILER2 cells, we wondered wherher
HER2 DNA vaccines might be able to elicit Ag-specific
antibody and cellular responses, as well as antitumor pro-
phylactic responses to CT26IHER2 cells. As shown in
Supplementary Figure SIA (Supplementary Data are avail-
able online at www.liebertpub.com/dna), HER2 DNA vac-
cines induced systemic Ag-specific IgG responses that were
significantly higher than a control pVAXI vector. We next
evaluated a series of HER2 class I peptides (HER263_71,
HER2342-350, H8R244o,448, HER2ss3_s6r, HER2736_736, and
HER2e67-ers) for their ability to stimulate immune cells (in
terms of IFN-y production) from mice that had been im-
munized with HER2 DNA vaccines. HER2-specific peprides
(HER263-7r, HER23a235o, HER2440-448, HER2ssr_s6t,
HER2780-788, or HER2esT_e15) have been reported to have a
high binding affinity for MHC class I (H-2K'') and ro be
potentially recognized by immune cells (Nagata et al.,l99j;
Nguyen-Hoai et al., 2012). As shown in Supplementary
Figure S1B, the immune cells produced IFN-y in response to
the peptide HER263-?r, but not H8R234235s, HER2aae_aa6,
HER2553-56r, HER2?80_788, and HER2eeT_e15. In this case,
HER2 DNA vaccines coding for an extracellular part of
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HER2 proteins are unlikely to induce immune cells recog-
nizing the peptides, HER2?80 7ss and HER2esT_e15, which
are located within the intracellular part of HER2 proteins.
Subsequently, we evaluated the level of in vivo CTL lyric
activity in response to the peptide, HER263_7r As shown in
Supplementary Figure S1C, HER2 DNA vaccines elicited
HER263_71-specific CTL lytic activity (64.2Vot2%o) rhat was
significantly higher than rhose (0% + 0%) elicited by the
control vector, pVAX1. We further evaluated the antitumor
prophylactic activity of HER2 DNA vaccines against CT26/
HER2 cells. For these experiments, the animals were 1m-
munized twice wirh HER2 DNA vaccines by IM-Ep, fol-
lowed by a challenge with 5x105 cells per mouse. As
shown in Supplementary Figure S1D, HER2 DNA vacclnes
completely prevented the challenged mice from forming
tumors oompared with a control pVAXI vector that allowed
tumor formation in all of the tested mice. Taken together,
these collective studies show that HER2 DNA vaccines can
indeed elicit both adaptive and antitumor prophylacric re-
sponses in this tumor model,

HER26s.v-specific CTL lytic activity was inducible
in tumor-bearing mice following treatment
with HER2 DNA vaccines

As we observed that antitumor therapeutic activity against
CT26lllER2 cells was not detectable following HER2 DNA
immuniz:ation, we reasoned that the presence of tumor cells
might plevent the tumor-bearing mice from inducing Ag-
specific CTL activity in response to HER2 DNA vaccrnes.

DANISHMALIK AND SIN

To evaluate this, tumor-bearing mice were immunized by
IM-EP with HER2 DNA vaccines in parallel with naive
mice, and in vivr,t CTL activity was measured. Figure 2A.
shows the tumor sizes of animals over the time points of
freatment with HER2 DNA vaccines. We found that con-
sistent with our previous result (Fig. 1D), HER2 DNA
vaccines were unable to control tumor growth over time. We
next examined the CTL lytic activity of 4 tumor-bearing
mice (Fig. 2A) and naive mice at 1 week postsecond vaccine
injection, along with control mice. As seen in Figure 2B and,
C, in tumor-bearing and naive mice, treatment with HER2
DNA vaccines elicited Ag-specific CTL lytic activity to a
similar level. These results indicate that HER2 DNA vac-
cines are able to induce Ag-specific CTL lytic activity in
tumor-bearing mice even when no impact on tumor control
is detectable.

lmmune-stimulating activity and antitumor immune
sensitivity remained present in tumor cells from
tumor-bearing mice following HER2 vaccine treatment

Previously, HER2 DNA vaccines failed to show thera-
peutic antitumor responses to CT26ft1ER2 cells, but induced
a high Ievel of Ag-specific CTL activity. In rhis conrexr, we
speculated that tumor cells might have acquired resistance
to HER2-specific CTL lytic activity in tumor-bearing mice.
To test this possibility, we surgically removed tumor tissues
from one remaining tumor-bearing mouse at 16 days post-
treatment (Fig. 2A). Previously, we used 4 tumor-bearing
mice for an in vivo CTL lytic activity assay (Fig. 2B). After

B 
control miceoq)
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nmunized naive and four of five tum
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Control mice are nonimmunized naive-mice. (C) Perceni CTL lytic activity between HER2 DNA
and lumor-bearing mice. CTL, cytotoxic T lymphocyte.
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HER2 DNIA VACCINES AND THERAPEUTIC TUMOR CONTROL

several rounds of tumor cell culture in vitro, we designated
the cells as CT26|HER2-1 cells. To rest wherher these cells
could form tumors in mice with antitumor immunity, each
of the immune mice was challenged with wild-type CT26l
HER2 cells on the left flank and CT26IIIER2-L cells on rhe
right flank. AII 2 types of tumor cells were able to form
fumors in naive mice (Fig. 3A). In contrast, CT26/IfBR2-1
failed to form tumors in all of the tested immune mice
similar to wild-type CT26/I1ER2 cells (Fig. 3B). This result

805

indicates thar CT26fiIER2-1 cells are still sensitive to
HER2-specific CTl-mediated rumor cell killing. We next
tested whether these tumor cells might possess the capacity
to stimulate immune cells isolated from naive and HER2
vaccine-immunized mice invitro. When UV-exposed CT26l
HER2-1 cells were used as stimulating agents for immune
cells from narve and HER2 vaccine-immunized mice, they
induced IFN-1 production from both groups of immune cells
at f evels similar to wild-rype CT26MER2 cells, but signif-
icantly more than control CT26 cells expressing no HER2
antigens (Fig. 3C). Immune cells from naive mice also in-
duced IFN-y production when they were stimulated in vitro
with tumor cells expressing human HER2 antigens, sug-
gesting that this IFN-y production might result from a xe-
nogeneic reaction. Furthermore, immune cells isolated from
HER2 vaccine-immunized mice produced significantly
more IFN-y than those from naive mice, indicating that this
increased amount of IFN-1 might be produced from Ag-
speciflc T cells that were induced by HER2 DNA vaccrnes.
Taken together, these data show that CT26ll7ER2-1 cells
behave similarly to wild-type C'l26lHER2 cells in their
antitumor sensitivity and IFN-y-stimul atin g activity.

Tumor cell alterations were not responsible for a lack
of therapeutic antitumor effects ot HER2 DNA vaccines

We next evaluated the expression levels of MHC class I,
HER2, PD-LI, CD80, Fas-L, and CD73 molecules on rhe
surface of CT26IHER2 and CT26IIIER2-1 cells. As shown
in Figure 4, all of the tested tumor cells expressed HER2
antigens as well as MHC class I molecules. Additionally,
there was no difference in the expression levels of immune
inhibitory ligands (PD-LI, CD80, and CD73) among these
tumor cells, suggesting that these inhibitory molecules are
not associated with resistance to antitumor immunity in this
setting. However, it is notable thatCT26|IIER2-1 cells dis-
played lower CD80 expression compared with CT26IHER2
cells. Taken together, these results show that CT26|HER2
cells continue to grow even in the presence of Ag-specific
CTL lytic activity in rhe therapeutic serring and that this might
not result from an alteration in tumor cell functions.

Kinetic disparity between tumor cells and Ag-specific
CTL subsets was not responsible for a lack
of therapeutic antitumor effects of HER2 DNA vaccines

Previously, we failed to see any antitumor therapeutic ac-
tivity of HER2 DNA vaccination against established tumors
(meau lumor size, 2mm). In this study, we treated the tumor
cell-challenged mice with HER2 DNA vaccines 1 day after
tumor cell challenge, followed by two more injections (on
days 4 and 11) with HER2 DNA vaccines. This attemot was
made to reduce the ratio of tumor cells relative to the Ag-
specific CTL subsets driven by HER2 vaccines. This DNA
vaccine delivery scheme was chosen in particular as it was
effective at controlling established tumors (mean tumor size,
3-4mm) in a TC-l model (Lee et a1.,2011). The data in
Figure 5A showed that (consistent with our previous dara)
HER2 DNA vaccines had no impact on tumor control against
CT26/I1BR2 cells even at a reduced tumor cell ratio relating
to Ag-specific CTLs. To again examine whether these tumor
cells might have some alterations in their functions (rn terms
of antigen expression and tumor-forming ability) due to

FIG. 3. Tumor-forming (A, B) and immune cell-
stimulating (C) activity of CT26IHER2 and CT261HER2-L
cells. Each of the naive control (A, d im-
munized mice (B, n=4/group) was with
3xl0' CT26|ILER2 (lefr flank) and (rieht
flank) cells per mouse. Immunized m -ice
that were immunized by IM-EP with HER2 DNA vaccrnes
at 0 and I weeks and then reimmunized by IM-Ep with
HER2 DI,IA vaccines 1 week before a challenee with two
,different tumor cell types. The tumor sizes weie measured
,over time. The values and bars represent the mean tumor
,sizes and SDs, respectively. (C) Each of rhe UV-exposed
tumor cells (5 x 10',1 was incubated for 2 days with 6x 106
immune cells from nalve control and HER2'DNA vaccine-
immunized mice. HER2 DNA vaccine-immunized mice
'were obtained by injecting the mice witb HER2 DNA vac-
r:ines by IM-EP, followed by a booster injection at 1 week
rlollowing the first injection. One week aher the final im-
rnunization, the mice were sacrificed to obtain lmmune
r:ells. The cell supernatants were collected for an IFN-y
assay. +p < 0.05 compared with CT26. **p < 0.05 compared
'lith control mice. UV, ultraviolet.
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HER2 DNA VACCINES AND THERAPEUTIC TUMOR CONTROL

HER2 vaccine treatment, we surgically removed tumor tis-
sues frorn five tumor-bearing mice receiving treatment with
HER2 DINA vaccines. After several rounds of tumor cell
culture ln vitro, we designated the cells as CT26ft{ER2-2,
CT26fin)R2-3, CT26 IIIER2-4, CT26/HER 2-5, and CT26 I
HER2-6 cells. All of these cells were found to exoress HER2
on the cell surface in a manner similar to wild-type CT26i
HER2 cells (Fig. 5B). To further test the capacrty of these
cells to form tumors in mice with Ag-specific antitumor im-
munity, we challenged the HER2 vaccine-immunized mice
with the tumor cells. As shown in Figure 5C and D, all of the
tumor cells formed tumors in naive mice (Fig. 5C), while they
failed to form tumors in HER2 vaccine-immunized mice,
except for CT26fi1ER2-4 cells forming tumors at a later time
point (Fig. 5D). These data show rhat the rumor cells (CTZ6|
HER2-2, 3,4,5, and 6) obtained from the rherapeutic setring
might behave similar to wild-type CT26MBR2 cells in terms
of antigen expression and antitumor immune sensitivity. In
the case of CT26ft1ER2-4 cells, we surgically removed tumor
tissues from a CT26lllER2-4 tumor-bearing mouse. After
several rounds of tumor cell culture in vitro, they were des-
ignated as CT26|HER2-4-I cells. These cells expressed no
HER2 antigens on the cell surface (Fig. 5D inser). Taken
together, these results, along with the data from Figure 4,
support the notion that an alteration in tumor cell functions as
well as kinetic disparity between tumor cells and CTLs might
not be responsible for a lack of tumor control, resulting in
continuous tumor growth in the therapeutic model.

Therapeutic tumor control of HER2 DNA vaccines
is achieved by anti-Gr-l Ab treatment through
MDSC depletion

It was found that tbe tumor tissue of CT26/HER2 tumor-
bear:ing rnice had elevated levels of MDSCs (Danishmalik
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et al.,2017).In that study, anti-Gr-1 Ab treatment resulted
in MDSC depletion in tumor-bearing mice. To determine
whether MDSC depletion might result in a recovery of an-
titumor therapeutic activity of HER2 DNA vaccines, the
tumor-bearing mice were treated with HER2 DNA vaccines
plus anti-Gr-l Abs. As seen in Figure 64,, HER2 DNA vac-
cines displayed antitumor therapeutic activity when used in
combination with anti-Gr-1 Abs. In contrast. neither HER2
DNA vaccines nor anti-Gr-1 Ab treatment alone displayed
tumor control. Moreover, the tumor-bearing mice treated with
HER2 DNA vaccines displayed HER263_71-specific CTL lytic
activity similarly to those treated with HER2 DNA vaccines
plus anti-Gr-1 Abs (Fig, 6B). In contrast, the animals treated
with anti-Gr-1 Abs and nontreated control animals showed a
background level of HER263_71-specific CTL lytic activiry.
Thus, these results demonstrate that MDSCs in the tumor
microenvironment might play a role in blocking the antitumor
effector functions of HER263_71-specific CTLs induced by
HER2 DNA vaccines, thus allowing for tumor immune eva-
sion in the CT26ftIER2 theraoeutic model.

Therapeutic tumor control of HER2 DNA vaccines
is achieved by gemcitabine treatment through
sensitization of tumor cells to CTL-mediated killing

Previously, we observed that gemcitabine inhibits CT26l
HER2 tumor growth by directly enabling anticancer cyto-
toxic effects (Danishmalik et aL.,2011). Gemcitabine, an
FDA-approved cytotoxic drug, is a nucleoside analog that
has been widely used to treat cancer. We also reported that
cisplatin-sensitized tumor cells become more sensitive to
CTLs induced by E7 vaccines in a TC-l model (Bae et al.,
2007). In this context, we were interested in testing whether
HER2 DNA vaccines might exhibit therapeutic tumor con-
trol in tumor-bearing mice under gemcitabine therapy. As

FIG' 6. Antitumor therapeutic effects of HER2 DNA vaccines in combination with anti-Gr-l Abs (A) and the levels of
NA vaccines and anti-Gr-1 Abs (B). (A) Mice (n=5/group)
When the tumor sizes were 2mm in mean diameter, the mice
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shown in Figure 7A and B, gemcitabine reatment alone
effectively inhibited tumor growth. In contrast, treatment
with HER2 DNA vaccines failed to show any antitumor
therapeul.ic activity. When the tumor-bearing mice under
gemcitabine therapy were treated with HER2 DNA vac-
cines, they showed HER2 DNA vaccine-mediated tumor
control, suggesting that gemcitabine-treated tumor cells may
become sensitive to HER263_71-specific CTL-mediated
killing. liaken together, these results show that cytotoxic
drug-treated tumor cells are rendered susceptible to lysis by
CTLs induced by HER2 DNA vaccines, rhus leading to
lumor control in this model.

Discussion

In the present study, we observed that DNA vacclnes
targeting HER2 antigens were unable to control the growth
of established CT26MER2 rumors in spite of the induction
status of Ag-specific CTL lyric activity in animals. A similar
result was obtained when mice were ffeated with HER2
DNA var:cines following a subcutaneous challenge with

susceptible to autitumor immunity by forming no tumors in
FIER2 vaccine-immunized mice. These data suggest that
lumor cells can grow in the presence of Ag-specific CTL
responses even without any alterations of tumor cell func_
rtions in the therapeuric model. This result in CT26/HER2
,:ells is in sharp contrast to data from MC32 cells (expres-
sing human carcinoembryonic anrigen ICEAI), which indi_
{rated that CEA DNA vaccines were unable to control the
;3rowth of established MC32 tumor cells, maintv due to the
lailure of tumor cells in antigen processing and presentatron
Lo Ag-specific CD8+ CTL cells in the coniext of MHC class
l. molecules (Ahn et al., 2015). previously, HER2 DNA

antimetastasis activity when mice
sly (i.v.) wirh a lower number ofs cells/mouse), but not when mice

were injected i.v. with a higher number of CT26[HER2 cells
(5 x 10' cells/mouse) (Lee et a\,,2003). This is in line with a
more recent finding that HER2-targeting active immuno-
therapy plus anti-CTLA-4 antibody therapy were effecrive
at inducing antimetastatic activity when mice were injected
i.v. with 5x104 CT26/HER2 cells per mouse (Foy et al.,
201 6). These results suggest rhe possibiliry that the kinetic
power of CT26IHER2 cells might be superior to that of CTL
subsets driven by HER2 DNA vaccines, resulting rn con-
tlnuous tumor growth without any growth inhibition in an-
imals. However, this possibility is unlikely as we were
unable to observe any differences in tumor control between
tumor-bearing mice and tumor cell-challenged mice when
they were initiated for treatment with HER2 DNA vaccrnes.

We observed that anti-Gr-l Ab treatment led to tumor
growth inhibition by HER2 DNA vaccines. This result in-
dicates that MDSCs in the tumor tissues might play a role in
blocking the antitumor effector functiqns of CTLs induced
by HER2 vaccines. It is well established that MDSCs block
the functions of antitumor T cells through various mecha-
nisms, including the generation of immunosuppressrve cy-
tokines, the production of nitric oxide and reactive oxygen
species, and the deprivation of cysteine from the tumor
microenvironment (Gabrilovich and Nagaraj, 2009; Nagaraj
et al.,2010; Srivastava et a\.,2010).In this context, MDSCs
in the tumor microenvironment are Iikely responsible for a
lack of antitumor therapeutic acrivity of HBnZ DNA vac-
cines. Thus, olav a
role in preve lnrinn
tumor cells, in UrE
CT26/I1ER2 tumor model. In this case, however, we cannot
exclude the possible role of other molecules (e.g., galectin-9)
in blocking antitumor activity. For example, tumor cells
secrete galectin-9 and inhibir Ag-specific CTLs by its
binding to TIM-3 expressed on the CTLs in a CT26 model
(Kang et a1.,2015). We also found that gemcirabine trear-
ment led to tumor growth inhibition by HER2 DNA vac_
cines, suggesting that cytotoxic drug treatment might make
tumor cells susceptible to CTl-mediated lysis. Gemcitabine
treatment alone displayed antitumor therapeutic activity. In
this case, the cytotoxic action of gemcitabine, a well_known
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cytotoxic cancer drug, appears to be associated with the
inhibition of this tumor type. This is supporred by our pre-
vious findings that gemcitabine exhibited antitumor thera-
peutic activity even when immune effector cells, including
NK and CD8+ T cells, were depleted in this tumor model
(Danishmalik et al,, 2017). Moreover, gemcirabine-treated
tumor ce[]s acquired higher sensitivity to Ag-specific CTL-
mediated tumor cell killing ln vitro (data not included). This
finding ir; consistent with others' findings, including ours
(Bae et al., 2001; Tseng e/ aI., 2008; Ramakrishnan el al.,
2010). More recently, it was also reported that gemcitabine
sensitizes tumor cells toward CTl-mediated tumor cell
killing and that the Bcl-2 family proteins are associated with
this tumor cell sensitization in a murine pancreatic carci-
noma model (Bauer et a1.,2014,2015). In this study, it is
also notable that gemcitabine-treated tumor cells become
sensitive to CTl-mediated lysis even in the presence of
MDSCs. This is based upon our previous finding that
gemcitabine was unable to deplete MDSCs (Danishmalik
et al.,2017). In this case, it is also possible that gemcitabine
may facilitate infiltration of CTLs into the tumor sites, This
possibility is supported by a recent finding (Bauer et al.,
2014). Taken together, these data suggest thar rherapeutic
tumor control of HER2 DNA vaccines can be achieved by
gemcitabine featment through sensitization of tumor cells
to CTl-mediated killing in this model.

In this study, we also found that anti-pD-Ll antibody
reatment had no significant impact on tumor control, even
when HER2 DNA vaccines were simultaneously adminis-
fered, This is a bit surprising because the CT26/HER2 cells
r:xpressed PD-L1 on the cell surface. In particular, FIER2
DNA vaccines induced HER263_71-specific CTL lytic ac-
tivity in tumor-bearing animals tested for anti-pD-L1
Lreatment. Furthermore, anti-PD-L1 antibody treatment
alone failed to induce CTL lytic activity in response to
lf{ER263-71 peptides (data not included). This resulr is in
colltrast to a previous report showing that the application of
anti-PD-Ll Abs to block binding to the PD-LI expressed on
l:umor cells resulted in increased efficacv of adootive T cell
lherapy fbr eradicating tumors (Strome et al., 2003).
.lWoreover, in a murine renal cell carcinoma model, a com-
bined strategy using tumor cell vaccination, pD-L1 block-
ing, and CD4+ T cell depletion induced the complete
regression of large established tumors expressing pD-L1, as
rvell as long-term memory antitumor immunity (Webster
et al., 2007). Similarly, the administrarion of anti-pD-L1
plus melanoma peptide-pulsed DCs induced a higher num-
ber of Ag-specific CDS+ T cells, whereas adoptive transfer
of anti-PD-Ll Abs resulted in the activation and persisrence
of adoptively transferred T cells through btocking pD-L1
expressed on dendritic cells (Pilon-Thomas e/ a1.,2010).
Ilased upon these previous reports, it is likely that anti-pD-
1.,1 Abs might interact with PD-LI expressed on either tu-
rnor cells or antigen-presenting cells, blocking their roles in
inhibiting Ag-specific T cells. In a recent report, however,
antitumor activity of anti-PD-L1 is dependent on the types
of anti-PD-Ll antibodies (clone 10.9G2 vs. clone 10B5) as
tlhe clone 10.9G2 type possesses a negative effect on tumor-
reactive CD8+ T cells (Liu et a\.,2016). On the other hand,
vre previously demonstrated using two different tumor
nrodels that concurrent therapy using anti-4-1BB Abs and
vaccines is more effective at eradicating established tumors
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mainly by increasing Ag-specific CTL responses (Kim
et al., 2013; Snl et a\,,2013). These data, including ours,
suggest that the expression status of immune inhibitory li-
gands on the tumor cell surface alone might not be a single
determining factor for utilizing ligand-specific antibodies to
improve antitumor therapeutic activity.

Taken together, our findings showed that HER2 DNA
vaccines had no antitumor therapeutic activity against
CT261tIER2 cells while inducing Ag-specific CTL re-
sponses. However, the antitumor therapeutic activity of
HER2 DNA vaccines was restored when MDSCs were re-
moved, suggesting a role of MDSCs in blocking the anti-
tumor effector functions of Ag-specific CTLs in this model.
Moreover, when tumor-bearing mice were treated with
gemcitabine, they showed HER2 vaccine-mediated antitu-
mor activity, suggesting that gemcitabine treatment likely
makes tumor cells susceptible to CTL-mediated lysis.
Overall, these studies show that therapeutic control of HER2
DNA vaccines can be achieved by anti-Gr-1 Ab treatment
through MDSC depletion and by gemcitabine treatment
through sensitization of tumor cells to CTl-mediated tumor
cell killing in this model.
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