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Figure 2. Colonic expression of mRNA for genes involved in inflammation and anti-inflammation. {L-17KO mice and WT controls were
treated with DSS as described in the legend for Figure 1. Total RNA were purified from distal colon sections of untreated and DSS-treated individual
mice (n =3) and transcribed into cDNA, which were subsequently subjected for real-time PCR analysis. Expression of target mRNA were normalized to
the expression of B-actin mRNA for generation of ACt values, and relative mRNA expression was quantified with the AACt method. Data are

expressed as mean *+ SEM. *p<<0.05; **p<<0.01.
doi:10.1371/journal.pone.0108494.g002

more severely compromised by DSS administration than that in
WT mice as IL-17KO mice displaying a dramatic increase in
orally administered FITC-dextran translocation into the serum
(Figure 1D). Although WT mice treated with DSS did not exhibit
overt symptoms of progressive wasting disease, we observed an
increased number of inflammatory infiltrates and IL-17% cells in
the colon of WT mice treated with DSS as compared to the colons
of untreated WT mice (Figure 1C and data not shown).

PLOS ONE | www.plosone.org

Inflamed colons of IL-17KO mice expressed reduced
levels of mMRNA with anti-inflammatory functions

Using real-time PCR samples taken from the colons of WT and
IL-17KO mice, we next assessed the expression of mRINA for a
range of genes thought to be involved in inflammatory/anti-
inflammatory responses. mRINA for IL-10, IL-1 receptor antag-
onist (IL-1Ra), arginase 1 (ARG1), cyclooxygenase 2 (COX2), and
indoleamine 2,3-dioxygenase (IDO), which are produced by M2
and/or wound healing macrophages contributing to the suppres-
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Figure 3. Aggravated DSS-induced colitis in IL-17KO mice is associated with reduced number of CD11b*Ly6C*MHC Class II"
macrophages in the inflamed colon. IL-17KO mice and WT controls were treated with DSS as described in the legend for Figure 1. (A) LPLs were
purified from pooled (n=2-3) distal colon sections of untreated and DSS-treated mice and subjected to flow cytometry analysis. Gating strategy of
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live and CD45" for CD11b™ cells was shown in upper panels. Representative data from seven independent experiments are shown. Number denotes
frequency of gated cells. (B) The frequency of cells for each subset in A is shown. Graphs represent mean = SEM of seven independent experiments.
#*p=<0.05. (C) Representative flow cytometry profiles of cell surface molecules implicated in M2/anti-inflammatory macrophages on each subset
depicted as in A. Gray histograms represent cells stained with isotype matched control mAbs.

doi:10.1371/journal.pone.0108494.g003

sion/resolution of inflammation and tissue repair [20], were
significantly reduced in IL-17KO mice at the peak of colon
inflammation (day 10), as compared to WT mice (Figure 2).
Notably, among mRNA for 11-22, DARCG, and D8, all of which
also have tissue repair and anti-inflammatory functions and are
produced by a variety of cell types other than macrophages
[21,22], only DARC mRNA was significantly reduced in IL-
17KO mice (data not shown). As for expression levels of Thl and
Th2 signature cytokines, the expression of I'N-y and 1L-4 mRNA
were significantly upregulated in IL-17KO mice with severe
colitis. Those for other inflammatory cytokines, such as IL-lo, IL-
1B, and TINFo, were increased in the colon of both WT and IL-
17KO mice after DSS treatment. However, somewhat unexpect-
edly, expression levels of TL-1ot and TNIa were lower in the
colons of IL-17KO mice. Moreover, IL-6 mRNA was upregulated
only in inflamed colons of WT mice. The expression level of
mRNA for IL-17, but not its related cytokine IL-17F, was
increased in colon of WT mice after DSS treatment.

Aggravated colitis seen in IL-17KO mice correlates with
the lack of CD11b*Ly6c"MHC Class II" macrophages
Intestinal macrophages are highly versatile in function and can
suppress inflammation and/or promote repair of damaged
mucosal tissues [23]. Together with our results that genes involved
in anti-inflammatory/tissue repair, which expressed in M2/wound
healing macrophages were reduced in the inflamed colon of IL-
17KO mice mentioned above, led us to examine for differences
between macrophage subpopulations in the inflamed colon of WT'
and IL-17KO mice. As an initial step, we performed multi-color
flow cytometric analysis for mononuclear cells of colonic lamina
propria taken from IL-17KO and WT mice before and after
induction of colitis. At a steady state, there is only a small
difference in the proportion of CD11b" cells, and subsets within
CD11b" cell population of colonic lamina propria leukocytes
(LPLs) from 1L-17KO and WT mice (Figure 3A and B). Inflamed
colonic LPLs contained an increasing trend in the proportion of
CD11b" cell infiltrates but this increase was less prominent in IL-
17KO mice (Figure 3A). On the other hand, there was a
significant difference in the proportion of Ly6C™MHC Class I
cells between WT and IL-17KO mice within CD11b"™ cell
population (Figure 3B). Inflamed colonic LPLs of IL-17KO mice
contained a significantly lower proportion of LyBC*MHGC Class
II* cells. As for other cell types involved in the regulation of
mucosal immune responses, there was a notable decrease in
frequency of CD4 " Foxp3™ regulatory T cells in the inflamed colon
LPLs of IL-17KO mice (Figure S1). We then looked at expression
levels of CD206, CD36 and CCR9 along with F4/80 and CD64,
all of which are associated with macrophages bearing anti-
inflammatory and/or tissue repair function [20,23,24], on
individual subpopulations as defined by Ly6C and MHC Class
II within CD11b" cells (Figure 3C). Ly6C*™MHGC Class II" and
Ly6C™MHGC Class II'" subpopulations expressed higher levels of
those molecules as compared to Ly6C™MHGC Class II” and
Ly6C™"MHC Class II” subpopulations in inflamed colonic LPLs
of WT and IL-17KO mice. Consistent with these findings,
immunohistochemical analysis of colonic tissue sections showed
that the inflamed colons of WT mice enriched Ly6C*MHG Class
II" and Ly6CTCD206" cells, but these features were less
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prominent in IL-17KO mice {data not shown). As for cell surface
markers, such as CCR7, CD127, CD1le, and CD103 implicated
in M1 macrophages and dendritic cells, both of which have been
shown to play promflammatory role in colitis [20,23,25] were not
expressecd on either subpopulations within CD11b" cells (Fig-
ure 3C),

CD11b" cells in the inflamed colonic LPLs of WT mice
express signature transcription factors and their target
genes implicated in anti-inflammatory M2/wound
healing macrophages

To gain insight into the unique features of macrophages that
emerged in the inflamed colons of WT that scem to have
regulatory function for colitis, we looked into genes expressed in
CGD11b" cells, more abundant in Ly6C*MHC Class II" cell in LP
of colitic WT mice as compared to those from IL-17KO mice. To
this end, CD11b" cells from LP of colitic WT and IL-17KO mice
were purified by FACS (Figure S2), and their mRNAs were
subjected to real-time PCR analysis. As shown in Figure 4A,
transcription factors implicated in polarization of M2 and/or M2-
like wound healing macrophages [26] were higher in CD11b" cells
from LPLs of WT mice as compared to KO mice. Accordingly,
increased expression of genes coding for anti-inflammatory
functions, such as IL-1Ra, IL-10, TGFB, arginase 1, COX2,
and IDO, and those for wound healing functions, such as VEGF,
FIZZ1, and MerTK, were upregulated in CD11b" of WT mice
(Figure 4B) [20]. Somewhat surprisingly, expression levels of
mRNA for transcription factors linked to proinflammatory M1
macrophages, such as AKT2, IRF3, and IRF5 were also higher in
CD11b" macrophages from WT mice (Figure 4A). Inversely, the
expression level of Ym-1, one of a maker for M2 macrophages
with anti-inflammatory function, was lower in CD11b" macro-
phages from WT mice (Figure 4B).

Extrinsic IL-17 induces differentiation of blood
monocytes into CD11b*Ly6C"MHC Class II" macrophages
in the inflamed colon

Based on the finding that the expression level of CCL2 mRNA
was increased in the inflamed colons and CCR2 was expressed on
Ly6C*MHC Class II* cells within CD11b" cells (Figure 2 and 3C),
we next sought to determine whether CCR2'Ly6C* blood
monocytes are recruited predominantly to the inflamed colon
and differentiate in situ under the influence of IL-17 into
CD11b*Ly6C*MHC Class II' macrophages. To this end,
monocytes were adoptively transferred into IL-17 sufficient or
deficient mice, which received DSS treatment thereafter. On day
10, LPLs were harvested from these mice, among which donor
cells were identified based on congenic markers and evaluated for
their cell surface phenotype. As a representative result shown in
Figure 5, most of donor monocytes, regardless of whether they
were from WT or IL-17KO mice, gained MHC Class II
expression and maintained Ly6G expression in WT host, whereas
only a fraction of them gained MHC Class II in IL-17KO host.
These results suggest that IL-17 is involved in the phenotypic and
possibly functional maturation of monocytes by extrinsic mecha-
nism.
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Figure 4. CD11b* cells from inflamed colonic LPLs of KO mice express significantly lower levels of genes implicated in M2/wound
healing macrophages. IL-17KO mice and WT controls (n=3) were treated with DSS as described in the legend for Figure 1. Then, LPLs isolated
from these mice were further purified into CD11b* cell on FACS Aria, from which cDNA were prepared and subjected to real-time PCR analysis.
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Expression of target mRNA were normalized to the expression of B-actin mRNA for generation of ACt values, and relative mRNA expression was
quantified with the AACt method, Data are expressed as mean == SEM. *p<20.05; **p<0.01.

doi:10.1371/journal.pone.0108494.g004

Depletion of CD11b"Ly6C*"MHC Class II" macrophages

exacerbates colon inflammation induced by DSS

Having confirmed that IL-17KO mice suffering more severe
colitis had impaired ability to generate Ly6C"MHC Class ITV cells
expressing the highest M2 marker within CD11b" cell population
and CDI1b” cells of the inflamed colonic LPLs from WT mice
abundant in Ly6C"MHC Class 11" cells expressed increased level
of most genes implicated in M2/wound healing macrophages
(Figure 3 and 4), we next sought fo determine whether
CDIIL Ly6C™MHC Class 11" cells are responsible for reduced
colonic inflammation scen in WT mice. Liposome uptake by
macrophages represents a genuine phagocytosis event [27], which
has been widely used to target macrophage in vivo. Taking
advantage of the fact that M2 macrophages have a high
phagocytic activity [28] and intrarcctal administration of clodro-
nate-liposome, we could preferentially decrease Ly6CMHC Class
II" over other subpopulations in LPLs, but not systemically, of
DSS treated WT mice (Figure 6A and Figure $3). This treatment
reduced colonic CGDI1b* cells by 35.6% (27.5+0.9% -
17.7+0.8%, p<0.01) and Ly6C™MHC Class II' cells within
CD11b" population by 35.4% (33.4:£1.5% — 24.0£0.5%, p<
0.01), resulting in an overall decrease in CD11b" Ly6C'MHC
Class IT" macrophages by 53.9% (9.1£0.2% — 4.2£0.1%, p<
0.01) in five independent experiments. On the other hand,
mononuclear phagocyte populations as defined by CD11b, Ly6C
and MHGC Class 11 were marginally, if at all, affected in PBMC,
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spleen and bone marrow by this treatment (Figure S3). As
expected, WT mice treated with clodronate-liposome exhibited a
greater degree of body weight loss as compared to the mice treated
with control-liposome (Figure 6B). Taken as a whole, these results
indicate that CD11b"Ly6C*"MHC Class II" macrophages differ-
entiated from blood monocytes in the presence of IL-17 play a
regulatory role in colonic inflammation.

Discussion

IL-17 has a critical function in the host defense response against
various pathogens, but also has become notorious for its role in the
pathogenesis of many inflammatory and autoimmune disorders,
which makes this cytokine categorized as a proinflammatory
cytokine [3]. This prevailing view was also adopted in IBD where
IL-17 and 1L-17 producing cells were found abundantly in the
affected tissue [4]. Indeed, numerous studies have demonstrated
pro-colitogenic role of IL-17 in animal models of IBD [8-10,12].
However, challenging this view, other studies in animal models
[11,13,14] and recent human clinical trials [29,30] have emerged
to suggest that IL-17 plays a protective role. To reassess the role of
IL-17 in IBD pathogenesis and underlying mechanisms involved,
we adopted a well-know DSS-induced colitis model, namely WT
or IL-17KO mice were given DSS in drinking water. Upon
evaluation of ensuing colitis, we found that IL-17KO mice were
much more susceptible than WT mice. In addition, expression

Cp45.2

e

Ly&C

Figure 5. Blood monocytes are recruited into inflamed colons and differentiate into CD11b*Ly6C"MHC Class II" macrophages in the
presence of 1L-17. Monocytes were purified from bone marrow of WT (CD45.1), WT (CD45.2) or IL-17KO (CD45.2), and adaptively transferred into
WT (45.2), IL-17KO (CD45.2) or WT (CDA45.1) mice (n =3), respectively, followed by the treatment with DSS. On day 10, colonic LPLs were isolated from
pooled colon, stained with anti-CD11b, anti-Ly6C, and anti-MHC Class !l together with corresponding anti-CD45 congenic antibody, and subjected to
flow cytometry analysis. A representative result from three independent experiments is shown.

doi:10.1371/journal.pone.0108494.g005
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Figure 6. Depletion of CD11b*Ly6C*MHC Class II* macrophag-
es accelerates colon inflammation in WT mice induced by DSS
treatment. WT mice were given 1.5% DSS in drinking water for 7 days
followed by consumption of water alone for another 3 days, during
which the mice were treated with clodronate-liposome or control
liposome intrarectally on days —1, 1, 3, and 5 as described in Materials
and Methods. (A) Representative FACS plots showing reduced
CD11b*Ly6C*MHC Class II* macrophages in colon of clodronate-
liposome treated mice. (B) Changes in body weight over time were
expressed as a percentage of the original weight. Data represent as
mean * SEM. The experiments were repeated two times with at least
three mice per group per experiment.

doi:10.1371/journal.pone.0108494.9g006

levels of mRNA coding for most, but not all, of the molecules
contributing to suppression/resolution of inflammation and tissue
repair [20,31] were significantly reduced in the inflamed colons of
IL-17KO mice. Among those, genes expressed by M2/wound
healing macrophages were downregulated in IL-17KO mice with
notable consistency.

A characteristic of an inflammatory landscape in the colon of
patients with IBD is an increased number of macrophages derived
from blood monocytes [1,2]. As compared to a healthy colon,
these macrophages produce an increased amount of inflammatory
cytokines and express cell surface molecules involved in the
activation of their own and T cells [1,2]. In a mouse model of
colitis, these macrophages are CDI11b"F4/80'MHC Class
II'CX3CR1™ driving inflammation through various effector
mechanisms [25,32]. Hence, aberrant activation and functions of
intestinal macrophages have been proposed to contribute to the

PLOS ONE | www.plosone.org
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IBD pathogenesis. However, recent studies also indicate that
macrophages are functionally highly promiscuous, some of which
also produce factors that dampen inflammatory responses while
facilitating tissue repair [20,23,33]. Indeed, anti-TNF therapy for
patients with IBD induces macrophages with regulatory functions,
which promote wound healing [34]. In an animal model of colitis,
macrophages have also been shown to exert disease ameliorating
effects. These macrophages include CD11b*F4/80"MHC Class
IT* cells coexpressing CD11c and/or also GX3CR1 [35,36]. It has
also been shown that they are recent emigrant from blood
monocytes [37]. Recent study also points that CD64 as a specific
macrophage marker that can discriminate dendritic cells from
macrophages in the murine intestine under both steady-state and
inflammatory conditions [24]. In our present study, we found a
significant decrease in the frequency of CD11b*Ly6C*MHC. Class
II"*CD64" macrophages, which were derived, at least in part, from
blood monocytes, in the inflamed colon of IL-17KO mice as
compared to WT mice. Although statistically non-significant due
to the variation in number of cells recovered from LPLs in each
experiment, the absolute numbers of CD11b"Ly6C*MHC Class
II" macrophages were almost consistently reduced in IL-17KO
mice. Furthermore, depletion of this population by topical
administration of clodronate-liposome resulted in the exacerbation
of DSS-induced colitis in WT mice, clearly indicating that these
macrophages ameliorate, rather than exacerbate, colitis. In
support of this notion, recent studies have shown that
CD11b"Ly6C*MHC Class IT" macrophages in inflamed intestine
produce both inflammatory and anti-inflammatory molecules to
control invading pathogen while limiting collateral tissue damage
[38,39]. Commercially available Abs do not allow to detect
CX3CR1 by flow cytometry or immunohistochemistry, we were
unable to determine whether CD11b"Ly6C™MHC Class II"
macrophages express CX3CR1 and belong to the same or
overlapping population mentioned above, an important issue
which needs to be further investigated.

CD11b* cells isolated from the inflamed colons of WT mice
enriched in CD11b*Ly6C*MHC Class IT" macrophages expressed
higher levels of mRNA encoding anti-inflammatory and tissue
repair functions as compared to CD11b" cells from IL-17KO
mice. A discrepancy remains, however, in that CD11b" cells from
the inflamed colons of IL-17KO mice expressed higher levels of
Yml mRNA, which is a marker for M2 macrophages [40]. Resent
study indicates that GM-CSF is critical in the expression of Yml
[41]. Therefore, the higher levels of GM-CSF in the inflamed
colons of IL-17KO mice as compared to WT mice (data not
shown) may explain this seemingly paradoxical observation.
Taken as a whole, it is possible that through the production of
factors  with  anti-inflammatory/tissue  repair  functions,
CD11b"Ly6C™MHC Class II" macrophages suppress inflamma-
tion while quickly repairing colon tissue before serious damage to
the tissue occurs, resulting in less severe colitis seen in WT' mice.
Recent studies also suggest that a subset of macrophages in the
colon play a crucial role in the maintenance and/or promotion of
differentiation of functional Foxp3™ regulatory T cells. Together
with our present results that inflamed colon of IL-17KO mice
contained reduced levels of Foxp3™ T cells, it is also possible that
CD11b*LyBC*MHC Class IT* macrophages ameliorate colitis
through enhancement of Foxp3™ regulatory T cell function [23].
In support of this notion, we observed that the depletion of
CD11b*Ly6C™MHC Class II" macrophages in colon of WT mice
by clodronate-liposome was associated with the reduction in
Foxp3*CD4™T cells by 36% (30.3£0.63% — 19.2%0.62%, p<
0.01, n=4).
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Perhaps more importantly, our study revealed that monocytes
differentiate to express molecules and genes implicated in M2/
wound healing macrophages under the influence of 11-17 in the
inflamed colon. In support of this notion, recent studies show that
IL-17 stimulates differentiation of M2/ant-inflammatory macro-
phages [42,43]. However, in the present study we showed that
along with eclevated expression of mRNA for M2 associated
transcription factors and anti-inflammatory/tissue regenerative
factors, CD11b" myeloid cells in the inflamed colons of WT mice
also expressed higher levels of mRNA for MI associated
transcription factors, Thus, macrophages differentiated under the
influence of 11-17 did not fit comfortably with the M1/M2-
paradigm of differentiated macrophages. We speculate that
macrophages may acquire the unique M2 dominant properties
adapted to the inflamed colon microenvironment under the
influence of a unique cytokine milieu involving IL-17.

In summary, our study shows, for the first tme, that
CD1Ib* Ly6C*"MHC Class II" macrophages differentiated in the
inflamed colon under the influence of TL-17 represent M2-like/
wound healing macrophages which may have regulatory func-
tions. Whether the induction of this population by IL-17 solely
explains all of the protective function of I1-17 in colitis remains
arguable, since we also observed that inflamed colonic tissue of 1L-
17KO mice expressed reduced levels of claudin-1/2, p-difensin-1/
2, and mucin-2, all of which have been shown to be regulated by
IL-17 signaling. However, our data demonstrate a previously
unappreciated mechanism by which IL-17 exerts protective
functions in colitis and targeting 1L-17/M2-like macrophage axis
may represent an important future therapeutic approach in the
treatment of mucosal inflammatory diseases such as IBD.

Supporting Information

Figure S1 Flow cytometric analysis of LPL from WT and
IL-17KO mice. IL-17KO mice and WT controls were given
1.5% DSS in drinking water for 7 days followed by consumption
of water alone for another 3 days. LPLs were purified from pooled
(n=2-3) distal colon sections of untreated and DSS-treated mice
and subjected to flow cytometry analysis after staining with mAbs
specific for indicated cell surface and intracellular molecules. Plots
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were shown after electric gating for 7AAD™ and CD45" cells.
Number denotes frequency of gated cells. Representative results of
at least two independent experiments are shown,

(TIF)

Figure 52 Flow cytometry analysis of CD11b" cells
before and after cell sorting. IL-17KO mice and WT
controls were given 1.5% DSS in drinking water for 7 days
followed by consumption of water alone for another 3 days. LPLs
were purified from pooled (n=10) distal colon sections of
untreated and DSS-treated mice followed by cell sorting by
FACGS. Representative results out of two independent experiments
are shown,

(TTF)

Figure S3 Representative flow cytometry plots on
CD11b'Ly6C"MHGC Class II" macrophage population in
organs other than colon of WT mice treated with
clodronate-liposome. W1 mice were given 1.5% DSS in
drinking water for 7 days followed by consumption of water alone
for another 3 days, during which the mice were treated with
clodronate-liposome or control liposome intrarectally on days — 1,
I, 3, and 5 and their body weight changes were monitored. The
experiments were repeated two times with at least tree mice per
group per experiment.

(TTF

Table S1 Primer sequences used for realtime RT-PCR.
DOCX)
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Introduction

Oncolytic virotherapy has existed for over 100 years and is a
promising method for the treatment of cancer patients because of
the strong cytolytic response of virus-infected tumor cells; however,
complications may result from the use of oncolytic viruses
including toxicity against normal cells [1-3]. Thus, artificially
modified oncolytic viruses have been engineered to achieve low
toxicity against normal tissues together with sufficient antitumor
activity. Oncolytic viruses that have been modified to express
human cytokines, such as granulocyte macrophage colony-
stimulating factor (GM-CSF) have the potential for future
therapeutic use in the treatment of solid tumors. JX-594 is a
GM-CSF-armed oncolytic poxvirus that has shown promising
outcomes when administered by either intratumoral (i.t.) injection
or intravenous (iv.) infusion [4-8]. OncoVEX®M ST i5 an
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oncolytic virus based on the JS-1 strain of herpes simplex virus
type-1 (HSV-1) that has been engineered to express human GM-
CSF [9-12]. The results of a phase III trial demonstrate that
melanoma patients treated with this virus show statistically
significant improvement with durable responses [12].

HSV infection in wide ranges of cell populations results in
degenerative change and death [13]. HF10 is a spontaneous
mutant of HSV-1 strain HF [14] that lacks neuroinvasiveness and
is at least 10,000-fold less virulent than wild-type HSV-1 in mice
[15]. In several clinical studies of cancer patients, HF10 has been
shown to have antitumor effects [16~19]. In murine studies, HF10
packaged with a GM-CSF-expressing amplicon has been reported
to exhibit more tumoricidal activity than intact HF10 [20,21],
supporting the hypothesis that HF10 exhibits maximal antitumor
activity when used in combination with immunomodulators.
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Glucocorticoid-induced tumor necrosis factor receptor (GITR)
is a type I transmembrane protein of the tumor necrosis factor
receptor family, and is involved in the regulation of T-cell
receptor-mediated cell death [22]. GITR is similar to programmed
cell death-1 (PD-1) and cytotoxic T-lymphocyte antigen 4 (CTLA-
4), both of which have been applied clinically as immune modifiers
in tumor therapy [23]. GITR has been reported to be expressed at
high levels on CD4" CD25* regulatory T (Treg) cells and to
abrogate Treg cell-mediated immune suppression via intercellular
signaling [24,25]. GITR has also been known to be expressed on
activated CD8" T cells and to act on the induction of tumor-
specific CD8" T cells [26]. In addition, GITR signaling via specific
ligands seems to drive CD8" T cell resistance to Treg cell-
mediated inhibition [27]. Currently there is an ongoing clinical
trial of a therapeutic anti-human GITR antibody [28]. Thus,
GITR targeting is an attractive candidate method for use in HF10
virotherapy as it encourages tumoricidal cytotoxic T lymphocyte
(CTL) activity and attenuates immune suppression.

In this study, we examined the anti-tumor effects of it.
treatment of established murine tumors with HF10 in combination
with the GITR-specific agonistic monoclonal antibody (mAb)
DTA-1. Our results show that the combination therapy inhibited
tumor growth at the contralateral as well as the injected tumor
sites by promoting the accumulation of tumor-specific CD8* T
cells followed by DTA-l-mediated depletion of CD4" Foxp3"
Treg cells. Thus, DTA-1 is an extremely effective partner for
HF10 in oncolytic virotherapy.

Materials and Methods

Mice

Female BALB/c mice aged 6-8 weeks were obtained from SLC
Japan. BALB/c mice deficient in the y subunit of the FcyRI,
FcyRIII and FceRI receptors (FcRy KO mice) [29] were
purchased from Taconic and bred at the Mie University Institute
of Laboratory Animals. Experimental protocols were approved by
the Animal Ethics Committee of Mie University, Tsu, Japan
(Approval number: 23-8).

Cell lines

CT26 is a colon tumor cell line derived from BALB/c mice
[30). A CT26 cell line transfected with the gene encoding the
human cancer/testis antigen NY-ESO-1 (CT26/NY-ESO-1) was
established as described previously [31]. CMS5a is a 3-methyl
cholanthrene-induced fibrosarcoma cell line derived from BALB/c
mice [32]. A CMS5a cell line transfected with the gene encoding
GITR was established by retrovirus-mediated gene transfer. The
retrovirus containing the murine GITR gene was purchased from
Takara Bio Inc.

CT26/NY-ESO-1 and CMS5a cells were inoculated subcuta-
neously (s.c.) into the hind flanks of mice (1x10° cells/mouse and
2x10° cells/mouse, respectively). HF10 or the vehicle was
administered i.t. (1x107 PFU/mouse) at 7, 8, and 9 days after
tumor inoculation. DTA-1 was administered i.t. (10 pg/mouse) at
9 days after tumor inoculation. For the combination therapy,
10 ug of DTA-1 were mixed with the HFI0 virus and
administered to the mice at 9 days after tumor inoculation.

Antibodies

Fluorescein isothiocyanate (FITC)-conjugated and/or phycoer-
ythrin (PE)-conjugated anti-mouse CD4 (RM4-5; eBioscience,
Inc), anti-mouse CD8a mAb (53-6.7; BD Bioscience), anti-mouse/
rat Foxp3 mAb (FJK-16s; eBioscience, Inc), anti-mouse IFN-y
mAb (XMG1.2; eBioscience, Inc), anti-mouse F4/80 mAb (BM8;
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BioLegend), and anti-rat IgG2b monoclonal antibodies (mAbs)
(MRG2b-85; BioLegend) as well as a FITC-conjugated rabbit
anti-HSV-1 polyclonal antibody (Dako) were used in flow
cytometric analysis and immunohistochemstry. An anti-mouse
CD16/CD32 mAb (93; eBioscience, Inc) was used for Fc-blocking
in all experiments. For i vivo administration, anti-mouse GITR
mAb (DTA-1, rat IgG2b) and anti-mouse CD8a mAb were
purified by protein G affinity column chromatography of ascites
from BALB/c nude mice intraperitoneally inoculated with a 53-
6.7 hybridoma. Purifed rat serum IgG (Sigma) was used as the
control antibody for all experiments with DTA-1. The Fab portion
of DTA-1 was prepared by using a Pierce Fab Preparation Kit
(Thermo Fisher Scientific) according to the manufacturer’s
instructions.

Cell preparations

To collect tumor-infiltrating lymphocytes (T1Ls), a gentleMACS
dissociator (Miltenyi Biotec K.K.) was used according to the
manufacturer’s instructions with some modifications. Briefly, a
CT26/NY-ESO-1 tumor cut into small pieces was incubated in
4.5 mL of RPMI-1640 medium supplemented with 1 mg/mL
collagenase IA (Sigma) for 40 min at 37°C and then dissociated
into single cells using the gentleMACS dissociator. DNase I was
not used. The obtained cells were passed through a cell strainer
(70 pm) to remove tissue aggregates. After washing 3 times with
PBS containing 0.1% BSA, the TILs were evaluated by flow
cytometric analysis for intracellular IFN-y as described below.
When DTA-1-binding TIL populations were studied, collagenase
I was not used so as to avoid the dissociation of DTA-1 bound to
cells.

To investigate DTA-1-mediated generation of tumor-specific
CD8* T cells, DTA-1 was injected i.t. into day 9 GT26/NY-ESO-
1 tumors at three doses (0.5, 2, or 10 pg). Tumor-regressed mice
were selected from each DTA-1-treated group at 2 weeks after
DTA-1 treatment, and the splenocytes from each group were
pooled and incubated in RPMI-1640 medium supplemented with
10% fetal calf serum (FCS) and 10 pg/mL of control peptide (9 m:
QYIHSANVL) [32], CT26-specific AH-1 peptide (SPSYVYHQF)
[33] or NY-ESO-1g;_gg peptide (RGPESRLL) [34] (all from MBL)
for 5 hrs. The obtained cells were analyzed by flow cytometry to
determine levels of intracellular IFN-y.

Splenocytes from C'T26/NY-ESO-1-bearing mice obtained at 5
days after i.t. treatment with both HF10 (days 7, 8 and 9) and
DTA-1 (day 9) were cultured with CT26-specific AH-1 peptide
(10 pg/mL) or HF10-infected CMS5a tumor cells [precultured
with HF10 MOI 1) for 12 hrs and irradiated with 50 Gy] at a
ratio of 5 splenocytes to 1 HF10-infected CMSb5a cell for 5 hrs.
The obtained cells were then evaluated for intracellular IFN-y as
described below.

Flow cytometric analysis of mAb-stained cells

To confirm GITR expression on CMS5a/GITR cells, CMS5a/
GITR cells were incubated with DTA-1 (<2x10° cells/pg in PBS
supplemented with 0.2% BSA) for 15 min at 4°C. After washing 3
times with PBS containing 0.1% BSA, the cells were further
treated with FITC-conjugated anti-rat IgG (H + L) Ab (Caltag
Lab.) (<2x10° cells/pg) for 15 min at 4°C. For staining of
intracellular IFN-y in cultured splenic CD8" T cells, GolgiPlug
(BD Bioscience) protein transport inhibitor was added for the last
4 hrs of the incubation. The obtained cells were permeabilized
using a Cytofix/Cytoperm Kit (BD Bioscience) and stained with a
CD8a-specific mAb for 15 min at 4°C and followed by an IFN-y-
specific mAb for 15 min at 4°C (<2><IO6 cells/ug). For Foxp3-
CD4 double labeling of TILs, TILs were first stained with a CD4-
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Figure 1. Tumor growth following intratumoral administration of HF10 with/without DTA-1. Growth (mm?) of subcutaneously inoculated
CT26/NY-ESO-1 (A) or CMS5a cells (B) following i.t. treatment with HF10 (open triangles) and/or DTA-1 (closed triangles) on indicated days. Purified rat
lgG was used as a control for DTA-1. Data shown in Fig. 1 are representative of four independent experiments. By the Kruskal-Wallis ANOVA test, the
CT26/NY-ESO-1 growth inhibition by combined treatment with HF10 and DTA-1 was significantly different from the HF10-treated or untreated
control at day 42. CMS5a growth inhibition by the HF10 and DTA-1 combination was significantly different from the DTA-1-treated or untreated

control at day 25. CMS5a growth inhibition was also significantly different in the HF10-treated group compared with the untreated control.

doi:10.1371/journal.pone.0104669.9001

specific mAb [15 min, 4°C (<2x10° cells/ug)], then fixed and
permeabilized using a Foxp3 staining kit (eBioscience, Inc.), and
then treated with a Foxp3-specific mAb [30 min, 4°C (<1x10°
cells/pug)]. The labeled cells were then analyzed by flow cytometry
(FACSCanto II: BD Bioscience) with FlowJo software (Tomy
Digital Biclogy).

Immunohistochemistry

Frozen CT26/NY-ESO-1 tumor specimens embedded in
O.C.T compound (Sakura Finetechnical) were sectioned at a
thickness of 3 pwm, air dried for 2 hrs, fixed with cold acetone for
15 min, and then processed for immunohistochemistry. After
washing 3 times with PBS, the slides were incubated at 4°C in
blocking solution [PBS supplemented with 1% BSA, 5% Blocking
One Histo (Nacalai Tesque, Inc.)] and 0.2 pg/mL anti-mouse
CD16/CD32 mAb for 30 min. The tumor sections on the slides
were then dual-labeled with PE-conjugated mAb and FITC-
conjugated mAb diluted with PBS supplemented with 1% BSA
and 5% Blocking One Histo for 1 hr at room temperature (r.t.) in
a humidified chamber. After washing 3 times with PBS
supplemented with 0.02% Tween-20, the slides were mounted in
ProLong Gold antifade reagent with DAPI (Invitrogen, Life
Technologies, Inc.), and evaluated by fluorescence microscopy
(BX53F; Olympus Co. Ltd.; Tokyo, Japan). The photographs
from PE-, FITC-, and DAPI-stained tissue sections were merged
and background fluorescence was deleted using Photoshop
elements software (Adobe Systems Software Ltd.).

For hematoxylin and eosin (HE) staining, slides with acetone-
fixed tissue sections were washed 3 times with PBS and incubated
at r.t. in hematoxylin solution (New Hematoxylin Sol.: Muto Pure
Chemicals Co., Ltd.) for 5 min. After washing with tap water, the
cytoplasm was stained with eosin (r.t. for 2 min.; Pure Eosin Sol.:
Muto Pure Chemicals). Samples were then dehydrated 3 times
with xylene, and the slides were mounted with Malinol (Muto Pure
Chemicals) and evaluated by microscopy.

Antibody-dependent cellular cytotoxicity (ADCC) assay
RAW264.7 cells were activated with 20 ng/mL murine IFN-y
for 24 hrs in 24-well plates, after which the cells were gently
washed with RPMI-1640 and the dish-adherent RAW264.7 cells
were used as effectors in the ADCC assay. CMS5a or CMS5a/
GITR cells were labeled with 2.5 uM carboxyfluoresceine

diacetate succinimidyl ester (CFSE) at 37°C for 6 min to be used
as targets in the ADCC assay. After washing 3 times with RPMI-
1640 supplemented with 10% FCS, CFSE-labeled CMS5a or
CMS5a/GITR cells were plated at various effector-to-target ratios
with rat IgG or DTA-1 (2 pg/mL), incubated for 12 hrs, and
analyzed by flow cytometry. For each sample, 20,000 non-CFSE
labeled cells were collected, and the absolute number of CFSE-
labeled surviving cells was counted. The survival percentage was
calculated as the mean number of each of the three wells as
follows: [(absolute number of surviving CFSE-labeled cells in
control rat IgG-containing medium)—(absolute number of surviv-
ing CFSE-labeled cells in DTA-1-containing medium)] x100/
(absolute number of surviving CFSE-labeled cells in control rat
IgG-containing medium).

Statistical analysis

The Mann-Whitney U test was used to compare data from two
groups. When equality of variance was proven by Levine’s test,
data comparison between 2 groups was evaluated by Student’s ¢-
test. The Kruskal-Wallis ANOVA test was used to compare data
from four groups. p-values below 0.05 were considered statistically
significant. Calculations were performed using SPSS Statistics
v21.0 software (IBM).

Results

Effective inhibition of tumor growth by local treatment
of HF10 combined with DTA-1

Since the therapeutic efficacy of the adjuvants included in
immune-targeting Abs has been widely shown in the treatment of
cancer, we hypothesized that the use of DTA-1, as an enhancer of
tumor-specific CD8" T cell responses [26,27] in HF10 virotherapy
might produce a satisfactory treatment outcome. To investigate
this hypothesis, we used human NY-ESO-1 gene-transfected
CT26 tumor cells (CT26/NY-ESO-1) for in witro and in vivo
studies as an H-2D%restricted murine CTL epitope of NY-ESO-1
had been identified in our laboratory [31]. Subcutaneously
inoculated CT26/NY-ESO-1 tumors were treated by it. admin-
istration of HF10 with or without DTA-1 (Fig. 1A). Groups
treated with either HF10 or DTA-1 showed weak suppression of
tumor growth compared with the untreated group (control), and 2
out of 13 mice (15.4%) or 3 out of 19 mice (15.8%) showed

Table 1. Increase in the number of tumor-regressed mice by HF10 therapy combined with DTA-1.

Cont. IgG

0/10 (0.0%)

Number of complete tumor-regressed mice*/Number of treated mice (%)

0/13 (0.0%)

PLOS ONE | www.plosone.org

* Number of complete tumor-regressed mice was counted at 42 or 25 days after subcutaneous inoculation of CT26/NY-ESO-1 or CMS5a tumor cells, respectively.
doi:10.1371/journal.pone.0104669.t001
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Figure 2. Kinetics of CD8" T cells after the combination therapy with HF10 and DTA-1. CT26/NY-ESO-1 tumor sections from untreated
mice (control) or mice injected i.t. with DTA-1, HF10, or HF10 combined with DTA-1 were stained with hematoxylin and eosin (A), and phycoerythrin
(PE)-conjugated anti-CD8o. mAb and DAPI (B). (C) Frozen sections of CT26/NY-ESO-1 tumors from mice i.t. injected with HF10 combined with DTA-1
were stained with a PE-anti-CD8a monoclonal antibody, a fluorescein isothiocyanate (FITC)-anti-HSV-1 polycional antibody, and DAPI. (D) CT26/NY-
ESO-1 growth (mm?) in both i.t. HF10- and DTA-1-treated control or CD8" cell-depleted mice was measured. Seven mice per group were used. (E)
Bilateral CT26/NY-ESO-1-bearing mice were treated with a combination of HF10 and DTA-1 in the tumors on the right flanks. Subsequent tumor
growth (mm? of the treated right and contralateral left sites was measured. Tumor growth in untreated mice was measured and used as a control.
Fourteen mice per group were used. By the Kruskal-Wallis ANOVA test, CT26/NY-ESO-1 growth inhibition by the combined HF10 and DTA-1
treatment in contralateral as well as treated sites was significantly different from the untreated control group. (F) CT26/NY-ESO-1 tumors from one
side of bilateral tumor-bearing mice were treated i.t. with HF10 combined with DTA-1. Frozen sections of contralateral CT26/NY-ESO-1 tumors were

stained with a PE-anti-CD8a monoclonal antibody, a fluorescein isothiocyanate (FITC)-anti-HSV-1 polyclonal antibody, and DAPI.

doi:10.1371/journal.pone.0104669.g002

complete tumor regression at 42 days after tumor inoculation,
respectively (Table 1). In contrast, all mice in the group treated
with both HF10 and DTA-1 showed statistically significant
attenuation of tumor growth compared with the control group
[p<<0.001, Fig. 1A; complete tumor regression rate at 42 days:
60.0% (12 to 20 mice); Table 1]. In addition, CMS5a tumor
growth in the group treated with both HF10 and DTA-1 was also
suppressed significantly compared with the control or DTA-I-
treated groups (Fig. 1B and Table 1).

We observed CT26/NY-ESO-1-regressed mice in another
experiment for 2 months after HF10 and DTA-1 treatment.
Tumor recurrence could not be seen in the tumor-regressed mice.
In addition, these mice exhibited the resistance in tumor re-
challenging.

CD8" T cells act as tumoricidal effectors in the
combination therapy of HF10 with DTA-1

Intratumoral injection of HF10 resulted in the collapse of tumor
structure with a decrease in the nuclear density of tumor cells, as
shown at 7 days after the last HF10 treatment in both the group
treated with HF10 and that treated with HF10 and DTA-1
(Fig. 2A). Tumor-infiltrating CD8" T cells were shown to be the
most frequent population after the administration of HF10
combined with DTA-1 at 3 days after the final treatment (Fig. 2B).
Importantly, these cells appeared to accumulate near HFI10-
infected tumor areas (Fig. 2C and S1A), suggesting that HF10
infection is able to attract CD8™ T cells by leaking virus-associated
proteins and tumor antigenic proteins from infected tumor cells
and changing the tumor microenvironment after oncolysis.
Inhibition of CT26/NY-ESO-1 growth by the combination
therapy was completely negated by depleting CD8" cells by
intravenous treatment with a murine CD8a-specific mAb
(Fig. 2D), indicating that the tumor-infiltrating CD8" T cells
shown in Figure 2B and 2C include tumoricidal effector popula-
tions. In the study using bilateral tumor-bearing mice, tumor
growth inhibition by HF10 combined with DTA-1 occurred not
only in the treated tumors but also in the contralateral non-treated
tumors (Fig. 2E and S1B). In addition, the sections of contralateral
tumor showed infiltrating CD8" T cells without HF10 infection
(Fig. 2F and S1C). These results indicate that CD8" T cells
activated in a local tumor site under the influence of HF10 and
DTA-1 participate in systemic surveillance and could attack
distant tumors without tissue destruction due to HF10 infection.

Augmentation of tumor-specific CD8" T cell responses by
DTA-1 treatment in HF10 therapy

Next, we investigated whether the tumor- or HF10-specific
CD8" T cell response was enhanced in CT26/NY-ESO-1-bearing
mice by i.t. treatment with DTA-1 alone or HF10 combined with
DTA-1. To detect low proportions of CD8" T cells with tumor
specificity, spleen cells from tumor-regressed mice selected after i.t.
treatment with DTA-1 at the indicated doses were stimulated with
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a CT26-specific AH-1 peptide or an NY-ESO-1 81-88 peptide to
expand each population of peptide-specific CD8" T cells. As
shown in Figure 3A, the response of CT26-specific IFN-y-
producing CD8" T cells was enhanced by DTA-1 in a dose-
dependent manner. In addition, CD8% T cells with NY-ESO-1
specificity were observed when DTA-1 was administered at a high
dose (10 pg). In this experiment, we used tumor-regressed mice
because we could not enhance the negligible CT26-specific IFN-y-
producing CD8" T cell responses seen in tumor-bearers in a DTA-
1 dose-dependent manner. Although CT26/NY-ESO-1 growth
after i.t. treatment with DTA-1 was suppressed compared with the
control group, tumor size was not different in each group of DTA-
1 (0.5, 2.0, or 10.0 pg/mouse). Furthermore, HF10-specific CD8*
T cells were found in addition to the AH-1-specific population
(Fig. 3B left) when splenocytes from both HF10- and DTA-1-
treated CT26/NY-ESO-1-bearing mice with HF10-infected
CMS5a cells were cultured (Fig. 3B right). These results indicated
that it. treatment of HF10 and DTA-1 had the capacity to
enhance tumor- and HF10-specific CD8" T cell populations.

Disappearance of tumor-infiltrating Foxp3* cells after the
treatment with DTA-1 in HF10 therapy

We hypothesized that the increase in tumor-specific CD8" T
cell responses after DTA-1 treatment combined with HF10
therapy was involved in the attenuation and/or depletion of
immune suppressors including Treg cells. To address this issue,
CT26/NY-ESO-1 tumors obtained after DTA-1 treatment with
or without HF10 were evaluated by immunohistological staining
of tissue sections and flow cytometric analysis of infiltrating
lymphocytes using a Foxp3-specific mAb. Foxp3* cells accumu-
lated abundantly in both untreated and HF10-treated tumors,
whereas a vigorous decrease in the number of Treg cells was
shown in tumors following treatment with DTA-1 alone or DTA-1
combined with HF10 (Fig. 4A). This result was confirmed by flow
cytometric analysis of tumor-infiltrating Treg cells. The frequency
of tumoral GD4" Foxp3* Treg cells from the HF10- and DTA-1-
treated group was decreased significantly compared with that from
the untreated (control) group but not from the HF10- or DTA-1-
treated mice (Fig. 4B). The decrease in the frequency of Foxp3*
cells in the HF10-treated group (Fig. 4B) is possibly correlated with
the decrease in tumor size due to HF10 treatment. This may be
attributed to the lack of modulation of the absolute number of
Foxp3™ cells in the HF10-treated group unlike in the control group
(Fig. 4A). DTA-1 is a rat IgG2b class mAb. By visualizing DTA-1
with the FITC-conjugated anti-rat IgG2b mAb, it was demon-
strated that the tumor-infiltrating CD4" Foxp3" Treg population
bound predominantly with DTA-1 at 6 hrs after it. injection
(Fig. 4C), in parallel with the disappearance of tumoral Treg cells
after treatment with DTA-1. Taken together, these results strongly
indicate that DTA-1 was essential to the decrease in the number of
CD4" Foxp3™ cells.
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Figure 3. Generation of tumor- and HF10-specific CD8" T cells by intratumoral treatment of DTA-1 and HF10 combined with DTA-1.
(A) CT26- and NY-ESO-1-specific CD8" T cell responses in CT26/NY-ESO-1-regressed mice by it. treatment of DTA-1 at indicated doses were assessed
by intracellular staining of IFN-y in splenocytes cultured with 10 pg/mL of the indicated peptides for 5 hrs. Splenocytes from two mice per group
were pooled and assessed. (B) Splenocytes from untreated and both i.t. HF10- and DTA-1-treated CT26/NY-ESO-1-bearing mice were obtained at 5
days after final treatment, and cultured with AH-1 peptide (10 ug/mL) or HF10-infected CMS5a tumor cells for 5 hrs. Splenocytes from ten mice per
group were pooled and assessed. The obtained cells were immunohistologically stained for intracellular IFN-y. The 9 m peptide and uninfected
CMS5a cells were used as controls.

doi:10.1371/journal.pone.0104669.g003
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Figure 4. Disappearance of DTA-1-conjugated tumor-infiltrating CD4* Foxp3" cells after combined i.t. treatment with HF10 and
DTA-1. (A) CT26/NY-ESO-1 tumor sections form untreated group (control) or group from mice injected i.t. with DTA-1, HF10, or HF10 combined with
DTA-1 were stained with FITC-anti-Foxp3 mAb and DAPI. (B) The frequency of tumor-infiltrating CD4* Foxp3™ Treg cells from mice injected it. with
HF10, DTA-1, or HF10 combined with DTA-1 at 12 days after CT26/NY-ESO-1 inoculation was assessed by flow cytometry. Data from 4 individual
experiments were analyzed statistically. Kruskal-Wallis ANOVA test was used to compare data from the 4 groups. The decrease in the frequency of
tumoral CD4" Foxp3™* Treg cells in the HF10 and DTA-1 combined treatment group was significantly different from untreated control, but not from
the HF10- or DTA-1-treated group (N.S: Not significant). (C) At 6 hrs after DTA-1 injection into day 9 CT26/NY-ESO-1 tumors, tumor-infiltrating cells
collected under collagenase-free conditions were analyzed by flow cytometry after staining with FITC-labeled anti-rat IgG2b mAb to detect DTA-1-
bound cells.

doi:10.1371/journal.pone.0104669.g004
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Fluorescent immunohistological studies using double labeling ~ Stroma (Fig. EfB; CI, D1, and 52B) ir'ldicatcd that DT'A"I and rat
with anti-rat IgG2b mAb (for DTA-1) and F4/80- (for macro- IgG bound with {nacx:opha}ge-cxpressmg F:CRS. In a(%dmon, a.la%"ge
phages) or Foxp3- (for Tregs) specific mAbs were performed to nl'xmber <.)f cells visualized in lymphog:te—hke formatlon.by staining
determine the mechanisms of DTA-1-dependent depletion of with anti-rat IgG2b mAb were posive for EOXP3 (Fig. 5B; D:‘Z:
CT26/NY-ESO-1 tumor-infilrating Treg cells. At 6 hrs after ~ D3; Fig. S3A and B) and were in contact with macrophages in
DTA-1 treatment, Foxp3™ cells clustered at the DTA-I-stained =~ Various areas of DTA-1-treated tumors (Fig. 5B§ D2; Fig. S3A).
peritumor sites, whereas Foxp3" cells did not accumulate in the These results strongly support the hypothesis that DTA-1
control rat IgG-treated case (Fig. 5A and S2A). Images of red
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tumors of wild type mice, but not FcRy KO mice (N.S.: Not significant), was significantly different from untreated control group. (E) Frozen sections of
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doi:10.1371/journal.pone.0104669.9006
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participates in GITR" Foxp3"™ Treg depletion by ADCC at the
treated tumor sites.

To examine whether DTA-1 can mediate ADCC in a murine
system, we performed an in vitro ADCC assay using IFN-y-
activated RAWZ264.7 macrophage cells as an effector and murine
GITR gene-transfected GMS5a (CMS5a/GITR) cells (Fig. 6A) as
a target. CMS5a/GITR cclls were lysed in the presence of DTA-1
in a GITR-specific manner (Fig. 6B). We further investigated in
vivo the ADCC effects of DTA-1 using Fe portion-digested DTA-
1 (DTA-1 Faby and FeRy KO mice, Depletion of CD4" Foxp3*
Treg cells in QT26/NY-ESO-1 tumors was not observed following
it DTA-1 Fab weatment (g, 6C). In addition, no significant
decreases in the number of CD4" Foxp3® Treg cells and
accumulation of CD8" T cells were detected by DTA-1 treatment
in I'eRy KO mice, unlike the results from wild-type mice (Iig. 6D,
6E, and 84). These results clearly indicated the direct participation
of DTA-1 in Treg cell depletion by ADCC.

Taken together, these results show that HFI0 virotherapy
combined with DTA-1 elicits a powerful therapeutic effect against
tumors via the accumulation of CD8" T cells, after tumor
destruction by HI10 and the enhancement of tumor- and virus-
specific GD8Y T cell responses directly or indirectly by depletion of
immune-suppressive Treg cells at tumor sites by DTA-1.

Discussion

Many studies involving oncolytic virus combined with systemic
administration of cytotoxic agents have shown promising results in
animal models. However, almost all of the studies have avoided
the important issue of lymphocyte suppression caused by steroids
as an antiemetic, implying the clinical inapplicability of such
cytotoxic agents. Tumor therapy promises an era of safety in using
noninvasive immunomodulatory agents including PD-1-, CTLA-
4- and GITR-specific mAbs. Unfortunately, all of them have
produced slight immune-related slight adverse events such as
diarrhea, rashes or pruritis [35-38]. In addition, systemic
administration of immunomodulators can elicit serious autoim-
mune diseases. A study from another group has shown that in a
murine model, treatment with 50 pg/mouse DTA-1 induces
antitumor activity and weak autoimmune reactions [39]. In this
study, we also demonstrated that HF10 virotherapy combined
with a GITR-targeting mAb in local tumor sites at more clinical
appropriate lower and safer doses, elicits tumor lysis by augmented
systemic tumor-specific CD8" T cell activity with negligible
toxicity. Therefore, Jocal treatment of immunomodulators is a
promising method for the future treatment of tumors.

The use of blocking Abs for suppressing immune signals has
shown clinical benefits in the treatment of solid tumors [40-42].
Both PD-1 and CTLA-4, which are expressed on activated T cell
surfaces, inhibit tumoricidal effector T cell responses by engage-
ment via specific ligands that are expressed on various tumor cells
[23]. However, high densities of tumor-infiltrating CD4* CD25"
Foxp3™ Treg cells have been correlated with poor survival [43-
45]. Treg cells express both PD-1 and CTLA-4 in the steady state
without activation. PD-1 and CTLA-4 signals result in Treg
induction and maintenance, and subsequent outbreak of autoim-
mune diseases [46]. Interestingly, it has been reported that an anti-
CTLA-4 antibody augments tumoricidal effector T cells by
downregulation of Treg cell functions, including ADCC-mediated
depletion of Treg cells [47], which is similar to our GITR-
targeting results. These reports indicate that the blockade of
immune checkpoint molecules involves the activation of tumori-
cidal effector T cells by preventing interactions with specific
ligands on tumor cells and inhibiting Treg cell functions.
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The expression of GITR has been observed on CD4% CD25"
Treg cells at relatively high levels [24,25], which is consistent with
our results. In addition, the GITR-GI'TRL interaction has been
known to attenuate Treg cell function via the loss of Foxp3
expression as well as enhance tumor-specific effector CD4" and
CD8" T cell functions [27,39,48,49]. In this study, we demon-
strated the use of DTA-1 as a depletion antibody because Fe-
digested D'TA-1 and intact DTA-1 in FeRy KO mice did not
participate in the downregulation of Foxp3 expression. After i.t.
DTA-1 injection, macrophages appeared to attract DTA-1-
conjugated Treg cells via their FeR and migrate to peritumor
sites, as shown in [ig. 5, and the results suggest that the
peritumoral stroma is a crucial place for ADCC triggering. Since
CCL22 secreted by macrophages is known to be a chemoattrac-
tant for Treg cells [43,50], such chemokines might participate in
DTA-1-mediated Treg cell depletion. Further studies are neces-
sary to elucidate the molecular mechanisms of tumoral ADCC.

As indicated in Fig. 4C, a small proportion of tumor-infiltrating
CD8" T cells bound with i.t. treated DTA-1. In addition, DTA-1
enhanced tumor-specific CD8" T cell responses in a dose-
dependent manner in tumor-regressed mice as shown in Fig. 3.
These results suggest that DTA-1 acts as a direct activator of
CD8" T cells, although we could not rule out the possibility that
tumor-specific CD8" T cell responses were increased by DTA-1
dose-dependent  depletion of immune suppressive Treg cells.
Indeed, it has been reported that the function and activity of
CTLs are augmented by the signals through GITR [26,48,51]. In
this study, HF10-specific CD8" T cells were detected after both
HF10 and DTA-1 injections, concomitant with vigorous tumor-
specific CTL responses. La et al. have reported that DTA-1 elicits
immediately explosive HSV-1-specific CD8" CTL and CD4" Th
responses in HSV-l-infected mice [52]. In addition, we found in
this study that DTA-1 was detected in tumor-draining lymph
nodes soon after i.t. injection (Fig. S3), suggesting the relationship
between DTA-1 and quick generation of tumor-specific CTLs.
Thus, it is likely that HF10-specific CTL responses induced by
DTA-1 change the tumor microenvironment to facilitate the
expansion of CTLs in tumor-draining lymph nodes.

In conclusion, local HFI10 therapy combined with DTA-1
should be suitable for the treatment of cancer patients without
crucial side effects. The benefits of the combined treatment
regimen include the vigorous expansion of tumoricidal CTLs
associated with the early HI'10-specific CTL responses, inhibition
of tumor formation by HF10 infection, direct expansion of CD8"
T cells by DTA-1, and negation of immune suppressive Treg cell
activities by DTA-1-mediated ADCC and/or DTA-1 signaling.

Supporting Information

Figure S1 Systemic surveillance of tumoricidal CGTLs
after HF10 combination therapy with DTA-1 at local
tumor sites. (A) The images of red (PE), green (FITC), and blue
(DAPI) fluorescence that were merged to produce Fig. 2C. (B)
Bilateral CT26/NY-ESO-1-bearing mice were treated i.t. with a
combination of HF10 and DTA-1 in tumors on the right flanks of
mice. Tumor growth in the treated right and contralateral left sites
was measured. Photos show representative mice at 25 days after
CT26/NY-ESO-1 inoculation from the control and dual HF10-
and DTA-1-treated groups. (C) The three images of red (PE),
green (FITC), and blue (DAPI) fluorescence that were merged to
produce Fig. 2F.

(TIE)

Figure 82 The three fluorescence components of the
merged images of Fig. 5A and Fig. 5B (N1, C1, and D1).
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Three separate images of red (PE), green (FITC), and blue (DAPI)
fluorescence that were merged to produce Fig. 5A (A) and N1, C1,
and D1 of Fig. 5B (B).

(TIF)

Figure S3 The three fluorescence components of the
merged images of N2, C2, D2, and D3 in Fig. 5B. The
three separate images of red (PE), green (FITC), and blue (DAPI)
fluorescence that were merged to produce N2, C2, D2, and D3
images in Fig. 5B.

(T1F)

Figure S4 The three fluorescence components of the
merged images in Fig. 6E. The three separate images of red
(PE), green (FITC), and blue (DAPI) fluorescence that were
merged to produce Fig. 6E.

(TIF)
Figure S5 Drafting of i.t. treated DTA-1 into tumor-
draining lymph nodes. Frozen sections of tumor-draining
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