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2. Materials and methods
2.1. Vector construction

The pMX-CH vector was constructed from the pMX vector
(kindly provided by Dr. Kitamura, University of Tokyo) {2} by
inserting the human IgG Cvy1 gene and the Bacillus subtilis sacB gene
encoding levansucrase. In Escherichia coli, the expression of sacB in
the presence of sucrose is lethal {11}. Briefly, the pCMVtag1 vector
(Agilent technology) was modified at the multiple cloning site
(MCS), and the sacB gene was inserted into the modified MCS
(pCMVtag1-SacB) |12]. Constant region of human IgG cDNA was
then inserted into the pCMVtag1-SacB vector. The DNA fragment
containing the sacB and Cy genes was removed from the pCMV-
tag1-CH vector by digestion with BamHI and Notl and was inserted
into the pMX vector to construct the pMX-CH vector. To prepare
the pMX-KmAmpR-TCR-Co. or CB vector, the ampicillin resistance
gene (AmpR) from the pMX vector was first substituted with the
kanamycin resistance gene (KmR) from the pCMVtag1 vector (Pro-
mega) (pMX-Km). The AmpR gene was amplified from pBR322
(Promega) by PCR and was then inserted into the BstXI site of
the pMX-Km vector (pMX-KmAmpR). To prepare the DNA frag-
ment containing the sacB gene and the constant region of TCRo
(Cat) or TCR (CB), the Ca and CB cDNAs were amplified from hu-
man T cells by RT-PCR and were inserted into the Nrul and Notl
sites (pCMVtagl-Co and pCMVtagl-CB, respectively) [13]. DNA
fragments containing the sacB-Co and sacB-CB genes were prepared
from the pCMVtag1-Ca and pCMVtag1-Cp plasmids and were in-
serted into the BamHI and NotI sites of the pMX-KmAmpR vector
to construct the pMX-KmAmpR-TCR-Ca and CB vectors, respec-
tively. Expression vectors for the human CD3y, CD38, CD3g, ¢ and
CD8 cDNAs were constructed by linking these cDNAs with the 2A
sequence from the foot-and-mouth disease virus, as previously de-
scribed (2A-hCD3-hCD8 vector) | 141 All human CD3y, CD38, CD3s,
¢ and CD8 cDNAs were purchased from Origene.

2.2. Preparation of human peripheral blood lymphocytes and HLA
typing

Human experiments were performed with the approval of the
Ethical Committee at the University of Toyama. Informed consent
was obtained from all subjects. Peripheral blood lymphocytes
(PBLs) were isolated from heparinized blood samples by density
gradient centrifugation using Ficoll-Hypaque (Immuno-Biological
Laboratories). Screening for HLA-A24 haplotype positivity was per-
formed by staining the PBLs with FITC-conjugated anti-HLA-A24
(MBL). The cells were then analyzed by flow cytometry.

2.3. Cell lines

RPMI 1640 and DMEM media (Wako Pure Chemical) were sup-
plemented with 10% fetal bovine serum (Biowest), 100 pg/ml
streptomycin and 100U/ml penicillin. Human CD8 (hCD8)-
expressing TG40 cells {15} were kindly provided by Dr. Ueno
(Kumamoto University) with permission from Dr. Saito (Riken)
and were maintained in RPMI 1640 medium. The retroviral pack-
aging cell lines, PLAT-E and Phoenix-A, were kindly provided by
Dr. Kitamura (University of Tokyo) and by Dr. G. Nolan (Stanford
University), respectively, and were maintained in DMEM medium.
The 2A-hCD3-hCD8-293T cells were established by transducing
the 2A-hCD3-hCD8 vector into HEK293T cells (purchased from
ATCC).

2.4. Antibody and MHC tetramer staining

EBV-specific T cells were stained with PE-conjugated HLA-
Ax2402[peptide tetramers. The amino acid sequences of the HLA-
Ax2402-restricted EBV peptides are as follows: TYPVLEEMF
(BRLF-1 198-206), DYNFVKQLF (BMLF-1 320-328), IYVLVMLVL
(LMP2 222-230), RYSIFFDYM (EBNA3A 246-254) and TYSAGIVQI
(EBNA3B 217-225). All tetramers were purchased from MBL. The
FITC-conjugated anti-human CD8 antibody (MBL), APC-conjugated
anti-human CD3g antibody (TONBO Biosciences), biotin-conju-
gated anti-murine CD3¢ antibody (eBioscience) and APC-conju-
gated streptavidin (eBioscience) were used for flow cytometry.

2.5. Single-cell RT-PCR

Single-cell RT-PCR of the TCR gene from human T cells was per-
formed using the single-cell 5'-RACE method as previously de-
scribed [16]. The PCR products were analyzed by either direct
sequencing or sequencing after subcloning into an expression vec-
tor. The TCR repertoire was analyzed using the IMGT/V-Quest tool

(hitp:/fwww.imgtorg/) 1171
2.6. Homologous recombination reaction in the competent cells

Homologous recombination in the competent cells was per-
formed according to the instructions of the manufacturer (GENE
BRIDGES). Briefly, competent cells harboring the pRedET expres-
sion plasmid were mixed with the pMX-KmAmpR-TCR-Co or CB
vector that was linearized by Nrul digestion to remove sacB gene
and the amplified cDNAs encoding TCR-Vo or VB, respectively.
After transformation of the competent cells with the mixtures,
the competent cells were streaked onto LB agar plates containing
4% sucrose and 100 pg/ml ampicillin. After incubation at 37 °C
overnight, ampicillin-resistant E. coli cells were expanded. Plasmid
DNAs were purified, digested with BamHI and Notl, and separated
by agarose gel electrophoresis.

2.7. Retroviral transfection

The cDNAs encoding the TCR o or B chain were independently
inserted into the pMX-KmAmpR-TCR-Ca or pMX-KmAmpR-TCR-CB
plasmids, which were then transfected into the retroviral packag-
ing cell line PLAT-E using FUGENE 6 (Roche). The culture superna-
tant from the transfected PLAT-E cells was collected 72 h after
transfection and was added to hCD8-TG40 cells along with polyb-
rene (Sigma-Aldrich). The transfection was monitored by the cell
surface expression of murine CD3g. For the retroviral transduction
of the TCR ¢cDNAs into 2A-hCD3-hCD8 293T cells, the recombinant
retroviruses were produced using the packaging cell line Phoenix-
A and infected with 2A-hCD3-hCD8 293T cells as described above.

3. Results

3.1. Undesirable homologous recombination between the 5'- and 3'-
LTRs in the pMX retroviral vector

To insert ¢cDNA fragments into the retroviral vector using
homologous recombination, we first constructed a retroviral vector
with the human IgG constant region (Cy) and the sacB gene
(Fig. 1A). For examining the cDNA insertion into the vector using
homologous recombination, we amplified the Vy genes encoding
human IgG Vy from single human B cells using the 5'-RACE meth-
od. The amplified V4 genes were mixed with the linearized vectors
and introduced into the competent cells containing the pRED-ET
plasmid {9}, which induces homologous recombination in these
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Fig. 1. Undesirable homologous recombination in the conventional retroviral pMX vector. (A) Map of the pMX-CH vector. The pMX-CH vector contains the sacB gene and the
gene encoding the constant region of human IgG (B) Analysis of the homologous recombination products generated by the pMX-CH vectors. The PCR-amplified variable
region of the antibody heavy chain (Vy) from human single B cells was inserted into the pMX-CH vector using homologous recombination. Plasmid DNA was prepared from
the transformed colonies, digested with the BamH] and Notl restriction enzymes, and analyzed by agarose gel electrophoresis. The black arrow shows the target Vy; gene. The
asterisks indicate the pMX-CH vectors with the properly inserted Vi gene. “#" indicates vectors resulting from unsuccessful homologous recombination. (C) Scheme of
unsuccessful homologous recombination in the pMX-CH vector. See the sequence analysis in Supplementary Fig. 1. The pMX-LTR results in the pMX- CH vector following

unsuccessful homologous recombination.

cells [ 12]. The transformed cells were cultured on LB plates includ-
ing ampicillin. Plasmid DNA from the ampicillin-resistant colonies
was prepared, and the insertion of the Vy gene was examined by
the restriction enzyme digestion. As shown in Fig. B, only 8% of
the ampicillin-resistant cells contained pMX-Cy vectors into which
the Vy genes were properly inserted, whereas the rest of the colo-
nies did not. Sequence analysis of the plasmid DNA that did not
contain the Vy gene revealed that it only contained a single LTR,
and the sequence between the 5-LTR and 3’-LTR was deleted
(Supplementary Fig. 1). These results demonstrated that homolo-
gous recombination preferentially occurred between the 5'- and
3'-LTRs of the pMX-Cy vectors, as illustrated in Fig. 1C.

3.2. Modification of the pMX retroviral vector for the insertion of DNA
fragments using homologous recombination

In conventional retroviral vectors, E. coli selection markers, such
as AmpR or KmR genes, are located adjacent to the Col-E1 replica-
tion origin (ori). Consequently, homologous recombination be-
tween the 5- and 3’-LTRs in these retroviral vectors resulted in
the production of the vector shown in Supplementary Fig. 1. We
assumed that the frequency of homologous recombination be-
tween the 5~ and 3'-LTRs was much higher than that of homolo-
gous recombination between the retroviral vectors and the target
DNA fragments when the recombination reaction was conducted
between linearized retroviral vectors and the target DNA frag-
ments because the distance between the 5’- and 3’-LTRs is stochas-
tically much shorter than the distance between the vector and the
target DNA fragment.

To specifically select the E. coli cells that contained the retrovi-
ral vector into which the target DNA was properly inserted, we
constructed a retroviral vector in which the E. coli selection marker
gene was located adjacent to the insertion site of the target DNA
fragment by homologous recombination (Fig. 2A). When we in-
serted the target DNA into the modified retroviral vector using
homologous recombination, three possible products may be pro-
duced. When homologous recombination occurs between the 5'-
LTR and 3'-LTR, the products (i) and (ii) in Fig. 2A will be produced.
When homologous recombination properly occurs between the
vector and the target DNA fragment, then product (iii) will be pro-
duced. Product (i) contains the ori but lacks the AmpR gene, and the
E. coli harboring this product fail to grow in medium containing
ampicillin. Product (ii) contains the AmpR gene but lacks the ori,
and the E. coli harboring this product fail to grow in the medium
because the plasmid DNA cannot be replicated. Only the E. coli har-
boring product (iii) can grow in the medium containing ampicillin,

as this product contains both the ori and the AmpR gene. Therefore,
we may obtain only the proper product (iii) through homologous
recombination. According to this hypothesis, we inserted the AmpR
gene into the pMX-Km vector, in which the ampicillin resistance
gene was replaced with the kanamycin resistance gene at a site be-
tween the 3’-LTR and the multiple cloning site (pMX-KmAmpR)
(Fig. 2B).

3.3. High-throughput cloning using the modified retroviral vectors
with homologous recombination

To confirm the applicability of the vector for cloning by homol-
ogous recombination, we inserted the sacB gene and the constant
region of either human TCRa or TCRB into the vector (pMX-
KmAmpR-TCR o/B) (Fig. 3A). We amplified the V region cDNA of
either the TCRo or TCRP gene from single human CD8" T cells using
the 5-RACE method (Fiz. 3B) and inserted them into the Nrul-lin-
earized pMX-KmAmpR-TCR o/ vector using homologous recombi-
nation, as described in Section 2. We picked the resultant
ampicillin resistant colonies, grew them in medium containing
ampicillin and prepared the plasmid DNA. We then digested the
plasmid DNA with restriction enzymes to examine the proper
insertion of the TCR Vo (TRAV) or VB (TRBV) cDNA. Of the ampicil-
lin resistant cells, 100% and 81.3% of the competent cells contained
the vectors in which the TRAV- and TRBV-cDNAs were properly in-
serted, respectively (¥ig. 3C). These results showed that the pMX-
KmAmpR-TCR «ofp vectors enabled the efficient cloning of the
TCR gene using homologous recombination.

3.4. Usefulness of the pMX-KmAmpR-TCR o/ vectors for the functional
evaluation of the cloned TCR cDNAs in a high-throughput and
comprehensive manner

To evaluate the usefulness of the vector for high-throughput
cloning, we cloned the TCR genes from Epstein-Barr virus (EBV)-
specific CD8" T cells derived from HLA-A24" latent healthy donors.
We detected the EBV-specific CD8* T cells using a HLA-A%2402-re-
stricted tetramer mixture of the five EB virus epitopes (BRLF-1,
BMLF-1, LMP2, EBNA3A and EBNA3B) and then single-cell sorted
the tetramer-positive cells from 10 donors whose frequencies of
EBV tetramer-positive cells were more than 0.06% of the CD8" T-
cell population. We amplified 444 pairs of TRAV and TRBV cDNAs
from the sorted single cells using the 5'-RACE method and cloned
the TCR o and B cDNAs into the pMX-KmAmpR-Ca or pMX-
KmAmpR-Cp vectors, respectively. Next, to determine the anti-
gen-specificity of the cloned TCRs, we retrovirally transferred the
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Fig. 2. Schematic illustration of the modified retroviral pMX vector. (A) Schematic illustration of the homologous recombination using the pMX-opAmp vector. (i) and (ii)
Products of homologous recombination between the 5'- and 3’-LTRs. (iii) Product of homologous recombination between the target gene and the vector. (B) The pMX-Km
vector contains the AmpR gene in the opposite position of the Col-E1 ori relative to two LTRs (pMX-KmAmpR).
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Fig. 3. Cloning of PCR-amplified cDNAs into the modified retroviral pMX vector through homologous recombination. (A) Schematic illustration of the modified pMX-
KmAmpR vector for TCR cloning. (B) Amplified products of the variable regions of the TCR or B genes from single human T cells. The amplified products were analyzed by
agarose gel electrophoresis. Black arrow shows the target TCR-Vo (upper) or VB (lower). (C) Cloning of the PCR-amplified TCR-Vo or VB genes into the pMX-KmAmpR-TCR~
Cot/CB using homologous recombination. The PCR-amplified TCR-Vo or VB were cloned into the pMX-KmAmpR-TCR-Ca or CB vectors using homologous recombination,
respectively. Plasmid DNA was prepared from ampicillin-resistant colonies, digested with BamHI and Notl and separated by agarose gel electrophoresis. The black arrows
show TCRo. (upper) or TCRB (lower), respectively. Asterisks indicate the plasmid that underwent successful homologous recombination.

TCR cDNAs into the TG40 cell line, which does not express endog-
enous TCR, and stained them using the EBVpep/HLA-A%2402 tetra-
mer mixture. Ninety-five percent of the TCRs that were expressed
on TG40 cells bound the tetramer (data not shown). The analysis of
the cloned TCRs showed that the repertoire of the EBV-specific
TCRs was highly restricted; in particular, VB5 was frequently used
with TRBV (¥ig. 4A). Furthermore, the number of T cell clones ob-
tained from each donor was inversely correlated with the percent-
age of tetramer® CD8" T cells (Fig. 4B), suggesting that the specific
clones were expanded in each donor to regulate EBV latency.

During flow cytometric analysis, we found that some TCRs were
hardly expressed on TG40 cells. The TG40 cells expressed only
mouse CD3 molecules. We speculated that some human TCRs were
difficult to associate with mouse CD3 molecules. To examine this
possibility, we transduced two groups of human TCRs into the
HEK293T-hCD3 cells that expressed human CD3 molecules: Ones
that could be expressed on a large proportion of TG40 cells and
ones that were hardly expressed on TG40 cells. Flow cytometric
analysis (Fig. 4C) revealed that similar percentages of HEK
293T-hCD3 cells that were transduced with TCRs of each group
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Fig. 4. Functional analysis of the cloned TCRs using the retroviral transduction method. (A) Comprehensive repertoire analysis of the EBV-specific TCRs from 10 latent healthy
donors. The V regions of TCRa/p were obtained from single CD8" T cells that were stained with EBVpep/HLA-A#2402 tetramer mixture and were cloned into the pMX-
KmAmpR-TCR-Co/CB vectors using homologous recombination. The EBV-specificity of the cloned TCRa/p pairs was analyzed as described in Section 2. The frequency of the
TCR repertoire (%) was calculated using the following formula: Frequency of TCR repertoire (%) = (the number of cloned TCR)/(the number of analyzed T cell clones) x 100. (B)
Relationship between the number of cloned TCRs and the percentage of EBV-specific tetramer-positive cells in the CD8" T cells of 10 latent healthy donors. Clonality (%) was
calculated using following formula: Clonality (%)= (the repertoire number)/(the number of analyzed T-cell clones) x 100. “R*" shows the index correlation. The index
correlation was calculated using the GraphPad Prism6 software. (C) Comparison of the cell surface expression of retrovirally-transduced TCRs. Representative TCRs of two
groups: Ones that could be expressed on a large proportion of TG40 cells and ones that were hardly expressed on TG40 cells were transduced into 2A-hCD3-hCD8-293T cells

and the cell surface expression of the TCRs was analyzed.

expressed human CD3 on the cell surface. The results showed that
the expression of some human TCR molecules on the cell surface
was affected by the species of the CD3 molecules.

4. Discussion

This study was performed to construct a retroviral vector in
which the gene of interest can be inserted by homologous recom-
bination and that is suitable for high-throughput cloning. Retrovi-
ral vectors contain 5’- and 3’-LTRs of more than 600 base pairs that
exhibit sequence homology of more than 99%. Consequently, it is
extremely difficult to insert a target gene into a retroviral vector
because homologous recombination preferentially occurs between
the LTRs rather than between the target gene and the vector {2,101
To overcome this difficulty, we integrated the DNA replication ori-
gin Col E1 ori and the E. coli selection marker at opposite positions
relative to the 5~ and 3’-LTRs. Because both elements are necessary
for E. coli to grow, only E. coli that harbor a retroviral vector con-
taining the properly inserted target DNA fragment can grow in
the selection medium.

Using our modified retroviral vectors, we cloned 444 pairs of
TRAV and TRBV c¢DNAs from EBV-specific CD8" T cells and analyzed
their antigen-specificity and function {18]. Numerous studies on
the TCR repertoire of antigen-specific T cells have been performed
using conventional analysis methods, such as a FACS-based meth-
od with a panel of mAbs specific to each TCR 3 (TRB) V gene family
product {18} or PCR-based methods with a panel of TRBV-specific
primers {19,201, Additionally, our group and others have reported
a single cell RT-PCR protocol that allows for the simultaneous iden-
tification of the CDR3 o and CDR3 B transcripts of TCRs in human
{131 and mice {21]. However, these protocols could not retrieve
the TCR o/ pairs and analyze their functions, including antigen-
specificity. In contrast, the retroviral vector reported here enabled
the high-throughput and comprehensive cloning of TCRs using

homologous recombination and efficient confirmation of the anti-
gen-specificity of the cloned TCRs through retroviral transduction.

We used TG40 cells that expressed murine CD3 to analyze the
human TCRs. It is worth noting that some human TCRs are difficult
to express on the cell surface in association with the murine CD3
molecules, whereas they can be efficiently expressed on the cell
surface in association with human CD3 molecules. The TCRo/B het-
erodimer is expressed in association with the CD3vy, CD3§, CD3e
and ¢ molecules {22,23]. A remarkable feature of the transmem-
brane domains of these receptor components is the presence of
nine basic/acidic residues. Mutations of some of these polar resi-
dues resulted in a loss of receptor expression at the cell surface,
demonstrating that these polar residues are essential for the
expression of TCR-CD3 at the cell surface {24,251, In contrast, our
data showed that the V regions of the TCRa/p heterodimer also af-
fected TCR-CD3 expression at the cell surface, at least in the case of
the human TCR-murine CD3 complex.

In conclusion, target cDNA can be cloned into our modified ret-
roviral vector using homologous recombination, making this vector
a powerful tool for high-throughput cloning and the functional
analysis of cDNA products.
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T cell receptor (TCR)-based gene
immunotherapy is a promising strategy
for the treatment of various cancers.
Despite its great potential, this approach
is still limited to specific tumor-associated
antigens (TAAs) and to patients bearing
common MHC class I alleles. Generally,
characterizing the genes that encode TAA-
specific TCRs requires the establishment
of TAA-specific T-cell clones, which can
take up several months. Furthermore, the
screening of large amounts of T-cell clones
is laborious. Recently, we have developed a
system that allows for the cloning of genes
encoding TCR o/ pairs from single TAA-
specific T cells and the functional analysis
of their antigen-specificity in less than 10
d. We named this system hTECI0, for
“human TCR efficient cloning system
within 10 days” (Fig. 1).!

Using hTEC10, we obtained 73
and 126 o fetoprotein (AFP)-specific
TCRa/B-coding cDNA  pairs  from
2 hepatocellular carcinoma patients who
had been successfully treated with an AFP-
targeting peptide vaccine. The sequencing
of the TCR-coding genes revealed that 199
TCRa/B c¢DNA pairs were categorized
into 3 and 4 ¢cDNA clones, respectively.
The functional characterization of 7 AFP-
specific TCRs identified one (clone 1-14,
obtained from a single T-cell clone out of

199 AFP-specific T-cell clones available)

that mediated robust cytotoxic effects
against target cells pulsed with AFP-
derived peptides. This result suggests that
T-cell clones bearing high-affinity TAA-
specific TCRs are very rare even among the
petipheral blood lymphocytes of patients
who had been successfully treated by TAA-
targeting vaccines. Using conventional
methods, minor T-cell populations such
as clone 1-14 would be lost during culture,
since large T-cell populations would take
over and expand preferentially. Thus, our
method is suitable for exploring very small
populations of antigen-specific T cells
that conventional screening methods may
ovetlook, significantly increasing the
possibility to obtain optimal TCR-coding
cDNA:s for TCR-based gene therapy.

Until recently, numerous studies on the
TCR repertoire of antigen-specific T cells
have been performed by flow cytometry,
based on a panel of monoclonal antibodies
specific for TCR B variable fragment
(TRBV),? or by PCR-based methods, using
a panel of TRBV-specific primers.> These
methods characterize the TRBV regions
of TCRes at the population level, but fail to
provide insights into the TCR « variable
fragments (TRAVs) as well as into the
TRBV regions at a single-cell level. Thus,
so far we have not been able to measure the
true extent of the clonal diversity within
CD8* cytotoxic T lymphocyte (CTL)

populations isolated from cancer patients.
In this context, we and others had reported
single-cell RT-PCR protocols that permit
the simultaneous characterization of the
sequences encoding complementarity-
determining region 3 (CDR3) o and B
in human® and mouse® TCRs. However,
these protocols cannot identify TCR o/
pairs, confirm their antigen specificity nor
examine their ability to promote cytotoxic
effector functions. In contrast, the h\TEC10
system may provide us with a new way to
analyze the TCR repertoire, as it supplies
information of both the TCR « and B
chains at the single-cell level and can
assess their functional profile. In addition,
hTEC10 may provide a useful means to
assess the efficacy of anticancer vaccination.

For cancer immunotherapy to be
efficient, hence resulting in tumor
eradication in vivo, cytotoxic T cells
expressing a TCR of sufficiently high
avidity are required. In this context,
Johnson and colleagues selected CTLs
that displayed TAA-specific = TCRs
with sufficient affinity to induce tumor
regression among more than 600 different
TAA-specific T cells.® To obtain T cells
with a sufficient avidity to eliminate tumors
in vivo, Nauerth and collaborators have
recently developed a new assay based on
reversible MHC streptamers, allowing for
the assessment of the dynamic dissociation
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(K rate) of fluorescently labeled, pepride-
loaded MHC class I monomers from TCRs
expressed on the surface of living T cells.’
The assay enables a simple, quantitative
and reproducible measurement of the K
rate as a reliable indicator of TCR binding
avidity. The combination of the hTECI10
system with this new method may provide
us with a valuable approach to selectively
retrieve high-affinity T-cell clones for
TCR-based gene therapy. Another possible
strategy to generate high-affinity TCRs is
the genetic alteration of TCR-coding genes.
Preliminary clinical trials have already
demonstrated that genetically enhanced
TCRs can indeed confer improved
on-target effector functions to T cells. In
this scenario, the hTECIO system might
also contribute by supplying several TCR-
coding sequences as starting point for
genetic engineering.

Concerning the adverse effect of high-
avidity TCRs, 2 patients receiving affinity-
enhanced melanoma antigen family A3
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Abstract

Oncolytlc vnrotherapy combrned wrth lmmunomodulators rs a novel noninvasive strategy f for cancer treatment In this study,

© we examined the tumoncrdal effects of oncolytlc HF10, a naturally occurrmg”mutant of herpes srmplex virus type-1,
combined with an agonistic DTA-1 monoclonal antibody specific for the glucocorticoid-induced tumor necrosis factor
receptor.. Two murine tumor models were used to evaluate the therapeutlc efficacies of HF10 wrotherapy combined with

~ DTA-1. The kinetics and |mmunolog|cal mechanisms of DTA-1 in HF10 |nfect|on were examlned using flow cytometry and-
lmmunohlstochemlstry Intratumoral administration of HF10 in combination with DTA-1 at a low dose resulted in a more
- vigorous attenuation of growth of the untreated contralateral as well as the treated tumors than treatment with either HF10

~ or DTA-1 alone. An accumulation of CD8" T cells, including tumor- and herpes simplex virus type-1-specific populatlons, and
“a decrease in the number of CD4* Foxp3+ T regulatory cells were seen in both HF10- and DTA-1-treated tumors. Studies

- using Fc-digested DTA-1 and Fcy receptor knockout mice demonstrated the dlrect partncnpatlon of DTA-1in regulatoryT cell

_ depletion by antibody- dependent cellular cytotoxnaw prlmanly via macrophages These results mdrcated the potential
therapeutic efficacy of a glucocort|c0|d mduced tumor necrosrs factor receptor—specrf:c monoclona! antlbody |n oncolytlc :
wrotherapy at local tumor S|tes , ; i : , :
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Introduction oncolytic virus based on the JS-1 strain of herpes simplex virus
type-1 (HHSV-1) that has been engineered to express human GM-
Oncolytic virotherapy has existed for over 100 years and is a  CSF [9-12]. The results of a phase III trial demonstrate that
promising method for the treatment of cancer patients because of | .lanoma patients treated with this virus show statistically
the strong cytolytic response of virus-infected tumor cells; however, significant improvement with durable responses [12].
complications may result from the use of oncolytic viruses HSV infection in wide ranges of cell populations results in
including toxicity against normal cells [1-3]. Thus, artificially degenerative change and death [13]. HF10 is a spontaneous
modified oncolytic viruses have been engineered to achieve low mutant of HSV-1 strain HF [14] that lacks neuroinvasiveness and
toxicity against normal tissues together with sufficient antitumor is at least 10,000-fold less virulent than wild-type HSV-1 in mice
activity. Onco.lytic viruses that have been modified to express [15]. In several clinical studies of cancer patients, HF10 has been
human cytokines, such as granulocyte macrophage colony-  ¢houn to have antitumor effects [16-19]. In murine studies, HF10
Smnulatlf{g factnr (GM-CSF)  have thf: potential for fur-ure packaged with a GM-CSF-expressing amplicon has been reported
therapeutic use in the treatment of solid tumors. JX-594 is a ¢, exhibit more tumoricidal activity than intact HF10 [20,21],
GM-CSF-armed oncolytic poxvirus that has shown promising  gunnorting the hypothesis that HF10 exhibits maximal antitumor

outcomes when ac'lmlm‘stere.d by either mtratumoralGl(\l/I'_tgsll?Je_Ctlon activity when used in combination with immunomodulators.
or intravenous (i.v.) infusion [4-8]. OncoVEX is an
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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 GD8* 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-1-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. (1x10” 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 HFI10 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 CD8o mAb (53-6.7; BD Bioscience), anti-mouse/
rat Foxp3 mAb (EJK-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
ant-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 Fe-blocking
in all experiments. For in vivo administration, anti-mouse GITR
mAb (DTA-1, rat IgG2b) and anti-mouse CD8o 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 (TILs), 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 um) 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 CT26/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 CT26/NY-ESO-1-bearing mice obtained at 5
days after it. 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 CMS5a 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.) (<2x 10° cells/ ug) 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
CD8o-specific mAb for 15 min at 4°C and followed by an IFN-y-
specific mAb for 15 min at 4°C (<2x10° cells/pg). 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
IgG 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.g001

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 Biology).

Immunohistochemistry

Frozen CT26/NY-ESO-1 tumor specimens embedded in
O.C.T compound (Sakura Finetechnical) were sectioned at a
thickness of 3 um, 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 cosin (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 ug/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 vitro 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.

0/10 (0

HF10

PLOS ONE | www.plosone.org

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

0/13 (0.0%)

* 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

August 2014 | Volume 9 | Issue 8 | e104669

- 323 —



HF10 Oncolytic Virotherapy with Murine GITR Targeting

700 xm

L% 5100 mwm 4

: - - Red: anti-Da b

— Cont. —— HF10 + DTA-1

300 Treated
fumors
200 -
& p<
E 100 0.001
\q; HE 3 «%Tmmm-;,ﬁlﬁk
N , :
=400 . -
g 300 Contralateral
5 tumors p=
—_— 0.004
+I
, -l 100
Red: anti-CD8a. mAb  Green: anti-HSV-1 mAb l
0
D —— Cont. 0 7 9 2 % %
—— HF10 + DTA-1 in wild mice Days after tumor inoculation

oo
<o
Lo

=== HF10 + DTA-1 F
in CD8+ cell-depleted mice |

£xd
(]
<3

Tumor size (mm?)
= =

0 7 it 3l 2

Days after tumor inoculation Red: anti-CD8a mAb  Green: anti-HSV-1 mAb

PLOS ONE | www.plosone.org 5 August 2014 | Volume 9 | Issue 8 | e104669

— 324 —



HF10 Oncolytic Virotherapy with Murine GITR Targeting

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-CD8x 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 polyclonal antibody, and DAPI. (D) CT26/NY-
ESO-1 growth (mm?) in both it. 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-1-
treated groups (Fig. 1B and Table 1).

We observed CT26/NY-ESO-I-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-I
(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 HF10-
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 CD8o-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 CD8F 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 it. treatment with D'TA-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-] 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-vy-
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 D'TA-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-l-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 CD4* 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™ cell.
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Figure 3. Generation of tumor- and HF10-specific CD8" T cells by intratumoral treatment of DTA-1 and HF 10 combined with DTA-1.
(A) CT26- and NY-ESO-1-specific CD8" T cell responses in CT26/NY-ESO-1-regressed mice by i.t. 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 it. 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 pg/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 HF 10 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 i.t. 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
coliected 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

fluorescence from DTA-1 or the control rat IgG merged with the
green fluorescence from F4/80" macrophages in nearby tumor
stroma (Fig. 5B; C1, D1, and S2B) indicated that DTA-1 and rat
IgG bound with macrophage-expressing FcRs. In addition, a large
number of cells visualized in lymphocyte-like formation by staining
with anti-rat IgG2b mAb were positive for Foxp3 (Fig. 5B; D2,
D3; Fig. S3A and B) and were in contact with macrophages in

Depletion of tumor-infiltrating Treg cells by DTA-1-
mediated cellular cytotoxicity

Fluorescent immunohistological studies using double labeling
with anti-rat IgG2b mAb (for DTA-1) and F4/80- (for macro-
phages) or Foxp3- (for Tregs) specific mAbs were performed to
determine the mechanisms of DTA-1-dependent depletion of
CT26/NY-ESO-1 tumor-infiltrating Treg cells. At 6 hrs after

DTA-1 treatment, Foxp3* cells clustered at the DTA-1-stained
peritumor sites, whereas Foxp3* cells did not accumulate in the
control rat IgG-treated case (Fig. 5A and S2A). Images of red
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various areas of DTA-I~treated tumors (Fig. 5B; D2; Fig. S3A).
These results strongly support the hypothesis that DTA-1
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Figure 5. Kinetics of Foxp3™ Treg cells and F4/80" macrophages in DTA-1-treated tumors. Frozen sections of CT26/NY-ESO-1 tumors
obtained at 6 hrs after DTA-1 i.t. injection were stained with FITC-conjugated anti-Foxp3 mAb, PE-conjugated anti-rat IgG2b mAbs and DAPI (A and B:
D3), or FITC-anti-F4/80 mAb, PE-anti-rat IgG2b mAb, and DAP! (B: D1 and D2). Sections from untreated and control rat IgG-treated tumors were used
as controls (A and B: N1, N2, C1, C2). Representative photos from three experiments are shown.

doi:10.1371/journal.pone.0104669.9005
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Figure 6. DTA-1-mediated depletion of tumor-infiltrating CD4* Foxp3™ Treg cells by ADCC. (A) DTA-1- (dotted line) or isotype control
(solid line)-treated CMS5a and murine GITR gene-transfected CMS5a (CMS5a/GITR) cells were stained with a FITC-conjugated anti-rat IgG (H+L)
antibody and analyzed by flow cytometry. (B) CFSE-labeled CMS5a and CMS5a/GITR cells were used as targets. The mixture of IFN-y-activated
RAW264.7 cells (effector cells) and target cells were incubated for 12 hrs with control IgG or DTA-1 at effector/target ratios of 5 and 15. (C) Frequency
of Foxp3* cells in tumor-infiltrating CD4™ cell population at 3 days after it. DTA-1 or Fc-digested DTA-1 (DTA-1 Fab) treatment was measured by flow
cytometric analysis. (D) Frequency of Foxp3* cells in tumor-infiltrating CD4" cell population at 3 days after DTA-1 i.t. treatment in wild-type or FcRy
KO mice was measured by flow cytometric analysis. By Student’s t-test, the decrease in the frequency of Foxp3* cells in DTA-1-treated CT26/NY-ESO-1
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
CT26/NY-ESO-1 tumors obtained at 3 days after DTA-1 i.t. treatment in wild type and FcRy KO mice were stained with FITC-anti-Foxp3 and PE-anti-
CD8a mAbs, and DAPI.

doi:10.1371/journal.pone.0104669.g006
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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 RAW264.7 macrophage cells as an effector and murine
GITR gene-transfected CMS5a (CMS5a/GITR) cells (Fig. 6A) as
a target. CMS5a/GITR cells were lysed in the presence of DTA-]
in a GITR-specific manner (Fig. 6B). We further investigated in
vivo the ADCC effects of D'T'A-1 using Ie portion-digested D'TA-
1 (DTA-1 Fab) and FcRy KO mice. Depletion of CD4* Foxp3*
Treg cells in C'T26/NY-ESO-1 tumors was not observed following
it. DTA-1 Fab treatment (Fig. 6C). In addition, no significant
decreases in the number of CD4% Foxp8™ Treg cells and
accumulation of CD8* T cells were detected by DTA-1 treatment
in FeRy KO mice, unlike the results from wild-type mice (Fig. 6D,
6E, and S4). These results clearly indicated the direct participation
of DTA-1 in Treg cell depletion by ADCC.

Taken together, these results show that HF10 virotherapy
combined with D'TA-1 clicits a powerful therapeutic effect against
tumors via the accumulation of CD8% T cclls, after tumor
destruction by HF10 and the enhancement of tumor- and virus-
specific CD8" 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 antiemctic, implying the clinical inapplicability of such
cytotoxic agents. Tumor therapy promises an cra 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 cvents such as
diarrhea, rashes or pruritis [35-38]. In addition, systemic
administration of immunomodulators can clicit serious autoim-
mune discases. A study from another group has shown that in a
murine model, treatment with 50 pg/mouse DTA-1 induces
antitumor activity and weak autoimmunc 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, clicits tumor lysis by augmented
systemic tumor-specific CD8% T cell activity with negligible
toxicity. Therefore, local 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 C'TLA-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-GITRL 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 DTA-1 and intact DTA-1 in FcRy KO mice did not
participate in the downregulation of Foxp3 expression. After it.
DTA-1 injection, macrophages appcared to attract DTA-1-
conjugated Treg cells via their FeR and migrate to peritumor
sites, as shown in Fig. 5, and the results suggest that the
peritumoral stroma is a crucial place for ADCC triggering. Since
CCL22 scereted 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 Iig. 4C, a small proportion of tumor-infiltrating
CD8* T cells bound with i.t. treated DTA-1. In addition, D'TA-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 GTL responses. La ct al. have reported that DTA-1 elicits
immediately explosive HSV-1-specific CD8* C'TL and CD4* Th
responscs in HSV-1-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. S5), suggesting the relationship
between DTA-1 and quick generation of tumor-specific CGTLs.
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 HF10 therapy combined with DTA-1
should be suitable for the treatment of cancer patients without
crucial side cffects. The benefits of the combined treatment
regimen include the vigorous cxpansion of tumoricidal CTLs
associated with the early HF10-specific CTL responses, inhibition
of tumor formation by HF10 infection, direct expansion of CD8*
T cells by DTA-1, and ncgation of immune suppressive Treg cell
activities by DTA-1-mediated ADCC and/or DTA-1 signaling.

Supporting Information

Figure S1 Systemic surveillance of tumoricidal CTLs
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.

(T1E)
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).

(T1F)

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.

(TIF)

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.

(TTF)
Figure S5 Drafiing of i.t. treated DTA-1 into tumor-
draining lymph nodes. Frozen sections of tumor-draining
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1 Fab treatment were stained with a FITC-conjugated anti-rat
IgG2b antibody, a phycoerythrin (PE)-conjugated anti-F4/80
antibody, and DAPL
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