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Aurora kinase A (AURKA) is overex-
pressed in leukemias. Previously, we
demonstrated that AURKA-specific
CD8+ T cells specifically and selectively
lysed leukemia cells, indicating that
AURKA is an excellent target for immu-
notherapy. In this study, we examined
the feasibility of adoptive therapy using
redirected T cells expressing an HLA-
A*0201-restricted AURKA,7.215-specific

T-cell receptor (TCR). Retrovirally trans-
duced T cells recognized relevant pep-
tide-pulsed but not control target cells.
Furthermore, TCR-redirected CD8"*
T cells lysed AURKA-overexpressing hu-
man leukemic cells in an HLA-A*0201-
restricted manner, but did not kill
HLA-A*0201* normal cells, including
hematopoietic progenitors. In addition,
AURKA7.215-specific TCR-transduced CD4+

T cells displayed target-responsive Th1 cy-
tokine production. Finally, AURKAzg7.215-
specific TCR-transduced CD8* T cells
displayed antileukemia efficacy in a xeno-
graft mouse model. Collectively, these
data demonstrate the feasibility of redi-
rected T cell-based AURKA-specific im-
munotherapy for the treatment of human
leukemia. (Blood. 2012;119(2):368-376)

Introduction

Aurora kinase A (AURKA) is a member of the serine-threonine kinase
family that regulates mitotic cell division from G, through to M phase of
the cell cycle.! The AURKA gene maps to chromosome region 20q13.2.
AURKA is expressed at low levels in normal cells, including dividing
cells, and overexpression of AURKA has clear oncogenic potential.>?
Indeed, the AURKA gene is overexpressed in various types of cancer,
including leukemias.>® Furthermore, correlations between the genetic
dysregulation of AURKA and susceptibility to cancer, disease status, and
prognosis have been described.* In particular, AURKA gene overexpres-
sion correlates with genetic instability and poor differentiation of cancer
cells.”® As AURKA expression is tightly regulated in normal tissues and
overexpression correlates with malignant transformation, small molecu-
lar inhibitors have been developed that selectively target this protein in
various tumors. A number of such molecules are currently in early phase
clinical trials and preliminary data are encouraging.®1?

The overexpression of AURKA in cancer cells, but not in
normal tissues, makes it an attractive target for tumor immuno-
therapy. We have previously shown that testis is the only tissue that
expresses detectable levels of AURKA, which suggests that this
antigen behaves like cancer/testis antigens.!? Based on these
findings, we previously studied the immunotherapeutic potential of
AURKA and identified an HLA-A*0201-restricted antigenic nona-
mer epitope derived from the kinase domain (residues 207-215).
The AURKA,y.2;5 epitope (YLILEYAPL) was recognized by
CD8* cytotoxic T lymphocytes (CTLs) generated in vitro.® Further-
more, leukemic cells endogenously expressing AURKA were

killed by these CTLs, indicating that the cognate epitope is
naturally processed and presented in the context of HLA-A*0201
at levels sufficient for immunotherapeutic applications. In addition,
Kobayashi and colleagues have identified HLA-class Il-restricted
AURKA-derived pentadecamer epitopes to which they could
generate CD4™" helper T cells that expressed antitumor reactivity.'*

Immunotherapeutic interventions based on tumor antigen-
specific T-cell receptor (TCR) gene transfer to redirect the specific-
ity of other T cells has shown clinical success in patients with
advanced melanoma.'> However, this approach is complicated by
several potential problems: (1) on-target adverse events directed
against normal tissues, especially when affinity-enhanced TCRs
are used'®; (2)issues related to chain mispairing between the
introduced and endogenous TCR «/f genes; and (3) off-target
adverse events because of inherent cross-reactivity of the intro-
duced TCR.!7 Although various solutions have been explored to
minimize TCR chain mispairing, all current approaches have
intrinsic limitations. To this end, we have recently developed a
unique vector system that simultaneously delivers siRNAs, which
specifically down-regulate endogenous TCR expression, and a
siRNA-resistant relevant TCR construct (si-TCR vector).!® Further-
more, the likelihood of adverse events related to expression of the
introduced TCR may be minimized by the selection of tumor-
specific antigens or cancer/testis antigens, rather than tumor-
associated antigens. Indeed, a recent clinical study reported that
redirected T-cell therapy using NY-ESO-l-specific TCR gene
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transfer displayed antitumor efficacy against metastatic melanoma
and metastatic synovial cell sarcoma without obvious toxicities
mediated by the transferred T cells.!®

In this study, we examined the antileukemic efficacy and safety
of redirected T cells using HLA-A*0201~restricted AURKA 07215~
specific TCR gene transfer both in vitro and in vivo. The data
demonstrate the feasibility of this approach for the treatment of
human leukemias.

Methods

Cells and cell lines

Approval for this study was obtained from the Institutional Review Board
of Ehime University Hospital (Protocol 0909001 and 0909002). Written
informed consent was obtained from all patients, healthy volunteers, and
parents of cord blood donors in accordance with the Declaration of
Helsinki. B-lymphoblastoid cell lines (B-LCLs) were established by
transformation of peripheral blood B-lymphocytes with Epstein-Barr virus.
GANMO-1 (HLA-A2"), MEGO1 (HLA-A27), MEGOI-A2 (HLA-A*020]
gene-transduced MEGO1), OUN-1 (HLA-A27), and KAZZ (HLA-A27)
leukemia cell lines were cultured in RPMI 1640 with 10% FCS, antibiotics,
and L-glutamine. The artificial antigen-presenting cell line C1R-A2 (HLA-
A*0201") was a kind gift from Dr A. John Barrett (National Heart, Lung,
and Blood Institute, Bethesda, MD). The Jurkat/MA cell line (kindly
provided by Prof Erik Hooijberg, Viije Universiteit Medisch Centrum,
Amsterdam, The Netherlands) is a Jurkat cell subclone that lacks endoge-
nous TCR expression and stably expresses both the human CD8a gene
(hCD8a) and an NFAT-luciferase gene construct for the detection of
signaling via newly introduced TCRs.?? PBMCs and bone marrow mononu-
clear cells (BMMCs) from leukemia patients and healthy volunteers, and
cord blood mononuclear cells (CBMCs) from healthy donors, were isolated
by density gradient centrifugation and stored in liquid nitrogen until use.
CD34% cells from CBMCs were isolated using CD34" cell-isolating
immunomagnetic beads (Miltenyi Biotec).

Synthetic peptides and HLA-A*0201/peptide tetrameric
complexes

The HLA-A*0201-restricted AURKAg07.2;5 nonameric peptide (YLI-
LEYAPL) was puarchased from Thermo Electron (Greiner Bio-One).
Biotin-tagged soluble HLA-A*0201/AURKA monomers were produced as
previously described.?! Fluorochrome-labeled tetrameric complexes were
generated by conjugation to streptavidin-PE (Prozyme) at a molar ratio of
4:1.22 HLA-A*0201 tetramers were also produced with the HIV-1 p17
Gag-derived peptide epitope SL9 (SLYNTVATL, residues 77-85) for
control purposes.

Generation of an AURKA7.,5-specific CTL clone

A novel AURKA7.,35-specific CTL clone designated AUR-2 was gener-
ated as previously described.”? Briefly, monocyte-derived dendritic cells
(Mo-DCs) were generated from CD14* PBMCs using 10 ng/mL recombi-
nant human IL-4 and 75 ng/mL recombinant human GM-CSF (R&D
systems), then matured with 100 U/mL recombinant human TNF-o
(Dainippon Pharmaceutical). CD8" T cells (1 X 10%) were stimulated with
10* autologous mature AURKAyq7.5;5 peptide-loaded (1 OpM) Mo-DCs ina
96-well round-bottomed plate. One week later, the CD8* T cells were
restimulated similarly, and 10 U/mL recombinant human IL-2 (Roche) was
added after a further 4 days. Thereafter, CD8" T cells were restimulated
weekly with 10 autologous AURK Ayy7.215 peptide-pulsed (10pM) PBMCs
treated with mitomycin-C (MMC: Kyowa Hakko). Epitope-dependent
target cell cytotoxicity was examined using standard’!chromium ($!1Cr)-
release assays.

ELISPOT

ELISPOT assays were conducted as previously described?? Briefly,
96-well flat-bottomed MultiScreen-HA plates with a nitrocellulose base
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(Millipore) were coated overnight at 4°C with 10 pg/mL anti-IFN-y
monoclonal antibody (mAb; R&D Systems). After washing with PBS,
cultured CD8™* T cells were stimulated with 5 X 10* AURKA .55 peptide-
pulsed (1uM) or unpulsed C1R-A2 cells/well for 20 hours at 37°C in a 5%
CO, atmosphere. Subsequently, the wells were vigorously washed with
PBS/0.05% tween 20 and incubated with polyclonal rabbit anti~IFN-y Ab
(Endogen) for 90 minutes at room temperature. The wells were then washed
again and incubated for 90 minutes with peroxidase-conjugated goat
anti-rabbit IgG Ab (Zymed). Spots were visualized by the addition of
100 pL substrate, comprising 0.IM sodium acetate buffer (pH 5.0)
containing 3-amino-9-ethylcarbazole (Sigma-Aldrich) and 0.015% H,0s,
for 40 minutes at room temperature and counted under a light microscope.

Cloning of full-length TCR « and B chain genes from the AUR-2
CTL clone and retroviral vector construction

Total RNA was extracted from the HLA-A*0201-restricted AURKA307.215-
specific CTL clone AUR-2 using the FastPure RNA Kit (Takara Bio)
according to the manufacturer’s instructions. Full-length TCR « and
B genes were cloned as previously described. > Briefly, cDNA was ampli-
fied using a 5'-RACE primer and 3’-constant region primers as follows:
(1) 5'-TCAGCTGGACCACAGCCGCAGCGT-3' for TCR Cuo; (2)5'-
TCAGAAATCCTTTCTCTTGAC-3' for TCR CR1; and (3) 5'-CTAGC-
CTCTGGAATCCTTTCTCTT-3’ for TCR CB2. The conditions for PCR
were: one cycle at 94°C for 3 minutes, followed by 30 cycles at 94°C for
40 seconds, 58°C for 40 seconds and 72°C for 1 minute, with a final
extension phase at 72°C for 5 minutes. Each TCR « and § chain amplicon
was cloned into the pMD20 TA cloning vector (Takara Bio), and sequenced
using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-
tems) and an ABI 3730x1 sequencer (Applied Biosystems). Full-length TCR
a and B genes were then cloned into the bicistronic pMS3 retroviral vector,
which is a pME1-5 derivative that contains the murine stem cell virus
(MSCV) LTR (Takara Bio) in place of the 3'LTR (pMS3-AURKA-TCR,
Figure 1). Ecotropic retrovirus particles were obtained by transient
transfection of HEK293 T cells with the TCR construct and helper plasmids
(pGP vector and pE-eco vector; Takara Bio). Gal.V-pseudotyped retrovirus
particles were obtained by consecutive transfection into PG13 cells. The
pMS3-AURKA-TCR GaLV-pseudotyped retroviruses were used for AURKA-
specific TCR a and B gene transduction.

Transduction of AURKAo7.215-specific TCR genes

Jurkat/MA cells and healthy donor T cells were genetically modified to
express the AURKA-specific TCR using RetroNectin (Takara Bio) as
previously described.’® Briefly, 1 X 10° healthy donor T cells per well in
GT-T503 (Takara Bio) with 5% hwman serum, 0.2% human albumin,
50 U/mL recombinant human IL-2 (R&D Systems), 5 ng/mL recombinant
human IL-7 (R&D Systems), 10 ng/mL recombinant human IL-15 (Pepro-
Tech Inc), and 100 ng/mL recombinant human IL-21 (Shenandoah Biotech-
nology Inc) were added on day 1 to a 24-well culture plate pretreated with
antihuman CD3 mAb (BioLegend). Jurkat/MA cells were cultured in
IMDM with 8% FCS and 50 p.g/mlL. hygromycin B (Invitrogen). On day 3,
cultured T cells or Jurkat/MA cells were transferred on to a retrovirus-
preloaded RetroNectin-coated 24-well plate, centrifuged at 2000g for
2 hours and rinsed with PBS. Cells were then applied to the retrovirus-
preloaded RetroNectin-coated 24-well plate again for the second transduc-
tion. AURKA-specific TCR-transduced T cells were stimulated weekly
with MMC-treated C1R-A2 cells loaded with AURK Ay7.215 peptide (1uM)
for further functional experiments.

Flow cytometric analysis

The AUR-2 CTL clone expresses the TRBV/0-3 gene, denoted in IMGT
nomenclature.® This corresponds to TCR VB12 in the Arden nomencla-
ture.?0 Accordingly, anti-TCR VB12 mAb was used to detect AURKA7.215-
specific TCR-transduced cells. After 4 to 6 days, transduced cells were
analyzed by flow cytometry using anti-TCR VB12-FITC (Beckman Coulter).
anti-CD8-FITC (BD Biosciences) or anti-CD8-PE (BioLegend), and
HLA-A*0201/AURK Aggy.015 tetramer-PE (only with anti-CD8-FITC).
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Intracellular expression of Foxp3 and AURKAjg7.5;5—tesponsive IFN-y
production by AURKAyy.2;5—specific TCR-transduced CD4* T cells were
analyzed using anti—-Foxp3-PE (e-Bioscience) and anti-IFN-y-FITC (BD
Biosciences). Data were acquired using a FACS Calibur flow cytometer and
analyzed with either Cell Quest (BD Biosciences) or FlowJo Version 7.2.2
software (TreeStar Inc).

CFSE dilution assay

To measure epitope-responsive proliferation of AURKAp7.215~specific
TCR-transduced CD8* T cells in the presence or absence of similarly
redirected CD4* T cells, CD8* T cells were labeled with CFSE (Molecular
Probe Inc) as described previously.?? After 3 days, CFSE dilution within the
CD8* T-cell population was assessed by flow cytometry.

Epitope-responsive luciferase production by
AURKA¢7.215~-specific TCR-4ransduced Jurkat/MA cells

To verify the functionality of the cloned AURKAq7.215-specific TCR « and
B chains, we used the TCR™ Jurkat/MA cell line, which stably expresses
hCD8a and an NFAT-luciferase reporter gene (Jurkat/MA/CD8a/luc). as
follows. pMS3-AURKA-TCR was retrovirally transduced into Jurkat/MA/
CD8a/luc cells. Cells expressing TCR VB12 were isolated for functional
analysis. Briefly, HLA-A*0201* B-LCL cells were loaded with titrated
doses of AURKA17.215 peptide or the irrelevant SL9 peptide (10puM; HIV-1
p17 Gag, residues 77-85) and used to stimulate 8 X 10° TCR gene-modified
Jurkat/MA/CD8a/luc cells (effector:target ratio 2:1) for 12 hours. The cells
were then lysed and subjected to luciferase assay using the PicaGene-Dual-
SeaPansy Kit (TOYOQinki) according to manufacturer’s instructions. Lu-
ciferase activity was measured using a Lumicounter700 (MicrotecNition).

IFN-y secretion assay

AURKAyy7.015-specific TCR-transduced CD4% or CD8* T cells (5 X 10%)
were incubated with 105 AURKAyp7.215 peptide-pulsed (1uM) or unpulsed
C1R-A2 cells for 24 hours. For the inhibition assay, cells were cultured in
the presence of either an anti-HLA class I framework mAb (w6/32; ATCC)
or a control anti-HLA-DR mAb (L243; ATCC). Cytokine production
patterns were assessed using a bead-based immunoassay kit (Becton
Dickinson). IFN-y in the culture supernatant was measured using an ELISA
kit (Pierce) according to the manufacturer’s instructions. Streptavidin-HRP
was used for color development, and luminointensity was measured using
IMMUNO-MINI (NJ-2300; Microtec).

Cytotoxicity assay

Standard *'Cr release assays were performed as previously described.?
Briefly, 10* unpulsed or peptide-pulsed target cells were labeled with 31Cr
(Na,*'CrO4; MP Bio Japan) and incubated at various ratios with effector
cells in 200 pL of culture medium in 96-well round-bottomed plates. To
assess HLA class I restriction, target cells were incubated with 10 pg/mL
w6/32 mAb or the control L243 mAb for 1 hour, then incubated with
effector cells for 5 hours. After incubation, 100 pL supernatant was
collected from each well to measure 7'Cr release. The percentage specific
lysis was calculated as: (experimental release cpm — spontaneous release
cpm)/(maximal release cpm — spontaneous release cpm) X 100 (%).

Quantitative analysis of AURKA mRNA expression

Quantitative real-time PCR (qQRT-PCR) for AURKA mRNA was performed
as described previously.S Briefly, total RNA was extracted using an RNeasy
Mini Kit (QIAGEN) and ¢cDNA was synthesized. qRT-PCRs for AURKA
mRNA (Hs00269212_ml) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) mRNA (4326317E) as an internal control were performed using
the TagMan Gene Expression assay (Applied Biosystems) in accordance
with the manufacturer’s instructions and an ABI Prism 7700 Sequence
Detection System (Applied Biosystems). The expression level of AURKA
mRNA was corrected by reference to that of GAPDH mRNA, and the
relative amount of AURKA mRNA in each sample was calculated by the
comparative ACt method.
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AURKA protein expression analysis by Western blotting

For the analysis of protein expression, Western blotting was performed as
described previously.® Briefly, cell lysates were subjected to 10% SDS-
PAGE (e-PAGEL, ATTO) and blotted onto PVDF membranes (Bio-Rad
Laboratories). The blots were incubated first with anti-AURKA mouse
mAb (Abcam), then with HRP-conjugated anti-mouse IgG (GE Health-
care). The probed proteins were visualized using an enhanced chemilumi-
nescence system (GE Healthcare). Subsequently, the blotted membranes
were stripped and reprobed with anti—-B-actin mouse mAb (Sigma-Aldrich)
to confirm equivalent protein loading between samples.

Antileukemia effect of AURKA ,y7.215—-specific TCR-transduced
T cells in xenograft mouse models

All in vivo experiments were approved by the Ehime University animal
care committee. For the Winn assay, 5 X 105 GANMO-1 cells and
2.5 X 107 AURKAy7.215-specific TCR gene-transduced or non-gene-
modified CD8* T cells were inoculated per mouse (n = 4 per group). The
cells were suspended in 300 wL PBS and injected subcutaneously into the
left flank of NOG mice (Non-Obese Diabetic/Severe Combined Immuno-
Deficiency/IL-2 receptor -y-chain allelic mutation; NOD/Shi-scid/IL-2R
y*i29 aged 5-6 weeks (Central Institute for Experimental Animals). Mice
were subsequently injected intravenously with either 5 X 10° AURKAy7.215—
specific TCR gene-modified cells, AUR-2 cells or unmodified CD8*
T cells, as per the initial inoculation, on a weekly basis for a total of
5 infusions. Tumor size was measured every 5 days until the mice died or
were euthanized because of tumor progression.

For adoptive transfer experiments, NOG mice aged 9 weeks were
similarly inoculated with 5 X 10% of GANMO-1 cells. Intravenous adminis-
tration of either 5 X 10 AURKAyy7.215-specific TCR gene-transduced or
non—gene-modified CD8* T cells commenced on the same day (day 0), and
was continued on a weekly basis thereafter until the mice died or were
euthanized because of tumor progression.

Statistical analysis

The paired r test was used to assess differences between groups; a P value
< .05 was considered significant.

Resulis

Generation of a novel HLA-A*0201-restricted
AURKA47.215—-specific CTL clone (AUR-2) and retroviral
expression of the full-length TCR « and B genes

Characteristics of the newly established HLA-A*0201-restricted
AURKAy7.015-specific CTL clone (AUR-2) are shown in Figure 1.
AUR-2 was stained uniformly with the HLA-A*0201/AURKAy7.515
tetramer, but not with the irrelevant HLA-A*0201/Gagy7.45 te-
tramer (Figure 1A). In cytotoxicity assays, AUR-2 displayed
moderate levels of functional sensitivity in response to cognate
peptide (Figure 1B). Epitope-dependent production of IFN-y was
confirmed in ELISPOT assays (Figure 1C). Peptide specificity and
HLA restriction were further demonstrated in cytotoxicity assays
with different target cells (Figure 1D). In addition, AUR-2 lysed the
HLA-A*0201% leukemia cell line GANMO-1, which overex-
presses AURKA mRNA, but not the HLA-A*0201~ negative cell
lines MEGOI and K562, both of which also express AURKA
mRNA at high levels (Figure 1E). The rearranged TCR « and
B genes of AUR-2 were sequenced and found to comprise the germ
line gene segments TRAV3/TRAJ20/TRAC and TRBVI10-3/TRBJI-
I/TRBC1, respectively; both full-length genes were cloned into a
novel bicistronic retroviral vector (Figure 1F).
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Figure 1. Characteristics of the AURKAq7.215—specific CTL clone AUR-2. (A) Representative flow cytometry plots showing staining of AUR-2 with the HLA-A*0201/AURKAgo7.215
tetramer (left) and the irrelevant HLA-A*0201/Gagy7.gs tetramer (negative control; right}. (B) The cyotoxic activity of AUR-2 was measured in 5'Cr-release assays against
C1R-A2 or C1R (negative control) cells loaded with a range of AURKA07.215 peptide concentrations as indicated. E/T indicates effector:target ratio. (C} IFN-y ELISPOT assays
were conducted using C1R-A2 target cells loaded with 1pM AURKALg7.015 peptide and AUR-2 CTL at different input numbers as shown. (D) 5'Cr-release assays were
conducted using AUR-2 CTL with unpulsed or AURKA,o7.215 peptide-puised (1xM) HLA-A*0201+ autologous or allogeneic B-LCLs, C1R-A2 cells or HLA-A*0201~ allogeneic
B-LCLs as indicated. E/T indicates effector:target ratio. (E) The cytotoxic activity of AUR-2 CTL against the indicated leukemia cell lines was measured in 5'Cr-release assays.
GANMO-1, HLA-A*0201+; MEGO1 and K562, HLA-A*0201~. Expression of AURKA mRNA and AURKA protein in these leukemia cell lines is shown in supplemental Figure 2.
E/T indicates effector:target ratio. (F) Construction of a novel retroviral vector encoding full-length AURKA—-specific TCR « and B genes derived from AUR-2. MoMLYV indicates
Moloney murine leukemia virus; LTR, long terminal repeat; EF1a, elongation factor 1a; PGK, phosphoglycerate kinase promoter; and MSCV, murine stem cell virus. Error bars

represent SDs.

Functional reconstitution of the AURKAy7.215—specific TCR
heterodimer in Jurkat/MA cells

To validate the functionality of the cloned TCR genes, both chains
were expressed in the TCR™ cell line Jurkat/MA/CD8o/luc, which
contains a luciferase reporter gene to monitor TCR signaling
(Figure 2A). AUR-2TCR-transduced, V12-selected Jurkat/MA/
CD8a/luc cells (Figure 2B) were incubated with CIR-A2 cells
pulsed with a range of AURKA,7.215 peptide concentrations, then
assayed for luciferase activity. The TCR gene-modified Jurkat/MA/
CD8a/luc cells produced luciferase in response to stimulation with
AURKA 7215 peptide-loaded C1R-A2 cells in a dose-dependent
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Figure 2. Functional retroviral expression of the AURKAys7.,1s—specific TCR.
(A) Schematic representation of the luciferase assay using AURKAzp7.215-specific
TCR-transduced Jurkat/MA cells. NFAT indicates nuclear factor activated T cells; and
NK, natural killer. (B) AURKAzg7.o15-specific TCR-transduced Jurkat/MA cells ex-
press VB12 but label poorly with cognate tetramer (data not shown), probably
because of the low levels of surface CD8a expression. (C) AURKAzg7.21s—specific
TCR-transduced Jurkat/MA cells were stimulated with peptide-pulsed C1R-A2 cells
as shown and subjected to luciferase assay. Error bars represent SDs.

manner (Figure 2C). Compared with the parental AUR-2 CTL
clone (Figure 1B), the TCR-transduced Jurkat/MA cells displayed
low levels of peptide sensitivity. To address this functional
discrepancy, we assessed cell-surface expression of TCR o/B,
CD3, CD8a, CDl11a, and CD28 (supplemental Figure 1, available
on the Blood Web site; see the Supplemental Materials link at the
top of the online article). The TCR-transduced Jurkat/MA cells
expressed lower surface levels of TCR o/f3, CD3 and CD8«a
compared with both similarly activated normal CD8* T cells and
the parental AUR-2 CTL clone. Furthermore, CD11a and CD28
were almost absent from the transfectant cells. These findings may
explain the observed differences in functional sensitivity between
AUR-2 TCR-transduced Jurkat/MA cells and the parental CTL
clone.

AURKA47.215—-specific TCR gene-transduced CD8* T cells exert
antileukemia reactivity in vitro

Next, the AURKA,y7.015-specific TCR was retrovirally introduced
into normal CD8* T cells. Transduction efficiency determined by
VB12 staining of TCR gene-modified T cells was 50%-70% (data
not shown), and 20%-25% of the VB12* cells stained with the
HLA-A*0201/AURKA ;.05 tetramer (Figure 3A). Isolated VB12*
AURKA7.25-specific TCR gene-transduced CD8* T cells dis-
played similar antigen sensitivity to the parental AUR-2 CTL clone
(Figure 3B-C). Notably, however, the AURKA,y;.»;5—specific TCR
transductants produced higher quantities of IFN-y in response to
the same peptide-pulsed C1R-A2 targets (Figure 3C). On the basis
of these observations, further experiments were carried out using
these AURKAyy7.915-specific TCR gene transfectants.
AURKA7.0,5-specific TCR-transduced CD8* T cells dis-
played HLA class I-restricted, peptide-dependent IFN-vy produc-
tion (Figure 3D), and target epitope-specific cytotoxic activity
(Figure 3E). Furthermore, these redirected CD8" T cells selec-
tively lysed the HLA-A*0201* leukemia cell line GANMO-1,
which overexpresses AURKA, but not the HLA-A*0201~ leuke-
mia cell lines, MEGO1, KAZZ, and OUN-1, which also overex-
press AURKA (Figure 4A, supplemental Figure 2). In contrast,
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Figure 3. AURKA7.215—specific TCR-transduced CD8* T cells display epitope-
specific functionality. (A) Representative flow cytometry plots showing staining of
AURKA07.215~-specific TCR-transduced CD8* T cells with anti-TCR V312 mAb and
HLA-A*0201/AURKAz7.215 tetramer. {B) The same AURKAzp7.215 TCR-transduced
CD8™* T cells shown in panel A were tested in 5'Cr-release assays against C1R
(negative control) and C1R-A2 cells pulsed with the indicated concentrations of
AURKAz07.215 peptide. The parental AUR-2 CTL clone was tested in parallel. E/T
indicates effector:target ratio. (C) IFN-y production by AURKAz7.215~specific TCA-
transduced CD8* T cells was measured in a similar format to that described for panel
B. (D) Effects of HLA class | and class Il blockade on the production of IFN-y by
AURKA07-215-specific TCR-transduced CD8* T cells stimulated with cognate peptide-
loaded (1uM) C1R-A2 cells. (E) Cytotoxic activity of AURKAzg7.215—specific TCR-
transduced CD8* T cells against unpulsed or cognate peptide-loaded (1uM) C1R-A2
cells as a function of effector:target (E/T) ratio. Error bars represent SDs.

HLA-A*0201" PBMCs (n = 3), PHA-stimulated lymphoblasts
representing highly mitotic normal cells (n = 3), and normal cord
blood CD34%* cells (CB-CD34"cells; n = 2) were not lysed by
these AURKAy7215—specific TCR transductants (Figure 4B).
AURKA mRNA expression relative to K562 for each group (mean
+ SD) was 0.02 + 0.008 for PBMCs, 0.25 = 0.005 for PHA-
lymphoblasts and 0.21 = 0.09 for CB-CD34* cells, which indi-
cated relatively low expression levels of AURKA mRNA among
these cells compared with K562. The cytotoxic activity of
AURKA 7.1 5—specific TCR-transduced CD8% T cells against
GANMO-1 and cognate peptide-loaded B-LCLs was significantly
diminished by an anti-HLA class-I mAb but not by an anti-
HLA-DR mAb (Figure 4C-D). To confirm recognition of the
endogenously processed AURKAn7.215 epitope in the context of
HLA-A*0201 expressed by leukemia cells, we retrovirally trans-
duced the HLA-A*0201 gene into MEGO1 cells (MEGO1-A2;
Figure 4E). Parental MEGO1 cells do not express HLA-A*0201,
but abundantly overexpress both AURKA mRNA and AURKA
protein (supplemental Figure 2). Compared with MEGOI,
MEGOI1-A2 were susceptible to the cytotoxic effects of
AURKA,7.915-specific TCR-transduced CD8™ T cells (Figure 4F).
Collectively, these data indicate that the antileukemia reactivity
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mediated by AURKA 7.0 5-specific TCR-transduced CD8* T cells
occurs through the recognition of endogenously processed and
presented AURKA47.215 peptide in the context of HLA-A*0201 on
the surface of leukemia cells.

Next, the antileukemia reactivity mediated by these redirected
AURKA, ;.5 5-specific CD8 T cells was tested against freshly
isolated leukemia cells in vitro (Figure 5). AURKA mRNA was
overexpressed in all 6 leukemia samples as determined by qRT-
PCR. Leukemia cells isolated from HLA-A*02017 patients (1-3),
but not HLA-A*0201~ patients (4-6) were lysed by the
AURKA,y7.015-specific TCR-transduced CD8* T cells. Thus,
our data show that the AUR-2 TCR confers AURKAy7.015
specificity to donor CD8* T cells transduced with both TCR
chains, and that normal cells, including actively cycling cells
and hematopoietic progenitor cells, are not lysed by these
redirected T cells.

AURKA,7.215—specific TCR-transduced CD4* T cells respond to
cognate antigen

Next, we examined antigen reactivity in isolated populations of
VB12* AURKAg7.015-specific TCR-transduced CD4* T cells
(Figure 6A). AURKA5y7.015-specific TCR-transduced CD4™* T cells
successfully produced IFN-y in response to stimulation with
AURKA 7015 peptide-loaded C1R-A2 cells; this response was
substantially reduced by HLA class 1 blockade, and a partial
response reduction was also observed with HLA class II blockade
(Figure 6B). These redirected CD4* T cells did not express Foxp3,
which is a key molecular signature of regulatory T cells (supplemen-
tal Figure 3A), and the cognate antigen-specific proliferative
response of AURKAy755-specific TCR-transduced CD8* T cells
was actually enhanced in the presence of redirected CD4™ T cells
but not in the presence of non-gene-modified CD4% T cells
(supplemental Figure 3B). Furthermore, AURKA(;.,)5—specific
TCR-transduced CD4* T cells produced significant amounts of
IL-2, TNF-a, and IFN-y, but not IL-4 or IL-10 (supplemental
Figure 4).

These observations suggest that AURKAg7.215—specific TCR-
transduced CD4" T cells might be able to function as epitope-
specific Thl helper T cells, and that the interaction between
T cell-expressed CD4 and target cell-expressed HLA class II
molecules facilitates HLA class I-restricted AURKA,j7.215—
specific [FN-y production.

AURKA,g7.215—specific TCR-transduced CD8* T cells exhibit
antileukemia reactivity in vivo

The in vivo antileukemia reactivity of AURKAyy.015-specific
TCR-transduced CD8™" T cells was assessed using the Winn assay
and a therapeutic adoptive transfer model.

In the Winn assay, NOG mice were initially coinjected with
GANMO-1 cells (5 X 109 and either 2.5 X 107 AURKA»7.15-
specific TCR gene-modified or non—gene-modified CD8* T cells;
5 weekly infusions of the respective CD8* T-cell populations
(5 X 10¢ cells per infusion) were subsequently administered.
Treatment with AURKAyg;5—specific TCR-transduced CD8*
T cells completely prohibited the engraftment and growth of
inoculated leukemia cells for more than 2 months (Figure 7A), and
significantly prolonged survival (Figure 7B). Similar results were
obtained with AUR-2 cells in a parallel regimen (supplemental
Figure 3). In contrast, non—gene-modified CD8" T cells did not
prohibit leukemia growth. In a therapeutic adoptive transfer model,
intravenously injected AURKA,g7.015—specific TCR-transduced



BLOOD, 12 JANUARY 2012 » VOLUME 119, NUMBER 2

A Leukeria cell lines B Hozmat celis
HLA- LA
T e TR g
—’“ samcHt 4 L
GAMMO]  + = ®
| S P ¥
10925 [
FEMCHZ 4 g‘"
PAEGOZ s
(5.13) i PBMCHT 4 ”_j
[ ¥
‘ PHAlympho 4+ E
Khzl - st 1 .
(181 I
PrAdpmphio + %j_
-, ~Blast #2
CUN-1 R O PHA PR + !;b
(2.46) it 3352 03
61 20 3% A SO CB-CO34 WL + r‘
% Specific lysis .
CB-CD36°HE +
*
¢ W 3¢ 40 50
EfTratic MR 101 [0 51 23251

% Speeific lysis

AURORAKINASE A-TARGETED TCR GENE THERAPY 373

C E MEGOL
. GAMMO-1 ETT o
—mah @ * 3 " MEGOL-A2
none 2 i 1 / e
= s
Ant- & . ? ~
LA class t ;« o
po KLA-AZ FITC
HLADR i
a n A0 & F ]
£/7=10:1
D % Specific lysis AEGHT-AZ
mah  ¥E
nong
Ant- MEGE1
HLA class |
Anti-
HLA-DR
0 2 40 60 B 0
EfT=51 % Specific bysis
% Spacific bysis Efr S 20a [Tliox B sa

Figure 4. AURKAzo7.215~specific TCR-transduced CD8* T cells can distinguish leukemia cells from normal cells on the basis of AURKA expression levels.
(A) AURKAg7.215—specific TCR-transduced CD8* T cells exhibit antileukemia reactivity in an HLA-A*0201-dependent fashion. The HLA-A*0201+ leukemia celt line GANMO-1
was lysed by AURKAzp7.215-specific TCR-transduced CD8™ T cells as a function of effector:target (E/T) ratio; no significant lysis was observed with the HLA-A*0201~ leukemia
cells lines MEGO1, KAZZ and OUN-1. All of the tested leukemia cell lines overexpress AURKA mRNA; numbers in parentheses indicate AURKA mRNA expression relative to
K562, and correlations with AURKA protein expression are shown in supplemental Figure 2. (B) The same AURKAyq7.215—specific TCA-transduced CD8* T cells used in panel A
at the same E/T ratios were tested in 5'Cr-release assays for potentially damaging effects against normal cells. No significant lysis was observed with HLA-A*0201* PBMCs
(n = 3), PHA-lymphoblasts representing normal mitotic cells (n = 8) or normal cord blood—derived CD34+ cells (CB-CD34 ") encompassing normal hematopoietic progenitor
cells (n = 2). AURKA mRNA expression relative to K562 was 0.02 = 0.008 for PBMCs, 0.25 + 0.005 for PHA-lymphoblasts and 0.21 = 0.09 for CB-CD34* cells (* indicates
less than detectable). (C) Effects of HLA class | and class Il blockade on the cytotoxic activity of AURKAzg7.21s~specific TCR-transduced CD8* T cells against GANMO-1
leukemia cells. E/T, effector:target ratio. (D) As for panel C, showing the effects of HLA class | and class Il blockade on the lysis of autologous B-LCLs loaded with AURKA297.215
peptide (1uM). (E) Flow cytometric confirmation of HLA-A*0201 expression by MEGO01-A2 cells. (F) Enhanced lysis of MEG01-A2 cells relative to parental MEGO1 cells by
AURKA07-215—specific TCH-transduced CD8* T cells confirms recognition of endogenously processed AURKAzo7.215 peptide presented in the context of HLA-A*0201. E/T

indicates effector:target ratio. Error bars represent SDs.

CD8* T cells, but not non-gene-modified CD8* T cells, signifi-
cantly suppressed the growth of inoculated leukemia cells in vivo
(P < .02; Figure 7C). Statistically significant tumor suppression
was achieved on day 65, after 10 adoptive infusions. Thereafter, all
mice (n = 4) treated with non—gene-modified CD8* T cells died by
day 85. 2 mice treated with AURKAy;215—specific TCR-
transduced CD8™ T cells died from other causes (1 on day 45 and
1 on day 70); the other 2 mice in this group survived longer than
90 days and were finally euthanized because of disease progres-
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Figure 5. AURKAz7.21s—specific TCR-transduced CD8* Tcells kill freshly
isolated leukemia cells in vitro. Freshly isolated HLA-A*0201* (n = 3) or HLA-
A*0201~ (n = 3) acute or chronic myeloid leukemia cells overexpressing AURKA
mRNA were used as targets in 5'Cr-release assays with AURKAzo7.21s—specific
TCR-transduced CD8* T cells at the indicated effector:target (E/T) ratios. AML, acute
myeloid leukemia; BC, blast crisis; CML, chronic myeloid leukemia. M1, M2, and M4
refer to French-American-British classification subtypes (* indicates the expression of
AURKA mRNA relative to the mean expression levels across 5 PBMC samples from
healthy donors was determined by qRT-PCR and calculated using the comparative
ACt method). Error bars represent SDs.

sion. Collectively, these observations indicate that AURKA,7.515—
specific TCR-transduced CD8™" T cells exhibit antileukemia reactiv-
ity in vivo.

Discussion

In the setting of hematologic malignancies, TCR gene therapy
targeting WT1 in leukemia,?® and chimeric antigen receptor (CAR)
gene therapy targeting CD33 in myeloid leukemias®' and CD19,
CD20, CD22, CD30, and the receptor tyrosine kinase-like orphan
receptor 1 (ROR1) in B-cell malignancies,’28 are currently being
investigated in preclinical studies or in early phase clinical trials.
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Figure 6. AURKAy7.215—TCR transduced CD4* T cells display antigen-specific
Th1 cytokine production. (A) A representative flow cytometry plot showing surface
VB12 expression by AURKAg7.p15~specificTCA-transduced CD4* T cells.
(B) AURKAz07-215—TCR transduced CD4* T cells produce IFN-y in response to
cognate peptide-loaded (1puM) C1R-A2 cells; unpulsed or irrelevant (HIV p17 Gag
SL9) peptide-pulsed C1R-A2 cells were used as negative controls. Cognate antigen-
specific IFN-y production was reduced to background levels in the presence of
anti-HLA class | blocking mAb and inhibited in the presence of anti-HLA class I
blocking mAb. APC, antigen-presenting cell. Error bars represent SDs.
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Figure 7. AURKA7.21s~specific TCR-transduced CD8" T cells mediate antileu-
kemia reactivity in vivo. (A) Winn assay: tumor suppression curve. NOG mice were
coinjected with GANMO-1 cells (5 X 10%) and either 2.5 X 107 AURKA,07.15-specific
TCR gene-modified (AURKA-TCR) or non-gene-modified (NGM) CD8* T cells
(n = 4 group). Subsequently, 5 weekly infusions of the respective CD8* T-cell
populations (5 x 10° cells per infusion) were administered intravenously. Tumor
growth was monitored every 5 days. (B) Winn assay: survival curve. Treatment with
AURKA07.215~specific TCR gene-modified (AUARKA-TCR) CD8™ T cells significantly
prolonged survival (P < .005). (C) Therapeutic adoptive transfer model. NOG mice
(n = 4 per group) were inoculated with 5 X 108 of GANMO-1 cells. Intravenous
administration of either 5 X 108 AURKAzo7-215—specific TCR gene-modified (AURKA-
TCR) or non-gene-modified (NGM) CD8* T cells commenced on the same day and
was continued weekly thereafter. Therapeutic infusions of AURKAzo7.215—specific
TCR gene-modified CD8" T cells significantly suppressed tumor growth (P < .02).
Error bars represent SDs.

Although adoptive antileukemia/lymphoma therapy with redi-
rected T cells using tumor antigen-specific TCR or CAR gene
transfer remains in its infancy, emerging evidence supports the
development of such therapeutic options.

A number of preclinical and clinical studies of tumor antigen-
specific TCR gene therapy have underscored the fact that appropri-
ate antigen selection is essential to minimize the likelihood of
on-target adverse events mediated by redirected T cell recognition
of normal tissues expressing self-derived specificities.® This
concept is further supported by a recent study of NY-ESO-1-
specific TCR gene transfer.!” In this report, objective clinical
responses were observed in 5 of 11 patients with metastatic
melanoma and 4 of 6 patients with metastatic synovial cell sarcoma
without any toxicity related to engineered T cell activity.'” Thus,
the exploration of novel tumor antigens to identify safe and
effective targets for TCR gene therapy is warranted, especially in
the context of hematologic malignancies.

Previously, we reported a significant correlation between the
overexpression of AURKA mRNA and the aggressiveness of
lymphoma cells.!?® Furthermore, we found that AURKA mRNA is
overexpressed in a large proportion of freshly isolated human
leukemia cells.® However, in normal tissues, AURKA mRNA
expression is largely limited to the testis.'> Subsequently, we
identified an immunogenic nonamer epitope derived from AURKA
that was presented in the context of HLA-A*0201.% In the present
study, we set out to examine the feasibility of redirected T cell-
based adoptive immunotherapy for the treatment of human leuke-
mia using a TCR derived from an HLA-A*0201-restricted
AURKA7.015-specific CD8* T-cell clone (AUR-2). Expression of
this TCR in CD8* T cells conferred antileukemia reactivity both in
vitro and in a xenogeneic mouse model of human leukemias.
Furthermore, CD4™" T cells could be redirected using this TCR to
recognize the same HLA-A*0201-restricted AURK A,y7.515 epitope.
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This represents a potentially important advantage, as the same TCR
could redirect both helper (CD4%) and cytotoxic (CD8™) functions
within the transduced T-cell population, which might sustain the
antileukemia response in vivo after adoptive transfer.

Redirected CD8* T cells expressing the TCR cloned from
AUR-2 displayed similar levels of functional sensitivity to the
parental CTL clone. In vitro, AURKA, . 5~specific TCR gene-
transduced CD8* T cells were able to lyse HLA-A*0201* human
leukemia line GANMO-1 cells, which overexpress AURKA mRNA,
and freshly isolated leukemia cells from HLA-A*02017 patients.
This antileukemia reactivity was implemented through recognition
of the endogenously processed AURK Ayy7.015 epitope presented in
the context of HLA-A*0201. Importantly, these AURKAy7.215-
specific TCR-transduced CD8™ T cells did not lyse HLA-A*0201+
normal PBMCs, mitotic PHA-lymphoblasts or cord blood CD34+*
cells; these data suggest that on-target adverse effects would be
minimal in clinical applications. Furthermore, we demonstrated the
efficacy of AURKAg7.215-specific TCR-transduced CD8* T cells
in vivo by showing the inhibition of leukemia cell growth in a
xenograft mouse model. As many hematopoietic progenitor cells
actively proliferate and will therefore have enhanced AURKA expres-
sion levels, these cells may become targets for AURKA,y7.515—specific
TCR-transduced CD8 T cells in vivo, as is the case with selective
AURKA inhibitors.*® However, our observations suggest that
redirected CD8* T cells targeting AURKA may not cause severe
bone marrow failure, although further studies are needed to
substantiate this point.

Notably, AURKA is overexpressed in the fraction of bone
marrow cells that encompasses myeloid leukemia stem cells.64!
Recently, targeting leukemia stem cells has been highlighted as a
treatment strategy to prevent disease progression in a durable
fashion.*> Monoclonal antibodies that target leukemia stem cell
surface antigens have been proposed for this purpose. Examples of
such molecules include CD123 (IL3Ra)* and TIM-3.* Cellular
immunotherapy targeting antigens that are preferentially overex-
pressed in leukemia stem cells has also been proposed. In this
regard, WT1 appears to be a particularly attractive candidate.*
Indeed, we have cloned an HLA-A*2402-restricted WT1135.043—
specific TCR gene into our unique si-TCR vector to address the
potential of this approach.* With respect to AURKA, we previ-
ously described that the CD34+*CD38~ fraction of bone marrow
mononuclear cells from CML patients expressed high levels of
AURKA mRNA and that these cells were susceptible to AURKA-
specific CTL-mediated lysis.® Thus, redirected T cell-based immu-
notherapy targeting AURKA might be able to suppress leukemia
stem cells. Furthermore, such an approach may be synergistic with
the administration of selective AURKA inhibitors, for example in
the treatment of relapsed leukemia after allogeneic hematopoietic
stem cell transplantation.

Strategic options to achieve better clinical responses in the field
of TCR gene transfer are much needed. The manipulation of helper
CD4* T cells is one such approach.2*#748 To date, the adoptive
transfer of redirected CD4* T cells concurrently with CD8* T cells
expressing the same tumor-specific TCR gene has not been
described; however, this is an intriguing notion that could enhance
the antitumor reactivity of such adoptive transfer approaches
in vivo. In recognition of this possibility, we found that AURKAq7.015
TCR-transduced CD4* T cells displayed Th1 cytokine production
in response to the HLA-A*0201/AURKA 7215 epitope in vitro.
The effects of such activity in vivo, however, remain to be clarified.
Another approach to combined immunotherapy employs peptide
vaccination. Indeed, vaccination with the relevant peptide has been
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shown to enhance the antitumor functionality of infused gene-
modified T cells.* The feasibility of this combination strategy
using AURKA,g7.215 peptide vaccination is currently under
investigation.

In summary, we have demonstrated the feasibility of antileuke-
mia adoptive therapy using AURKA-specific TCR gene transfer. As
AURKA is also overexpressed in diverse solid tumors,* the
potential clinical applications of this approach are widespread.
Further studies are therefore warranted to investigate the safety and
utility of this novel therapy in the clinic.
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Intracellular Tumor-Associated Antigens Represent Effective
Targets for Passive Immunotherapy
Takuro Noguchi'**8, Takuma Kato?, Linan Wang'®, Yuka Maeda'-®, Hiroaki Ikeda®, Eiichi Sato®,

Alexander Knuth’, Sacha Gnjatic®®, Gerd Ritter®, Shimon Sakaguchi®, Lioyd J. Old",
Hiroshi Shiku™*, and Hiroyoshi Nishikawa'®

Abstract

Monoclonal antibody (mAb) therapy against tumor antigens expressed on the tumor surface is associated with
clinical benefit. However, many tumor antigens are intracellular molecules that generally would not be considered
suitable targets for mAb therapy. In this study, we provide evidence challenging this view through an investigation
of the efficacy of mAb directed against NY-ESO-1, a widely expressed immunogen in human tumors that is
expressed intracellularly rather than on the surface of cells. On their own, NY-ESO-1 mAD could neither augment
antigen-specific CD8" T-cell induction nor cause tumor eradication. To facilitate mAb access to intracellular
target molecules, we combined anti-NY-ESO-1 mAb with anticancer drugs to accentuate the release of
intracellular NY-ESO-1 from dying tumor cells. Strikingly, combination therapy induced a strong antitumor
effect that was accompanied by the development of NY-ESO-1-specific effector/memory CD8* T cells that were
not elicited by single treatments alone. The combinatorial effect was also associated with upregulation of
maturation markers on dendritic cells, consistent with the organization of an effective antitumor T-cell response.
Administration of Fe-depleted F(ab) mAb or combination treatment in Fcy receptor-deficient host mice
abolished the therapeutic effect. Together, our findings show that intracellular tumor antigens can be captured
by mAbs and engaged in an efficient induction of CD8" T-cell responses, greatly expanding the possible use of
mAD for passive cancer immunotherapy. Cancer Res; 72(7); 1672-82. ©2012 AACR.

Introduction

With the molecular identification of tumor antigens recog-
nized by the human immune system, antigen-specific immu-
notherapy for cancers has been developed and is explored in
the clinic (1-3). Particularly, monoclonal antibodies (mAb)
that recognize surface antigens, such as trastuzumab (anti-
Her2/neu) and rituximab (anti-CD20), as a single agent or in
combination with chemotherapy, are used in the clinic for

frontline or salvage therapy and have resulted in objective and
durable clinical responses (3-5). One of the major therapeutic
mechanisms of mAb is considered to be the selective inter-
ruption of vital signaling pathways in which the targeted
antigens are critically involved (3, 5). In addition, there is
accumulating evidence that mAb therapy also works through
antibody-dependent cellular cytotoxicity (ADCC) by natural
killer (NK) cells or through the activation of complement, both
of which depend on the Fc portion of the mAbs (6-9). Fur-
thermore, Fc receptor-mediated uptake of immune complexes
results in activation of antigen-presenting cells (APC) and
facilitates cross-presentation of those antigens to tumor-spe-
cific CD8" T cells and inhibition of tumor growth, as was shown
recently in HER2/neu and melanoma differentiation antigen
tyrosinase-related protein-1 (Trpl; gp75) models (10-13).
However, many well-characterized tumor-associated anti-
gens, including cancer/testis (CT) antigens, are intracellular
antigens and thus not accessible for antibodies (14-16). An
exception is mAb TA99, which targets gp75 and was shown to
induce NK and CD4" T-cell-dependent antitumor responses
in vivo (17). However, the fact that gp75 is expressed both on
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the cell surface and intracellularly makes it difficult to define
the precise targets for the antitumor responses induced by
mAb TA99 (12, 17).

NY-ESO-1, a CT antigen discovered by SEREX (serologic
identification of antigens by recombinant expression cloning)
using the serum of a patient with esophageal cancer, is
frequently expressed in cancer cells of various tissue origins

Cancer Res; 72(7) April 1, 2012

ARAmerican Association for Cancer Research



Antibody Therapy to Intracellular Antigens

but not in normal somatic cells except for germ cells in the
testis (2, 18). Spontaneous cellular and humoral immune
responses against NY-ESO-1 are found in patients with cancer,
which underscores its immunogenicity (2, 18). It has an intra-
cellular location and lacks cell surface expression (2, 18), thus
curtails it from being a candidate of mAb therapy. Interestingly,
NY-ESO-1 protein/IgG antibody complexes (immune com-
plexes, IC) are efficiently cross-presented to the MHC class I
pathway (19, 20) and there is a close correlation between
antibody and CD8™ T-cell responses (2, 21), suggesting that
NY-ESO-1-specific CD8" T-cell induction by cross-priming in
vivo is associated with the induction of specific antibodies.
These data prompted us to analyze the possibility whether mAb
therapy could be applied to an intracellular molecule NY-ESO-1
and inhibit tumor growth by enhancing CD8" T-cell induction.

We have established syngeneic tumor models in BALB/c
mice using CT26 colon carcinoma cells and CMS5a sarcoma
cells that are stably transfected with NY-ESO-1 (22, 23). Using
these models, we addressed whether NY-ESO-1 mAb combined
with chemotherapy augmented NY-ESO-1-specific CD8" T-
cell induction and inhibited tumor growth.

Materials and Methods
Mice

Female BALB/c mice and BALB/c"*™ mice were obtained
from SLC Japan or Jackson laboratory and used at 7 to 10 weeks
of age. BALB/c mice deficient in the y-chain subunit of Fc
receptors were obtained from Taconic and used at 7 to 10
weeks of age. Mice were maintained in accordance with
the NIH and American Association of Laboratory Animal Care
Regulations. The experimental protocol was approved by
the Ethics Review Committee for Animal Experimentation of
Mie University Graduate School of Medicine (Mie, Japan) and
by the Memorial Sloan-Kettering Cancer Center Institutional
Animal Care and Use Committee (New York, NY).

Tumors

CT26 is a colon epithelial tumor derived by intrarectal
injections of N-nitroso-N-methylurethane in BALB/c mice
(24). CT26 expressing NY-ESO-1 (CT26-NY-ESO-1) was estab-
lished as described previously (23). CMS5a is a subcloned cell
line obtained from CMS5 (25). CMS5a-NY-ESO-1 was estab-
lished as described previously (22).

Antibodies and reagents

Anti-NY-ESO-1 mAbs [E978 (mouse IgG1) recognizing NY-
ESO-171_9p, ES121 (mouse IgG1) recognizing NY-ESO-1g; 110,
219-510 (mouse IgGl) recognizing NY-ESO-1,; 49 (Supple-
mentary Fig. S3; ref. 26)]; anti-CD4 (GKL.5, rat 1gG2b), anti-
CD8(19/178, mouse IgG2a), and anti-MAGE-A4 (MCV1, mouse
IgG1) were purified from hybridoma supernatant by protein G
affinity chromatography. The F(ab) fragment of E978 was
generated using ‘the ImmunoPure Fab Preparation Kit
(Thermo Fisher Scientific). Anti-CD8 (53-6.7), anti-CD45RB
(16A), anti-CD80 (16-10A1), anti-CD86 (GL-1), anti-CD40
(3/23), anti-IFN-y (XMG1.2), anti-CD62L (MEL-14), anti-CD11c
(HL3), anti-TNF-o (MP6-XT22), and antimouse IgG1 (A85-1)
mAbs were purchased from BD Biosciences, Biolegend, or

eBioscience. Phycoerythrin (PE)-labeled NY- “ESO-1g;_gs-D* tet-
ramers were provided by Drs. P. Guillaume and 1. Luescher
(Ludwig Institute Core Facility, Lausanne, Switzerland). An
anti-NY-ESO-1 human [gG1 mAb (12D7) was obtained from CT
Atlantic. p63 (T) peptide TYLPTNASL (27), AH-1,35_147 peptide
SPSYVHQF (28), and NY-ESO-1g;_gg peptide RGPESRLL (23)
were purchased from Operon Biotechnologies and BioSynthe-
sis and Sigma.

Chemotherapeutic agents

5-Fluorouracil (5-FU; Kyowa Hakko Kirin,), doxorubicin
(Kyowa Hakko Kirin), CPT-11 (Yakult), and paclitaxel (Bris-
tol-Myers Squibb) were injected intraperitoneally as indicated.

Tumeor challenge

Mice were inoculated with 0.5 x 10° to 1 x 10° CT26-NY-
ESO-1 cells, 1 x 10° CMS5a-NY-ESO-1, or 1 x 10° CT26-MAGE-
A4 cells in the right hind flank subcutaneously. Mice were
monitored 3 times a week and were sacrificed when tumors
reached greater than 20 mm.

Staining and flow cytometry

To collect tumor-infiltrating T cells, tumors were minced
and treated with 1 mg/mL of collagenase IA (Sigma) in Hanks'
balanced salt solution (HBSS) for 90 minutes at room
temperature.

Cells harvested from draining lymph node (dLN) and tumors
were stained for surface markers in PBS with 0.5% FBS for 15
minutes at 4°C. For intracellular cytokine staining, 1 x 10° to
3 x 10° cells from tumors or dLNs were cultured with peptide
for 5 hours at 37°C, and GolgiPlug was added for the last
4 hours of culture. These cells were stained for surface markers
and intracellularly with allophycocyanin-conjugated anti-IFN-
v and PE-conjugated anti-TNF-o. mAbs after permeabilization
and fixation using Cytofix/Cytoperm Kit (BD Bioscience). Dead
cells were excluded by LIVE/DEAD Fixable Dead Cell Stain Kits
(Invitrogen). Cells were analyzed on FACSCanto or FACSCa-
libur (BD Bioscience) and Flow]Jo software (Tree Star).

Fluorescent immunohistochemistry

Three micrometers of tissue sections prepared from fresh-
frozen tumor specimens were fixed with ice-chilled acetone for
15 minutes. Alexa 488-labeled antihuman IgG antibody (Invi-
trogen) was applied and incubated at room temperature for
2 hours. For double immunolabeling, sections were fixed
with 3% paraformaldehyde for 15 minutes, incubated with
anti-cleaved caspase-3 (Cell Signaling Technology) at room
temperature for 2 hours and then incubated with Alexa
488-labeled anti-human IgG antibody and Alexa 568-labeled
antirabbit IgG Ab (Invitrogen) at room temperature for 2
hours. Sections were rinsed with PBS, counterstained with
4 6-diamidino-2-phenylindole (DAPI), and mounted. Images
were captured using x40 magnification objective by Zeiss
Axiocam system (Carl Zeiss).

Statistical analysis
Tumor curves were assessed by one-way ANOVA with a
Bonferroni multiple comparisons posttest. Single measurement
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comparison between 2 groups was evaluated by 2-sided Student
t test. P values <0.05 were considered statistically significant.

Resulis

Establishment of CT26-NY-ESO-1

We established a syngeneic colon carcinoma model (CT26-
NY-ESO-1) with stable NY-ESO-1 expression (2, 22, 23). NY-
ESO-1 expression in CT26-NY-ESO-1 cells was exclusively
intracellular, and no NY-ESO-1 protein was detected on the
cell surface (Supplementary Fig. S1A), consistent with the
expression of NY-ESO-1 protein in human cancer cells (2).
These CT26-NY-ESO-1 cells maintained the same tumor
growth capacity as their parental CT26 cells in both wild-type
Balb/c and C.B-17 SCID (severe combined immunodeficient)
mice, indicating that there was no alteration of tumorigenicity
caused by the NY-ESO-1 transfection (Supplementary Fig. S1B).
When BALB/c mice were inoculated with CT26-NY-ESO-1
cells, spontaneous antibody and CD8" T-cell responses were
detected after 7 days and increased thereafter (Supplementary
Fig. S1C and S1D). These spontaneous immune responses
closely paralleled spontaneous NY-ESO-1-specific immune
responses found in humans (2).

We used this tumor model to explore the antitumor effects
of mAbs against NY-ESO-1 alone and in combination with an
anticancer drug. To select anticancer drugs suitable for this
model, we examined the antitumor capacity of several anti-
cancer drugs (5-FU, CPT-11, paclitaxel, and doxorubicin)
against CT26-NY-ESO-1. Of the 4 drugs, 5-FU exhibited a
significant antitumor effect (Supplementary Fig. S$2A). When
CT26-NY-ESO-1 cells were cultured with 5-FU, NY-ESO-1 pro-
tein was released from CT26-NY-ESO-1 cells into the culture
supernatant but not from parental CT26 cells (Supplementary
Fig. $2B). On the basis of these data, we chose 5-FU for our
further experiments.

Combination treatment with anti-NY-ESO-1 mAb and
5-FU results in augmented tumor growth inhibition
BALB/c mice were inoculated with CT26-NY-ESO-1 and
were injected with 5-FU (75 mg/kg) and anti-NY-ESO-1 mAb
(clone; E978, 100 pg, 2 days after 5-FU injection) when the
tumor was palpable (around 25 mm?®), Treatment was repeated
after 1 week. The combination treatment with anti-NY-ESO-1
mAD and 5-FU exhibited a significantly augmented antitumor
effect and longer survival compared with control mice or mice
that had received either 5-FU or anti-NY-ESO-1 mAb alone (Fig.
1A and B). This augmented antitumor effect was also observed
when another anti-NY-ESO-1 mAb (clone; ES121, 100 ug) was
used, but not with a control mAb, against another immuno-
genic CT antigen MAGE-A4, which is not expressed in the
CT26-NY-ESO-1 cells (Fig. 1C and D). In contrast, combination
treatment with anti-MAGE-A4 mAb (clone; MCV1, 100 pig), but
not control antibody and 5-FU, exhibited an augmented anti-
tumor effect against CT26-MAGE-A4 (Fig. 1E). To show that
the effect of this combination treatment is not limited to the
CT26, we examined the antitumor effect using CMS5a fibro-
sarcoma cells. BALB/c mice were inoculated with CMS5a-NY-
ESO-1 and were injected with doxorubicin (50 uL intratumoral

injection, 0.25 mmol/L) and anti-NY-ESO-1 mADb. As systemic
administration of doxorubicin did not induce effective killing
of CMS5a-NY-ESO-1, we used an intratumoral injection meth-
od. This combination treatment with anti-NY-ESO-1 mAb (but
not an isotype control antibody) and doxorubicin exhibited a
significantly angmented antitumor effect as well (Fig. 1F).
These data suggest that the augmented antitumor effect is an
antigen-specific phenomenon and that this combination treat-
ment could be applicable to a broader range of intracellular
antigens and tumors.

We next investigated whether a cocktail of 2 different anti-
NY-ESO-1 mAbs (E978 50 g and ES121 50 pg) that recognize 2
different nonoverlapping epitopes on the NY-ESO-1 protein
(Supplementary Fig. S3) further augmented antitumor effects.
We observed no additive antitumor effects when mice were
treated with the combination of 2 different anti-NY-ESO-1
mAbs and 5-FU compared with mice treated with a single
anti-NY-ESO-1 mAb and 5-FU (Fig. 1G).

Augmented tumor growth inhibition by combination
treatment with anti-NY-ESO-1 mAb and 5-FU is
dependent on CD8™ T cells

To gain insight into the cellular components involved
in the augmented antitumor effects by the combination
treatment, we initially examined the role of T cells using
BALB/c™™ mice. BALB/c™™ mice were inoculated with
CT26-NY-ESO-1 and combination treatment with 5-FU and
anti-NY-ESO-1 mAb was initiated when the tumor was
palpable. The augmented antitumor effect by the combina-
tion treatment in wild-type BALB/c mice was abrogated in
BALB/c"*™ mice (Fig. 2A).

Given the critical role of T cells in this augmentation of
antitumor effects, we next explored the outcome of CD4%/
CD8™" T-cell depletion on the augmented antitumor effect.
BALB/c mice bearing CT26-NY-ESO-1 tumors were injected
with 5-FU and anti-NY-ESO-1 mAb and received anti-CD4
(days 7, 14, and 21) or anti-CD8 mAb (days 7 and 21). The
depletion of CD8* T cells totally abolished the augmented
antitumor effects (Fig. 2B). In contrast, CD4" T-cell depletion
did not affect the augmented antitumor effects (Fig. 2B).

Combination treatment with anti-NY-ESO-1 mAb and
5-FU enhances NY-ESO-1-~specific CD8" T-cell induction

Considering a critical role of CD8" T cells, we examined
NY-ESO-1-specific T cells in dLNs. BALB/c mice were inoc-
ulated with CT26-NY-ESO-1 and received the combination
treatment. dLNs and tumors were harvested on days 14 to 16,
and cells were incubated with NY-ESO-1g,_gs (23) or control
peptide, and cytokine secretion was analyzed. Combination
treatment with anti-NY-ESO-1 mAb and 5-FU elicited signif-
icantly higher numbers of NY-ESO-1-specific CD8" T cells
producing IFN-y and/or TNF-o than 5-FU alone (Fig. 3A).
Furthermore, there was a trend of higher numbers of NY-
ESO-1-specific CD8" T cells in tumors treated with the
combination treatment than those treated with 5-FU alone
(Fig. 3C).

To explore further differences in NY-ESO-14,_gg—specific
CD8* T cells, the effector/memory status was analyzed. The
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Figure 1. Combination of mAb and an anticancer drug exhibits augmented tumor growth inhibition. A-D and G, BALB/c mice were inoculated with CT26-NY-
ESO-1 and treatment was started when tumors were palpable (around 25 mm?, days 5-7). Mice received 5-FU intraperitoneally (black arrow) and/or anti-NY-
ESO-1 mAb (clone; ES78 or ES121) or anti-MAGE-A4 mAb (clone; MCV1) 2 days after 5-FU injection (red arrow). Treatment was repeated twice at 1-week
intervals. A, left, tumor growth curves representative of 2 independent experiments; right, summary of tumor size on day 24 of 2 independent experiments. B,
survival rate curves summarized from another 3 independent experiments (separate from tumor growth data) are shown. C and D, left, tumor growth curves
representative of 2 independent experiments. Right, summary of tumor size of 2 independent experiments on days 24 and 21, respectively. E, BALB/c mice
were inoculated with CT26-MAGE-A4 and treatment was started as in A. Mice received 5-FU (black arrow) and anti-MAGE-A4 mAb (clone; MCV1) or anti-NY-
ESO-1 mAb (clone; ES78) 2 days after 5-FU injection (red arrow). Left, tumor growth curves representative of 2 independent experiments; right, summary of
tumor size on day 23 of 2 independent experiments. F, BALB/c mice were inoculated with CMS5a-NY-ESO-1 and treatment was started as in A. Mice
received doxorubicin (Dox; 50 uL, 0.25 mmol/L) intratumorally (black arrow) and/or anti-NY-ESO-1 mAb (clone; E978) 2 and 4 days after doxorubicin
administration (red arrow). Left, tumor growth curves representative of 2 independent experiments; right, summary of tumor size on day 21 of 2 independent
experiments. G, mice were injected with 5-FU (black arrow) and anti-NY-ESO-1 mAb (E878, 100 ug) or cocktail of 2 anti-NY-ESO-1 mAbs (E978 50 pg and
ES121 50 pg) 2 days after 5-FU injection (red arrow). Left, tumor growth curves representative of 2 independent experiments; right, summary of tumor size on
day 24 of 2 independent experiments. Tumor size was monitored 3 times a week. Each group consisted of 3 to 8 mice. Data are presented as mean + SD.N.S.,

not significant.

frequency of NY-ESO-1-specific CD8" T cells as measured by
CD8'NY-ESO-1/D? tetramer® T cells was higher in mice
treated with the combination therapy than in mice treated

with 5-FU alone, confirming the data from the intracellular

cytokine

assays.

The frequency of

effector/memory

(CD62L'°CD45RB"") T cells was higher in mice treated with
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the combination treatment (Fig. 3B). In contrast, frequency of
naive (CD62L"€"CD45RB"8") T cells was higher in mice treated
with 5-FU alone, indicating that the combination treatment
efficiently activated antigen-specific CD8" T cells.

Therapeutically effective antigen spreading is ebserved
in mice treated with the combination treatment

Certain immunization strategies result in the develop-
ment of an immune response against tumor antigens that
are not contained in the vaccine but are found in tumor cells,
a phenomenon known as antigen spreading (22, 29, 30).
Therefore, we explored whether the combination treatment
resulted in the development of an immune response against
other antigens expressed in tumor cells. As we used CT26
tumors, we examined CD8" T cells recognizing AH-1 pep-
tide, which is derived from the envelope protein (gp70) of an
endogenous ecotropic murine leukemia provirus expressed
by CT26 and previously shown to be a target of CD8™ T cells
(28). Mice bearing CT26-NY-ESO-1 received treatment with
anti-NY-ESO-1 mAb and 5-FU. Given that antigen spreading
is observed after the antigen release from killed tumor cells,
AH-1-specific CD8" T-cell induction was analyzed at later
time point (day 24). Significantly higher numbers of AH-1-
specific CDS™ T cells was detected in mice treated with anti-
NY-ESO-1 mAb and 5-FU than in mice treated with 5-FU
alone (Fig. 4).

The antibody-Fe portion is required for the augmented
antitumor effect by the combination treatment

We next explored the mechanism(s) of the augmented
antitumor effect and the differences of NY-ESO-14_gg—specific
CD8" T cells. The mAb therapy can exhibit immunostimula-
tory effects through the Fc portion of a mAb (7, 8). We
investigated whether the augmented antitumor effect by com-
bination treatment depended on the Fc portion of the mAb.
BALB/c mice bearing CT26-NY-ESO-1 tumors were injected
with 5-FU (days 7 and 14) and intact antibody or an Fe-depleted
form of the anti-NY-ESO-1 mAbD (days 9 and 16). The antitumor
effect induced by the combination treatment with the intact
anti-NY-ESO-1 mAb and 5-FU was totally abolished when F(ab)
antibodies were administered (Fig. 5A). We further examined
the critical role of the Fc portion for this angmented antitwmor
effect by the combination treatment using activating Fcy
receptor knockout mice (Fcerlgf/ ~ mice). In these mice, we
did not observe the augmented antitumor effect by the com-
bination treatment compared with mice treated with 5-FU
alone (Fig. 5B), confirming the critical role of the antibody-Fc
portion for this augmented antitumor effect.

Accumulation of antibody to tumor sites by combination
treatment

Given the importance of the Fc portion and the antigen-
antibody IC formation for an enhancement of CD8" T cells
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Figure 3. Combination treatment enhances NY-ESO-1-specific CD8" T-cell induction. A~C, BALB/c mice (1 = 3) were inoculated with CT26-NY-ESO-1 and
injected with 5-FU and anti-NY-ESO-1 mAb (E978). A, on day 14, dLNs were removed and incubated with NY-ESO-1g4_gg Or control peptide. IFN-y and TNF-o.
secretion by CD8* T cells was analyzed. B, dLN cells were isolated on day 16, and CD45RB and CD62L expression on NY-ESO-1g,_gg-specific CD8* T cells
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presented as mean + SD. EM, effector/memory T cells.

(19-21), we examined the accumulation of the anti-NY-ESO-1
mADb to tumor sites for assessing the in vivo formation of
antigen-antibody IC. For this purpose, we used a human anti-
NY-ESO-1 mAbD to detect and visualize the accumulation of
anti-NY-ESO-1 mAb at the tumor sites. BALB/c mice bearing
CT26-NY-ESO-1received 5-FU and human anti-NY-ESO-1 mAb
2 days later. Tumors were removed several time points after the
mADb injection. Anti-NY-ESO-1 mAb accumulated in CT26-NY-
ESO-1 tumors after 24 hours and maintained thereafter when
given in combination with 5-FU (Fig. 6A and B). In contrast, the
accumulation of anti-NY-ESO-1 mAD in the tumors was lower
without 5-FU treatment (Fig. 6A and B). We next tested
whether the released NY-ESO-1 protein localized around the
area of 5-FU-induced cell death. Anti-NY-ESO-1 mAb accu-
mulated around the apoptotic area detected by cleaved cas-
pase-3 staining (Fig. 6B), suggesting that 5-FU accentuated the

natural release of intracellular NY-ESO-1 from dying tumor
cells subsequently resulting in an increased accumulation of
anti-NY-ESO-1 mAD in tumors and the formation of antigen—
antibody IC.

Formation of antigen-antibody IC ir vivo by the
combination treatment induces sufficient maturation of
dendritic cells for tumor eradication

We next analyzed the role of dendritic cells (DC) for this
augmentation of antitumor effects. The activation status
(CD80, CD86, MHC class II, and CD40) of CD11c™ DCs at dLN
after treatment was examined. The expression level of CD80,
CD86, MHC class II, and CD40 in DCs was significantly
enhanced in mice that received the combination treatment
with anti-NY-ESO-1 mAb and 5-FU compared with mice trea-
ted with 5-FU alone (Fig. 6C).
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Discussion

In view of the recent clinical successes of targeted mAbs to
tumor antigens expressed on the surface of tumors for cancer
therapy (3-5), we explored the feasibility to extend this
approach of targeted mADb therapy to intracellular molecules
as the majority of tumor antigens identified to date, are

exclusively expressed and located inside the cell (14-16).
Appropriate maneuvers that facilitate access of mAbs to these
intracellular antigenic targets are critical requirement for this
approach. Nucleoside analogues, such as 5-FU, predominantly
induce apoptosis in target cells (31), but we found that NY-ESO-
1 protein was released from tumor cells after 5-FU treatment in
similar amounts as released by necrosis. The injected mAb
accumulated into CT26-NY-ESO-1 tumors, suggesting the in
vivo formation of antigen-antibody ICs. Furthermore, DCs in
dLN that captured these ICs exhibited a mature phenotype and
were associated with the induction of higher numbers of NY-
ESO-1-specific CD8™ T cells. This augmented antitumor
immunity by combination treatment with anti-NY-ESO-1 mAb,
and 5-FU was abrogated in nude mice and wild-type mice
depleted of CD8™ cells, arguing that a major involvement of
ADCC or complement is less likely. Furthermore, this aug-
mented antitumor effect by intracellular antigen-specific mAb
combined with chemotherapy was observed in another tumor
system using doxorubicin, indicating the broader application
of this combination treatment.

A combination of anti-Her2 mAb and HER2/neu-expressing
granulocyte macrophage colony-stimulating factor (GM-CSF)-
secreting tumor vaccine augmented the antitumor effect com-
pared with either treatment alone, and the improved thera-
peutic efficacy was dependent on Fc-mediated activation of
APCs (11). TA-99 (recognizing Trpl) mAb enhanced DNA
vaccination-induced antitumor effects (12). More recently,
Park and colleagues showed that the therapeutic effect of an

A N.S.
P P
-a= No treatment g 300+ P < 0.001
& 2004 -e- 5-FU o "
£ &
g 1504 =g §-FU+ EGTB - 2004 A e, Figure 5. The Fcreceptor signals are
g —s— 5.FU+Fab ’g - . 0o required for augmented antitumor
w 100 o See o® ° " 2.2 effects by the combination
= & e Tam . °  ®es treatment. A, BALB/c mice were
E . 5 ' A inoculated with CT26-NY-ESO-1
P £ . e ® and injected with 5-FU (days 7 and
o . . . . . = o 2 14) and intact or Fc-depleted F(ab)
0 5 10 15, 20 25 N Q' «Q‘: y anti-NY-ESO-1 mAb (E978, days 9
* % + ,% Days) .scg‘o % & <° and 16). B, Fcy receptor knockout
§ éz’“ ‘;Qz & mice were inoculated with CT26-
® “ “ NY-ESO-1 and injected with 5-FU
{days 7 and 14) and anti-NY-ESO-1
B mADb (E978, days 9 and 16). Tumor
& 200 P<0.05 size was monitored 3 times a week.
200 o= No treatment £ Each group consisted of 3 to 10
& =g 5-FU E . NS mice. Left, tumor growth curves
g 150 o SFU+EQTS 83005 p——] representative of 2 independent
e s EQ78 Fy . e ° experiments; right, summary of
;,"; 1004 ’2 2004 %, —i— : 2% tumor size of 2 independent
5 g L4 :‘ S s experiments on day 22 (A) and day
g 50 '5 100+ ee Spw 23 (B). Data are presented as mean
= g + SD. N.S., not significant.
2 =
I S T P
4 é ’ % (Days) & ¢ & &
« o
*° °>

Cancer Res; 72(7) April 1, 2012

Cancer Research



Antibody Therapy to Intraceliular Antigens

Anti-NY-ESO-1 mAbD alone Control mAb alone 5.-FU 5-FU + E978
7 o P=g.0043
=3 =
2y g x =
Q L
'] L@
; 0
g . .
<« SEL SEYESTS
238 305
5-FU 5-FU + control mAb % F P=0.0078
. ‘ g | % &
Q 2w
3 ; K
2w
@ W W L
>I- v &FY SFUSESTE
Z' i 287
g - g . P=0.0018
O = © | !
5.FU + Anti-NY-ESO-1 mAb | 5.FU +anti-NY-ESO-1 mAb = g =
H
S5 BFUSESTE
439 52.9
— z P=0,0077
g i,
‘ o : s I
. © H
CT26 parental e LU
5FY BFUS BB

5-FU + anti-NY-ESO-1 mAb Anti-NY-ESO-1 mAb alone

%

24 h

5-FU + anti-NY-ESO-1 mAb Anti-NY-ESO-1 mAb aione

72h
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anti-HER2/neu mAb was associated with adaptive cellular antigen-specific CD8" T-cell induction, other or additional
immune responses, such as CD8" T cells (13). While these mechanisms may include direct signal blocking and other Fc-
data clearly implicated a critical role for Fc-mediated APC mediated antitumor effects as the target antigens were
activation and cross-priming correlated with enhancement of expressed on the cell surface. These data, therefore, do not
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unambiguously suggest a possible application of mAb therapy
to intracellular molecules. Here, we show that Fc-mediated
antigen-specific CD8" T-cell induction was an important
element of mAb therapy using mAbs against tumor antigens
that are exclusively expressed in the intracellular compart-
ment and we suggest the potential application of targeted
mAD therapy also to intracellular tumor antigens. As a result,
it is of interest to readdress the correlation between antitu-
mor effect of CD8™ T-cell response and clinical response by
trastuzumab (anti-Her2/neu) treatment, as trastuzumab is
able to enhance cross-presentation in vitro (32).

Another unique point in our study is that our mAb
treatment targeting an intracellular antigen does not require
in vitro formation of IC or a combination with antigen
immunization, such as protein or DNA vaccines for the
formation of antigen—-antibody IC (10-12, 33). When the mAb
was injected alone, an augmented antitumor effect was not
observed in our model, suggesting the essential role of
chemotherapy for releasing sufficient amounts of antigen to
form antigen-antibody IC. Other modalities for facilitating
antigen release from tumors, such as radiation therapy,
cryoablation, or other agents, that may result in partial
destruction of tumor cells could be applicable to this com-
bination therapy. These results are particularly important for
considering the clinical application of targeted mAb therapy
because combination of chemotherapy and mAbs have
already been widely used in the clinic (3-5). Furthermore,
combining a mAb therapy with protein or DNA cancer
vaccines is very expensive and enormous effort is required
to translate into the clinic.

CD4" T cell help is necessary for a proper activation and a
long-lasting memory formation of CDS™ T cells (34, 35). While
combination treatment with anti-NY-ESO-1 mAb and chemo-
therapy provided an augmented antitumor efficacy and
induced higher numbers of NY-ESO-1-specific CD8" T cells
with effector/memory type, these effects were dependent on
CD8™ T cells but not CD4* T cells. One can envisage that as a
major role of CD4™ T cells is to stimulate APCs, such as DCs, to
activate CD8™ T cells (licensing; refs. 34, 35), signals provided
through Fc receptors may compensate the CD4 " T-cell help for
stimulating/activating APCs. Alternatively, inflammation
induced by anticancer drugs further supports the stimulat-
ing/activating of APCs.

One intriguing question is why the combination of mAb and
5-FU exhibited a strong antitumor effect, despite a possible
inhibitory signal through a subclass of IgG, namely, IgG1 used
in this study (8). Because we used anti-NY-ESO-1 mAbs (mouse
IgG1) for this combination therapy, IgG1 may show inhibitory
function by activating inhibitory Fc receptor (7-9). Some
protocols of anticancer chemotherapy induce the stimulation
of immune responses by Toll-like receptor ligands released
from tumor cells (36). The possibility that 5-FU-induced
tumor destruction stimulates inflammation signals, such as
Toll-like receptor signals, and these inflammation signals
may change the ratio of stimulatory/inhibitory Fc receptor
expression to a more stimulatory condition (8) is less likely
because our preliminary data show that the balance between
activating Fcy receptor III and inhibitory Fecy receptor IIB

expression on CD1ic* cells was not influenced by 5-FU
treatment. This raises several possibilities as follows: (i) the
balance between those receptors changes on other hemato-
poietic cells, (ii) signaling pathways through those Fcy
receptors are altered by chemotherapy-induced inflamma-
tion, and (iii) antibody specificity is not good enough to
address this point and proper knockout animals are
required. In addition, it will be crucial to compare the effect
of immunologic responses by other IgG subclasses, and
studies with class-switched antibodies and with Fcy recep-
tor IIB knockout mice are planned.

We observed that mAb and 5-FU combination treatment
resulted in the development of an immune response against
tumor antigens that have not been directly targeted by the
antibody but that are expressed in tumor cells, a phenomenon
known as antigen spreading (22, 29, 30). While mice treated
with 5-FU alone or without treatment elicited NY-ESO-1-
specific CD8% T-cell responses, antigen spreading and its
therapeutic effectiveness were limited in these mice. It is also
possible that efficient activation of DCs by the targeted mAb
and 5-FU combination treatment provides the opportunity to
stimulate subsequently additional CD8" T cells specific for
other antigens derived from the tumor cells. Therefore, effec-
tive antitumor responses, such as tumor eradication, may
require CD8" T cells specific for the single antigen used for
immunization but also multiple antigens that were contained
in tumors, as shown in other murine systems and human
cancer vaccines (1, 22, 37, 38).

In our model as well as in patients with cancer, NY-ESO-1
humoral responses could be spontaneously elicited. While a
correlation between humoral responses and longer survival
was not reported, NY-ESO-1-specific CD8™ T-cell induction by
cross-priming in vivo is associated with the induction of
specific antibodies (2, 39). Spontaneous NY-ESO-1 humoral
responses are correlated with progression of tumor stage in
humans (2, 39). In our mouse system, spontaneously induced
anti-NY-ESO-1 antibodies were observed when tumors
reached a larger size. The level of spontaneously induced
antibodies is about 10 times lower than that achieved by mAb
injection (Supplementary Fig. S1C), suggesting that spontane-
ously induced humoral responses may potentially have some
antitumor effects, but the amount of antibodies may be too low
to exhibit effective antitumor activity, such as facilitating
tumor regression. Our data revealed that mAb and 5-FU
combination treatment induced higher numbers of effector/
memory NY-ESO-1-specific CD8" T cells than by chemother-
apy alone, reflecting a long-lasting antitumor capacity as
shown by improved survival. In conclusion, combination
treatment with targeted mAbs and chemotherapy opens a
new era of antibody cancer immunotherapy for tumor antigens
with intracellular expression.
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