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Introduction

Summary

B7-H3 is a B7-family co-stimulatory molecule and is broadly expressed on
various tissues and immune cells. Transduction of B7-H3 into some
tumours enhances anti-tumour responses. We have recently found that a
triggering receptor expressed on myeloid cell-like transcript 2 (TLT-2) is a
receptor for B7-H3. Here, we examined the roles of tumour-associated
B7-H3 and the involvement of TLT-2 in anti-tumour immunity. Ovalbu-
min (OVA),s7_5e4-specific OT-1 CD8"' T cells exhibited higher cytotoxicity
against B7-H3-transduced OVA-expressing tumour cells (B7-H3/E.G7)
in vitro and selectively eliminated B7-H3/E.G7 cells in vivo. The presence
of B7-H3 on target cells efficiently augmented CD8" T-cell-mediated cyto-
toxicity against alloantigen or OVA, whereas the presence of B7-H3 in the
priming phase did not affect the induced cytotoxicity. B7-H3 transduction
into five tumour cell lines efficiently reduced their tumorigenicity and
regressed growth. Treatment with either anti-B7-H3 or anti-TLT-2 mono-
clonal antibody accelerated growth of a tumour that expressed endoge-
nous B7-H3, suggesting a co-stimulatory role of the B7-H3-TLT-2
pathway. The TLT-2 was preferentially expressed on CD8" T cells in
regional lymph nodes, but was down-regulated in tumour-infiltrating
CD8" T cells. Transduction of TLT-2 into OT-I CD8" T cells enhanced
antigen-specific cytotoxicity against both parental and B7-H3-transduced
tumour cells. Our results suggest that tumour-associated B7-H3 directly
augments CD8" T-cell effector function, possibly by ligation of TLT-2 on
tumour-infiltrating CD8" T cells at the local tumour site.

Keywords: anti-tumour immunity; B7-H3; cytotoxic T lymphocyte; effec-
tor function; tumour-infiltrating lymphocytes; triggering receptor expressed
on myeloid cell-like transcript 2

enhanced proliferation and interferon-y (IFN-y) produc-
tion in human T cells." However, subsequent human and

Optimal activation of T cells requires co-signals in addition
to T-cell receptor (TCR) engagement. Co-signal molecules
regulate T-cell responses, positively or negatively. B7-H3
(CD276) is a member of the B7 family and is expressed on
lymphoid cells, such as dendritic cells, monocytes/macro-
phages and activated T cells, as well as non-lymphoid tissue
cells, such as epithelial cells, anterior pituitary progenitor
cells, muscle cells and fibroblast-like synoviocytes.' ™ Mouse
B7-H3 consists of immunoglobulin variable (IgV)-constant
(IgC) domains. The human B7-H3 homologue has another
isoform (B7-H3b), consisting of two pairs of IgV-IgC
domains, and B7-H3b is the major form in humans.”'? B7-
H3 was initially identified as a co-stimulator, which
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mouse studies suggest that B7-H3 plays inhibitory roles in
T-cell activation. Human and mouse B7-H3 fusion proteins
inhibit T-cell activation and effector cytokine production in
vitro, and B7-H3 deficiency or blockade of B7-H3 by anti-
B7-H3 monoclonal antibody (mAb) exacerbates murine
experimental autoimmune encephalomyelitis and experi-
mental allergic conjunctivitis.”'>~'> Hence, the immunolog-
ical function of B7-H3 is controversial.

Tumour-associated B7-H3 is expressed in non-small cell
lung cancer, prostate cancer, neuroblastoma and renal cell
carcinoma.”'®?' Tumour-associated B7-H3 seems to cor-
relate with clinicopathological features or poor progno-
sis.'"”?"*? In contrast, there is one report demonstrating
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better survival in patients with gastric carcinoma B7-H3"
tumours.”> Most reports in humans suggest negative
roles for tumour-associated B7-H3 in anti-tumour
immunity. In contrast, murine tumour experiments have
demonstrated the immune-enhancing function of tumour-
associated B7-H3. Intra-tumoral injection of an expression
plasmid encoding B7-H3 led to regression of EL-4 lym-
phomas, which was dependent on CD8" T cells and
natural killer cells, and transduction of B7-H3 into P815
mastocytoma or C26 colon carcinoma caused regression
of tumour growth and reduced metastasis.>*” P815 cells
expressing  B7-H3 tumour-specific =~ CD8"
cytotoxic T lymphocyte (CTL) expansion and enhance
cytotoxicity.*

We have recently found that a counter-receptor for B7-
H3 is a triggering receptor expressed on myeloid cell-like
transcript 2 (TLT-2, TREML2), which is a member of the
TREM family of proteins that belongs to the immuno-
globulin superfamily.”® Like other TREM family proteins,

induce

TLT-2 is expressed on B cells, granulocytes and macro-
phages.”®* TLT-2 expression on splenic and bone
marrow-derived dendritic cells is limited. Interestingly,
TLT-2 is also expressed constitutively on CD8" T cells
and is induced on CD4" T cells after activation.”® The
transduction of either B7-H3 into tumour cells lines as
stimulator/target cells or TLT-2 into T cells enhances
CD8" T-cell effector function and blockade of the B7-H3—
TLT-2 pathway at the time of elicitation and efficiently
inhibits contact hypersensitivity responses, demonstrating
a co-stimulatory function of the B7-H3-TLT-2 pathway.*®
These findings prompted us to investigate the effects of
B7-H3-transduced tumour cells on anti-tumour immu-
nity, because CD8" T cells are the major effector cells in
most cases of tumour eradication. In this study, we exam-
ined mechanisms of enhanced anti-tumour immunity
induced by tumour-associated B7H3 and the involvement
of its TLT-2 receptor.

Materials and methods

Mice and cell lines

Female C3H/HeN, DBA/2, BALB/c, C57BL/6 (B6) and
BALB/c nude mice were purchased from Japan SLC
(Hamamatsu, Japan), Charles River Japan (Tokyo, Japan)
and CLEA Japan (Tokyo, Japan). Chicken ovalbumin
(OVA);57_064-specific TCR transgenic OT-I mice were
generously provided by Dr William R. Heath (The Walter
and Eliza Hall Institute of Medical Research, Victoria,
Australia).*® Mice were 6-10 weeks of age at the start of the
experiments. All experiments were approved by the Animal
Care and Use Committee of Tokyo Medical and Dental
University.

The T lymphoma EL4, OVA-expressing EL4 (E.G7),
plasmacytoma J558L, mastocytoma P815 and melanoma
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B16 cell lines were cultured in RPMI-1640, supplemented
with 10% fetal bovine serum and 10 pg/ml gentamicin. A
squamous cell carcinoma SCCVII cell line was maintained
in Dulbecco’s modified Eagle’s medium with 10% fetal
bovine serum and 10 pg/ml gentamicin.

Monoclonal antibodies and flow cytometry

Anti-B7-H3 [MIH32 and MIH35, both rat immuno-
globulin G2a (IgG2a), k] and anti-TLT-2 mAb (MIHA47,
rat 1gG2a, k¥ and MIH49, rat IgM, k) were generated as
described previously.”® These mAbs were biotinylated
or conjugated with fluorescein isothiocyanate (FITC),
according to a standard protocol. Peridinin-chlorophyll-
protein complex-carbocyanin 5.5 (PerCP-Cy5.5) -conju-
gated-anti-CD4 (GK1.5), anti-CD8 (53-6.72), and
anti-CD3  (145-2C11);  FITC-conjugated  anti-CD45
(3F11.1); anti-major histocompatibility complex (MHC)
class T (SF1-1.1, 36-7-5 and AF6-88.5 for K, K* and K",
respectively); phycoerythrin-conjugated anti-CD8 (53-
6.72), anti-CD25 (PC61), anti-CD69 (HI1.2F3), anti-
CD54 (YN1/1.7.4), anti-CD80 (1G10) and anti-CD86
(GL1) mAbs; and appropriate fluorochrome-conjugated
isotype control immunoglobulins were used. All fluoro-
chrome-conjugated antibodies except FITC were obtained
from eBioscience (San Diego, CA) or BD-Pharmingen
(San Diego, CA). Culture supernatant from the 2.4G2
hybridoma (anti-CD16/CD32 mAb) was used to block
Fc-mediated binding. Phycoerythrin-streptavidin or allo-
phycocyanin-streptavidin was used for the biotinylated
mAbs. Cells were stained and analysed using a fluores-
cence-acitvated cell sorter (FACSCalibur; BD Biosciences,
Sparks, MD) and the CeLQuest (BD Biosciences) or
rLowJo (TreeStar, Ashland, OR) software.

Gene transduction

Mouse B7-H3 complementary DNA®® was inserted into the
pMKITneo, pMXC and pMXs-neo (kindly provided by T.
Kitamura) expression vectors. P815 cells were transfected
with B7-H3/pMKITneo by electroporation on a GenePulser
Xcell Complete system (Bio-Rad, Hercules, CA). B7-H3/
pMXC and B7-H3/pMXs-neo were used for SCCVII, EL4,
E.G7, B16 cells and J558L cells, respectively. Tumour cells
were retrovirally transduced with B7-H3.?® For infecting
EL4, SCCVII and B16 cells, pVSV-G was co-transfected to
generate pan-tropic retrovirus. After drug selection, trans-
fectants expressing high levels of B7-H3 were sorted by
flow cytometry as described previously.”'

The TLT-2 complementary DNA was inserted into
pMXs-IG, and control IRES-GFP (pMXs-1G) or TLT-2/
pMXs-IG was retrovirally transduced into OT-I CD8" T
cells stimulated with OVA peptide (SIINFEKL).”® GFP*
cells were sorted by flow cytometry and used as mock- or
TLT-2-transduced OT-1 CD8" T cells.
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T-cell co-stimulation assay using P815 cells in vitro

CD4" and CD8" T cells from BALB/c mice were isolated
by negative selection, as described previously.”® The pur-
ity of the CD4" and CD8" T cells was over 95% and
90%, respectively, as confirmed by flow cytometry. For
the anti-CD3 mAb-induced co-stimulation assay, isolated
T cells (2 x 10°/well) were co-cultured with mitomycin
C-treated parental P815 or B7-H3-transduced P815 (B7-
H3/P815) cells at the indicated responder : stimulator
ratios, in the presence of anti-CD3 mAb (145-2Cl11,
0-2 pg/ml in CD4" T cells and 1-0 ug/ml in CD8" T
cells). The proliferative responses for the final 18 hr of
the 3-day culture and IFN-y production in the culture su-
pernatants at 72 hr were then measured.”®> Anti-CD3
mAb-induced redirected cytotoxicity against P815 and
B7-H3/P815 cells was measured by the 6-hr JAM test,>3

Measurement of cytotoxicity against E.G7 cells

Splenocytes from OT-1 mice were cocultured with
mitomycin C-treated E.G7 cells for 3 days for in vitro sensi-
tization. The cells were harvested, separated into CD8"*
T cells, and used as in vitro-sensitized OT-1 CD8" T cells.
Cytotoxicity against E.G7 and B7-H3/E.G7 was measured
by a 6-hr JAM test. For the in vivo cytotoxicity assay,
E.G7 and B7-H3/E.G7 cells were labelled with CellTrac-
ker Orange [5-(and-6)-(((4-chloromethyl)benzoyl)amino)]
tetramethylrhodamine (CMTMR; 10 pM, Invitrogen, Carls-
bad, CA) and/or carboxyfluorescein diacetate succinimidyl
ester (CFSE; 10 pm, Invitrogen). The CMTMR-labelled cells
(2 x 10°) were mixed with a twofold number of CESE-
labelled parental E.G7 (A-mix) or B7-H3/E.G7 (B-mix)
cells (4 x 10°) and then the mixed cells were injected intra-
peritoneally (i.p.) into OT-I mice. Peritoneal exudate cells
(PEC) were analysed by flow cytometry after 24 hr.

Induction of CTL against the alloantigen and OVA by
in vivo sensitization

B6 mice were sensitized in vivo by peritoneal injection with
DBA/2-originated allogeneic P815 or B7-H3/P815 cells
(2 x 107 cells) to evaluate CTL against the alloantigen.
After 8 days, PEC were collected and cytotoxicity against
P815 and B7-H3/P815 was measured as described above.
The OT-I mice received a peritoneal injection of mitomy-
cin C-treated OVA-expressing EL4 (E.G7 or B7-H3/E.G7)
cells (2 x 107) to induce OVA-specific CTL. Three days
later, PEC were harvested and cytotoxicity against E.G7 and
B7-H3/E.G7 was assessed as described above.

Tumour inoculation and evaluation of tumour growth
The P815 (DBA/2-originated, 5 X 10%), EL-4 (B6-origi-

nated, 2 x 10%), 7J558L (BALB/c-originated, 5 X 10°),
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SCCVII (C3H-originated, 2 X 10°), B16 (B6-originated,
1 x 10°) parental cells and each transfectant were injected
subcutaneously into the shaved right flank of syngeneic
mice, and tumour volumes were evaluated.”® At the
final examination day (day 42), tumours with an esti-
mated size < 30 mm’ were defined as ‘rejected’ and the
final rejected ratios were calculated. In some selected
experiments, P815 and B7-H3/P815 (5 X 10%) cells were
injected into BALB/c nude mice and tumour volumes
were evaluated. To deplete CD4", CD8", or both T cells,
0-5 mg of anti-CD4 (GK1.5), anti-CD8 (53-6.72), or both
mAbs were administrated i.p. on days — 5, — 1 and 3. In
experiments examining the effects of anti-B7-H3 or anti-
TLT-2 mAD, 200 pg each of anti-B7-H3 (MIH35), anti-
TLT-2 (MIH49) mAb, or control immunoglobulin was
injected i.p. every other day after tumour inoculation.

Isolation of tumour-infiltrating lymphocytes

For isolating tumour-infiltrating lymphocytes (TIL), the
skin with a small tumour mass at the parental SCCVII or
B7-H3/SCCVII tumour-inoculated sites was resected after
7 days and single-cell suspensions were obtained by diges-
tion with collagenase I (400 U/ml; Sigma, St Louis, MO),
DNase (10 U/ml; Wako, Tokyo, Japan) and hyaluronidase
(2-5 U/ml; Sigma), followed by a density gradient.37 The
cells were then subjected to flow cytometry.

CD8" T-cell stimulation

OT-1 CD8" T cells (1 x 10° cells) were co-cultured with
equal numbers of B7-H3/E.G7 for 24 hr and then expres-
sion of TLT-2, CD8, CD3 and CD69 or CD25 was analy-
sed by flow cytometry. For experiments to see the effects
of cytokines on TLT-2 expression, CD8" T cells
(8 x 10° cells/well) from naive B6 mice were stimulated
with immobilized anti-CD3 mAb (145-2C11, 5 pg/ml) in
the presence of either interleukin-2 (IL-2; 10 ng/ml),
IL-10 (20 ng/ml), tumour necrosis factor-a (TNF-o;
40 ng/ml), IFN-y (10 ng/ml) or transforming growth
factor-f (TGF-f; 10 ng/ml) in 24-well plates for 3 days.
The cells were collected and subjected to flow cytometric
analyses for TLT-2 expression. All cytokines were
obtained from eBioscience or BD Pharmingen.

Results

Tumour-associated B7-H3 enhances T-cell effector
functions

A co-stimulation assay using Fcy receptor-bearing P815
cells and sub-optimal doses of anti-CD3 mAb has been
used to evaluate co-signal function of various B7 and
TNF family molecules.”®*****! We examined the effect
of B7-H3 transduction in P815 cells on anti-CD3
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mAb-induced CD4" or CD8" T-cell responses including
proliferative responses, cytokine production and cytotoxic-
ity. P815 cells expressed endogenously low levels of B7-H3
but the transduction of B7-H3 induced dramatically
higher levels (~ 50-fold; Fig. S1 and ref. 28). Splenic
CD4" or CD8" T cells were co-cultured with either paren-
tal P815 or B7-H3/P815 cells in the presence of a subopti-
mal dose of anti-CD3 mAb. Consistent with our previous
report,”® proliferative responses and IFN-y production by
CD4" T cells were not affected by B7-H3 transduction,
whereas proliferation and IFN-y production by CD8" T
cells were efficiently augmented by B7-H3/P815. Anti-CD3
mAb-induced redirected cytotoxicity against B7-H3/P815
cells was higher than that against P815 in both CD4" and
CD8" T cells (Fig. 1c).

Tumour-associated B7-H3 enhances antigen-specific
cytotoxicity by CD8" T cells

We examined OVA-specific cytotoxicity against E.G7 cells
that express peptide antigens derived from OVA protein,
using OT-I-derived CD8" T cells to investigate whether
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Figure 1. Enhancement of CD8" T-cell effector function by B7-H3.
CD4" or CD8" T cells were co-cultured with either P815 (white cir-
cles or columns) or B7-H3/P815 (black circles or columns) in the
presence of a sub-optimal dose of anti-CD3 monoclonal antibody at
the indicated responder : stimulator (R:S) or effector : target
(E:T) ratios. Proliferative responses for 3 days (a), interferon-y
(IFN-7) production for 4 days culture (b) and cytotoxicity for 6 hr
(c) were measured as described in the Materials and methods. Values
shown are the means £ SD from triplicate cultures. The data are
representative of three independent experiments.
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B7-H3 on target cells up-regulated antigen-specific cyto-
toxicity of CD8" T cells. B7-H3 expression on parental
E.G7 and B7-H3/E.G7 cells is shown in Fig. S1. Cytotox-
icity against B7-H3/E.G7 cells by freshly isolated OT-I
CD8" T cells was consistently higher than that against
parental E.G7 cells (Fig. 2a). When the in vitro-sensitized
OT-1 CD8" T cells were used as effectors, cytotoxicity
against B7-H3/E.G7 was seen even at lower effector : tar-
get (E:T) ratios (E:T=1 and E: T =5) and consis-
tently showed higher cytotoxicity than that against
parental E.G7 cells (Fig. 2b). These results indicate that
tumour-associated B7-H3 enhanced antigen-specific cyto-
toxicity of CD8" T cells.

To investigate whether CD8" T cells selectively lyse
tumour cells that express B7-H3, different fluorochrome-
labelled parental E.G7 and/or B7-H3/E.G7 cell combina-
tions were injected into the peritoneal cavity of OT-I mice,
and PEC were analysed after 24 hr by flow cytometry. In
the mix of CMTMR-labelled E.G7 and CFSE-labelled E.G7
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Figure 2. Selective lysis in B7-H3-transduced tumours. Freshly iso-
lated OT-1 CD8" T cells (a), in vitro-sensitized OT-I CD8" T cells
(b) were used as effector cells. Cytotoxicity against parental E.G7
(white circles) or B7-H3/E.G7 (black circles) was measured. Values
shown are means + SD. (c) The mixture of [5-(and-6)-(((4-chlo-
romethyl)benzoyl)amino)]  tetramethylthodamine (CMTMR) -
labelled E.G7 and carboxyfluorescein diacetate succinimidyl ester
(CFSE) -labelled E.G7 (1 : 2, A-mix) or CMTMR-labelled E.G7 and
CFSE-labelled B7-H3/E.G7 (1 : 2, B-mix) was injected into the peri-
toneal cavity of OT-I mice. After 24 hr, peritoneal exudate cells
(PEC) were analysed by flow cytometry. The same number
(5 x 10° cells) of CMTMR™ cells was acquired, and data are dis-
played as dotted plots with CFSE (x-axis) and CMTMR (y-axis)
intensity. Representative profiles from two independent experiments
are shown. Values in the profiles are the mean positive percent-
ages £ SD from each group of three mice. In the right panel, the val-
ues shown are the CFSE : CMTMR ratios of the isolated PEC after
the injection of A and B mix (the mean + SD).
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(1:2) (A-mix; i) cells, the ratio of recovered CFSE-
labelled cells : CMTMR-labelled cells was approximately 2
(Fig. 2c). This was similar to the injected cell ratio,
suggesting that the respective fluorochrome-labelled E.G7
cells were lysed equally. In contrast, for the mix of
CMTMR-labelled E.G7 and CFSE-labelled B7-H3/E.G7
(1:2) (B-mix; ii), the ratio of CFSE-labelled B7-H3/E.G7
to CMTMR-labelled WT E.G7 was dramatically reduced
(Fig. 2¢; centre and right panels), suggesting a selective
deletion of B7-H3/E.G7 cells. Similar experiments with
different fluorescent protein-expressing J588L and B7-H3/
J558L cells injected into syngeneic mice also showed the
selective elimination of B7-H3/J558L at 14 days (data not
shown). The selective elimination of the B7-H3-expressing
target cells suggests preferential activation of CD8" T cells
in the interactions with CD8" T cells and B7-H3-express-
ing tumour cells.

Tumour-associated B7-H3 augments antigen-specific
CTL function in the effector phase

We next examined whether B7-H3 on tumour cells
enhances CD8" T-cell activation at either the induction
or effector phases using two different models. B6 and
OT-I mice were sensitized in vivo with P815 or B7-H3/
P815 cells as alloantigen-expressing cells and E.G7 or
B7-H3/E.G7 cells as OVA-peptide-expressing cells, respec-
tively, and then cytotoxicity against parental tumour cells
was analysed. The in vivo sensitization with either alloan-
tigen or OVA antigen by B7-H3-expressing tumour cells
did not affect the induced cytotoxicity (Fig. 3a). These
results suggest that B7-H3 expressed on tumour cells did
not enhance antigen-specific priming of CD8" T cells in
the induction phase. Next, similar mice were sensitized
with parental tumour cells, and cytotoxicity against
parental versus B7-H3-transfected tumour cells was com-
pared. In both systems, considerably higher cytotoxicity
was elicited against respective B7-H3-transfected tumour
cells (Fig. 3b), suggesting that B7-H3 on tumour cells
augments the cytolytic effector function of antigen-
specific CD8" T cells in vivo during the effector phase.

B7-H3 transduction into tumour cells reduces
tumorigenicity

We obtained five types of in vivo transplantable tumour
cells including mastocytoma (P815), T lymphoma (EL4),
plasmacytoma  (J558L), squamous cell carcinoma
(SCCVII) and melanoma (B16) to investigate the effects
of B7-H3 transduction on anti-tumour immunity. All
tumour cells expressed endogenous cell surface B7-H3,
although the levels were low (Fig. S1). Four tumours, but
not the B16 melanoma, expressed substantial levels of
MHC class I, but none of the tumours expressed endoge-
nous CD80 or CD86. P815 and J558L cells expressed

© 2010 Blackwell Publishing Ltd, /mmunology, 130, 363-373
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Figure 3. Enhanced cytotoxic T lymphocytes (CTL) against alloanti-
gen and ovalbumin (OVA) by B7-H3-expressing target cells. (a) B6
(left panel) and OT-I (right panel) mice were sensitized in vivo with
allogeneic tumour cells (P815 or B7-H3/P815) and OVA-expressing
tumour cells (E.G7 or B7-H3/E.G7), respectively. After the sensitiza-
tion, cytotoxicity against respective parental tumour cells was mea-
sured using peritoneal exudate cells as effector cells. (b) B6 (left
panel) and OT-I (right panel) mice were sensitized in vivo with P815
and E.G7 cells, respectively. After the sensitization, cytotoxicity
against respective parental and B7-H3-transfected tumour cells was
measured. Values shown are the means + SD. The data are represen-
tative of three independent experiments.

CD54. We established respective B7-H3 transfectants that
stably expressed B7-H3 at high levels. B7-H3 transduction
did not affect other cell-surface expression including
MHC class I, CD54, CD80 and CD86 (Fig. S1). All B7-
H3-transduced tumour cell lines showed comparable
growth in culture and the addition of anti-B7-H3 mAb
did not clearly affect their growth (data not shown). Five
B7-H3-transduced tumours and their respective parental
tumours were injected subcutaneously into syngeneic
mice, and tumour growth was monitored to examine
tumorigenicity. All of the parental tumours grew progres-
sively, whereas the growth of B7-H3-transduced tumours
was efficiently inhibited (Fig. 4). The inoculation of
parental or B7-H3-transduced P815 cells into immuno-
deficient BALB/c nude mice showed a comparable growth
curve (Fig. 4f), suggesting T-cell-dependent action in the
rejection of B7-H3/P815 tumours. These results indicate
that B7-H3 transduction into tumours markedly reduced
tumorigenicity.

Requirements for B7-H3"* tumour-induced
anti-tumour immunity

To examine the requirements of CD8' and CD4" T
cells for tumour-associated B7-H3-induced anti-tumour
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Figure 4. Reduced tumorigenicity by B7-H3 transduction. Parental
(white circles) and B7-H3-transduced (black circles) tumour cells (a,
P815; b, EL4; ¢, J558L; d, SCCVIL; e, B16) were subcutaneously
injected into syngeneic mice and tumour volume was monitored. In
(f), parental and B7-H3-transduced P815 tumour cells were injected
into BALB/c nude mice as described above. The mean tumour vol-
ume + SD (mm?) was determined in each group of five or six mice,
and the data are representative of two independent experiments. The
final tumour rejected ratios are shown in brackets.

immunity, we pre-treated with anti-CD4, anti-CD8 mAb,
or a mixture of both mAbs to deplete CD4", CD8", or
both T cells, and then B7-H3/SCCVII cells were inocu-
lated. Depletion of either CD4" or CD8" T cells slightly
enhanced mean tumour volume and four out of five mice
failed to reject the tumours from CD4-depleted mice,
whereas all of the mice failed to reject the tumours from
CD8-depleted mice (Fig. 5a). The depletion of both CD4"
and CD8" T cells dramatically promoted tumour growth,
resulting in a reversal of the B7-H3 transduction effects.
These results suggest that both CD4" and CD8" T cells are
required, and that CD8" T cells alone are insufficient for
eradicating B7-H3/SCCVII tumours.

We have recently reported that TLT-2 is a counter-
receptor for B7-H3.”® Despite the binding inhibition in
the B7-H3 and TLT-2 interaction assessed by flow cytom-
etry, the addition of anti-B7-H3 (MIH35) and anti-TLT-2
(MIH49) mAbs could not reverse the enhanced T-cell
responses induced by B7-H3 transduction and TLT-2
transduction.”® However, treatment with anti-TLT-2
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Figure 5. Requirements for B7-H3-induced anti-tumour immunity
(a) Mice were pre-treated with control rat immunoglobulin G (IgG;
white squares), anti-CD4 (black triangles), anti-CD8 (black dia-
monds), or both anti-CD4 and anti-CD8 (black circles) monoclonal
antibodies (mAbs), and then B7-H3/SCCVII tumour cells were inoc-
ulated and tumour volume was monitored. The mean tumour vol-
ume + SD (mm®) was determined. The final tumour rejected ratios
are shown in brackets. The data shown are representative of two
independent experiments. (b) and (c¢) SCCVII or B7-H3/SCCVIL
tumour-inoculated mice received intraperitoneal injections of control
rat IgG (white circles) or anti-B7-H3 mAb (black circles) (in b), and
control rat IgM (white diamonds) or anti-TLT-2 mAb (black dia-
monds) (in ¢). The tumour volume was monitored. The mean
tumour volume + SD (mm?) was determined in each group of 11
mice from two independent experiments.

(MIH49) mAD as well as anti-B7-H3 mAD at both sensiti-
zation and challenge of hapten-induced contact hypersen-
sitivity efficiently inhibits ear swelling.”® We therefore
examined the effects of anti-B7-H3 (MIH35) or anti-
TLT-2 (MIH49) mAb treatment on the growth of paren-
tal and B7-H3-transduced SCCVII tumours. Treatment
with anti-B7-H3 mAb significantly enhanced (P = 0-0005)
tumour growth of parental SCCVIIL, but similar treatment
with anti-B7-H3 mAb did not alter the reduced tumour
growth induced by B7-H3 transduction (Fig. 5b). Similar
to treatment with anti-B7-H3 mAb, anti-TLT-2 mAb
treatment also enhanced SCCVII tumour growth
(Fig. 5¢), suggesting the involvement of the B7-H3-TLT-2
pathway in parental SCCVII tumour-mediated immunity.
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Treatment with anti-TLT-2 mAb in B7-H3/SCCVII-inoc-
ulated mice did not reverse the eradication of tumour
induced by B7-H3 transduction. It is unlikely that the
administration of anti-TLT-2 mAb depleted the TLT-2-
expressing target cells, because no differences were
observed in the ratios of CD8" and CD4" T cells,
CD45RB" B cells, CD11b" macrophages and CD11c" den-
dritic cells (data not shown).

Similar results were obtained by the treatment with
either anti-B7-H3 or anti-TLT-2 mAb in B7-H3/EL-4 or
B7-H3/P815 tumour cell inoculation (data not shown).

TLT-2 expression in tumour-infiltrating CD8" T cells
and its function

If the B7-H3-TLT-2 pathway is involved in anti-tumour
immunity, T cells in tumour-bearing mice should express
the TLT-2 counterpart receptor. We examined TLT-2
expression on T cells in regional lymph nodes (RLNs)
and TIL 7 days after either parental SCCVII or B7-H3/
SCCVII tumour inoculation. In intact LNs, TLT-2 was
preferentially expressed on CD8" T cells, but not on
CD4" T cells, and the expression levels on CD8" T cells
were not changed in the RLNs of both types of tumour-
inoculated mice (Fig. 6a, left panels). Histological analyses
of the tumour-inoculated tissues showed more abundant
lymphocyte infiltration in the periphery of and inside the
B7-H3/SCCVII tumour mass compared with the parental
SCCVII-inoculated tissues (Fig. 7). In flow cytometric
analyses, TIL from parental SCCVII-inoculated sites con-
sistently expressed TLT-2. Surprisingly, in the TIL from
B7-H3/SCCVII tumour-inoculated sites, only a sub-popu-
lation of CD8" TIL expressed TLT-2, and the residual
population did not express TLT-2. TLT-2~ CD8" TIL
revealed a larger cell size, as assessed by forward scatter
on flow cytometry, than TLT-2* CD8" TIL (data not
shown). To investigate whether the down-regulation of
TLT-2 was induced after activation, the levels of TLT-2
expression in CD8" T cells stimulated with B7-H3"
tumour cells were compared between CD69', CD697,
CD25" and CD25” fractions. TLT-2 expression in the
CD69" CD8" TIL fraction was lower than that in the
CD69™ fraction (Fig. 6b), In addition, OT-1 CD8" T cells
cultured with B7-H3/E.G7 tumour cells showed that TLT-
2 expression was lower in both CD69" and CD25" frac-
tions compared with CD69~ and CD25  fractions
(Fig. 6b). These results indicated that TLT-2 expression
was down-regulated after activation. We further investi-
gated cytokines that affect TLT-2 expression. Although
IL-2, IFN-y, TNF-a and IL-10 did not clearly affect TLT-
2 expression on CD8" T cells stimulated with anti-CD3
mADb, the addition of TGF-f markedly decreased the
TLT-2 expression (Fig. 6¢).

Finally, we examined whether TLT-2 over-expressed on
CD8" T cells directly enhanced antigen-specific cytotoxicity
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against B7-H3-transduced tumour cells. TLT-2 was retrovi-
rally transduced into OT-I CD8" T cells and cytotoxicity
against parental E.G7 or B7-H3/E.G7 was measured. The
mean fluorescence intensity of TLT-2/GFP-transduced
OT-1 CD8" T cells was sixfold higher than that of mock/
GFP-transfected cells (Fig. 6d). The transduction of TLT-2
did not alter the activation status assessed by cell size
and proliferation and IFN-y production stimulated with
anti-CD3 or phorbol 12-myristate 13-acetate plus ionomy-
cin (data not shown). TLT-2-transduced OT-I CD8" T cells
showed higher cytotoxicity against both E.G7 and B7-H3/
E.G7 than the mock-transduced OT-I CD8" T cells. B7-H3
over-expression on tumours did not dramatically enhance
cytotoxicity when there was sufficient TLT-2 expression on
OT-1 CD8" T cells. These results suggest that TLT-2, which
is expressed on CD8" T cells, enhanced antigen-specific
cytotoxicity by direct interaction with B7-H3 on tumour
cells.

Discussion

We demonstrated that CD8" T cells showed higher anti-
gen-specific  cytotoxicity  against  B7-H3-transduced
tumour cells in vitro, and that B7-H3-transduced tumour
cells were preferentially eliminated in vivo. The presence
of B7-H3 on tumours during antigen sensitization did
not enhance the induced cytotoxicity against alloantigen
and OVA, whereas the presence of B7-H3 on target
tumour cells did efficiently enhance the cytotoxicity.
Transduction of B7-H3 into five different types of
tumours markedly reduced their tumorigenicity, and the
inoculated tumours were largely eradicated. Administra-
tion of either anti-B7-H3 or anti-TLT-2 mAb accelerated
parental tumour growth, but not growth of B7-H3-trans-
duced tumours. The RLN CD8" T cells from tumour-
bearing mice expressed substantial levels of TLT-2, but a
considerable proportion of CD8" T cells within TIL lost
TLT-2 expression. Finally, TLT-2-transduced OT-I CD8"
T cells displayed greater cytotoxicity against both parental
and B7-H3-transduced tumour cells.

Because B7-H3 expression is ubiquitous,"** all tumour
cell lines examined expressed endogenous B7-H3 at low-
to-moderate levels. We transduced B7-H3 into such
tumour cells and obtained the B7-H3 transfectants that
expressed at least a 20-fold higher level of B7-H3 than
parental cells, as assessed by fluorescence intensity. Our
results indicate that B7-H3 over-expression in tumours
reduces tumorigenicity by enhancing immunogenicity,
and the presence of B7-H3 on tumour cells up-regulated
the cytolytic ability of already antigen-primed CD8" T
cells. Tumour-associated B7-H3 was unlikely to be
involved in an initial antigen-priming phase of CD8"
T-cell responses. A similar observation has been reported
using B7-H3-transfected P815 cells and adoptive transfer
in a P1A-specific CTL model system.”® B7-H3 expression
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Figure 6. Modulation of TLT-2 expression on CD8" T cells and enhanced cytotoxicity by TLT-2. (a) Lymph node cells from naive mice and
regional lymph node cells and tumour-infiltrating lymphocytes (TILs) were obtained from SCCVII or B7-H3/SCCVII tumour-inoculated mice.
Cells were stained with fluorescein isothiocyanate-conjugated (FITC-) anti-CD45, peridinin chlorophyll protein Cychrome 5.5-conjugated
(PerCP-Cy5.5-) anti-CD3, and either phycoerythrin-conjugated (PE-) anti-CD4 or anti-CD8 mAbs, and biotinylated anti-TLT-2 mAb, followed
by allophycocyanin (APC) -streptavidin or with the appropriate fluorochrome-conjugated control immunoglobulins and were then analysed by
flow cytometry. An electronic gate was placed on CD45" CD3" CD8" lymphocytes and TLT-2 expression is displayed as histograms with the
control histograms nearest the ordinate (shaded). The data are representative of two independent experiments. (b) TILs from B7-H3/SCCVII-
inoculated mice were stained with FITC-anti-CD45, PerCP-Cy5.5-anti-CD8, PE-anti-CD69 mAbs and biotinylated anti-TLT-2 mAb, followed by
APC-streptavidin. CD8" T cells from naive OT-I mice were labelled with carboxyfluorescein diacetate succinimidyl ester (CFSE) and co-cultured
with E.G7 or B7-H3/E.G7 cells for 24 hr. The harvested cells were stained with either PE-anti-CD69 or anti-CD25, and PerCP-Cy5.5-anti-CD8
mAbs and biotinylated anti-TLT-2 mAb, followed by APC-streptavidin. The cells were analysed by flow cytometry. An electronic gate was first
placed on CFSE* CD8" lymphocytes and then the secondary gates were set on CD69- or CD25-positive and negative cells. TLT-2 expression is
displayed as histograms with the control histograms nearest the ordinate (shaded). The values of upper right are the mean fluorescence intensity
(MFI) of TLT-2 stained cells. The data are representative of two independent experiments. (c) CD8" T cells from naive B6 mice were stimulated
with immobilized anti-CD3 mAb in the presence of the indicated cytokines for 3 days. The cells were harvested and stained with FITC-anti-CD8,
PerCP-Cy5.5-anti-CD3 mAbs and biotinylated anti-TLT-2 mAb, followed by APC-streptavidin and analysed by flow cytometry. The data are
representative of two independent experiments. The values of upper right are the MFI of TLT-2 stained cells. (d) Mock- or TLT-2-transduced
OT-1 CD8" T cells were stained with biotinylated anti-TLT-2 mAb, followed by PE-streptavidin, and analysed by flow cytometry. The data are
displayed as histograms with the control histograms nearest the ordinate (shaded). Mock-transduced (white circles) or TLT-2-transduced (black
circles) OT-1 CD8" T cells were used as effector cells. Cytotoxicity against E.G7 or B7-H3/E.G7 cells was measured. Values shown are the
means = SD. The data are representative of two independent experiments.

on P815 tumour cells enhanced CD8-mediated tumour antigen-specific CTL responses. Another report also
immunity by amplifying local expansion of tumour- demonstrated enhanced tumour immunity by B7-H3
specific CTL in the absence of professional antigen- introduction into Colon 26 colon carcinoma cells.?
presenting cells. Unfortunately, the P815 cells used in our IFN-y production from splenic CD8" T cells of tumour-
study lacked a P1A tumour antigen so we used OVA- bearing mice was enhanced by co-culture with B7-H3"
specific TCR-transgenic CD8" (OT-I1 CD8") T cells and tumour cells. In both reports, B7-H3-introduced tumours
an OVA-expressing tumour (E.G7) cell system to assess were not completely rejected in all individuals and some
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SCCVIl injected

Figure 7. Abundant tumour-infiltrating lym-
phocytes (TIL) in B7-H3/SCCVII-inoculated
sites. The abdominal skin of SCCVII or B7-
H3/SCCVII tumour (1 x 10° cells) inoculated
sites was surgically resected after 7 days. The
formalin-fixed, paraffin-embedded tissue sec-
tions were stained with haematoxylin & eosin.
Representative images of the tumour mass near
the epithelium from three individuals are
shown. Lower images show the selected field of
the upper images at higher magnification. Scale
bars = 100 pm.

mice developed large tumours and died. Our results also
showed a failure of complete tumour rejection. Although
we have not observed this in parallel studies, it seems that
the effects of introducing B7-H3 is not as strong as those
of CD80, CD86, 4-1BBL or GITRL both in vitro and
in vivo.>?10P 15 We also examined tumour vaccine
effects of B7-H3-transduced tumours following several
injections of B7-H3/SCCVII after pre-inoculation of live
parental tumours; however, there was no effect on
tumour growth (data not shown). These observations are
consistent with a previous report on B7-H3/P815 tumour
vaccine effects.” It is likely that the reason for the limited
effect of B7-H3-transduced tumour cells was the few or
no enhancing effects of B7-H3 during the priming phase.
The de novo induction of regulatory co-stimulatory
ligands like B7-H1 and B7-H4 in tumour cells and others
may override the effects of B7-H3-mediated anti-tumour
immunity.*

The major reason for dominant involvement of CD8"
T cells in B7-H3-enhanced immunity could be the result
of counter-receptor expression. In the steady state, TLT-2
is clearly expressed on splenic CD8" T cells, whereas
TLT-2 on CD4" T cells is either weak or null (Fig. S2 and
ref. 28). Nevertheless, we observed preferentially higher
anti-CD3 mAb-induced re-directed cytotoxicity of CD4"
T cells against both parental P815 and B7-H3/P815 cells
(Fig. 1). We have previously shown that the anti-CD3
mAb-induced re-directed cytotoxicity was greatly depen-
dent on the Fas—Fas ligand pathway.”> In fact, the
re-directed cytotoxicity of CD4" T cells against P815 and
B7-H3/P815 cells was efficiently inhibited by blocking
anti-Fas ligand mAb (data not shown). CD4" T cells
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B7-H3/SCCVI!I injected

rapidly increased TLT-2 expression by anti-CD3 mAb
stimulation alone (Fig. S2) and the interaction of TLT-2
with B7-H3 on P815 cells preferentially up-regulated Fas
ligand expression on the CD4" T cells, resulting in higher
re-directed cytotoxicity. We consistently observed constit-
utive expression of TLT-2 in LN CD8" T cells from naive
mice, and its expression was comparable in RLN CD8"*
T cells from tumour-bearing mice. Here, we examined
TLT-2 expression in TIL for the first time. We found a
marked lymphocyte infiltration within the B7-H3/SCCVII
tumour mass, indicating active anti-tumour immune
responses in the B7-H3" tumour sites. Surprisingly, the
majority of CD8" TIL in the B7-H3/SCCVII-inoculated
mice lost TLT-2 expression, and the cells expressing
activation marker down-regulated TLT-2 expression.
These findings suggest that activation signals to CD8"
T cells induce down-regulation of TLT-2. Although we
tried to detect TLT-2 expression by immunofluorescence
histostaining, TLT-2 expression was undetectable so we
could not examine the distribution of TLT-2" versus
TLT-2" CD8 TIL in the tissues. We also found that TGF-f3,
which is often secreted from solid tumour cells like
squamous cell carcinomas or tumour-associated cells,
down-regulated TLT-2 expression. It is therefore possible
that some tumour-related environmental factor(s) may
have caused TLT-2 down-regulation. TLT-2 down-regula-
tion occurred at the local tumour sites and this may have
contributed to the limited efficacy of B7-H3-transduced
tumours. Our results from the TLT-2-transduced CD8"
T-cell study suggest that the TLT-2 expression level is
more critical than that of B7-H3 to deciding whether
there is a contribution of the B7-H3-TLT-2 pathway.
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Over-expression of B7-H3 is no longer required when
sufficient TLT-2 expression is provided on the surface of
CD8" T cells (Fig. 6d). In contrast to broad and abun-
dant B7-H3 expression, TLT-2 expression levels in T cells
are tightly regulated. Additional approaches for prevent-
ing TLT-2 down-regulation or enhancing TLT-2 expres-
sion at tumour sites may be needed.

We performed experiments to block the B7-H3-TLT-2
pathway, using anti-B7-H3 and anti-TLT-2 mAbs, to con-
firm the functional contribution of B7-H3 and TLT-2 in
B7-H3-introduced tumour-mediated immunity. Unfortu-
nately, there was no effect on the tumour regression
induced by B7-H3-introduced tumours that expressed
high levels of B7-H3. Interestingly, growth of the parental
tumour, which expressed endogenously low levels of B7-
H3, was accelerated by treatment with either anti-B7-H3
or anti-TLT-2 mAb. This suggests the immunoenhancing
effects of the B7-H3-TLT-2 pathway in tumour immunity
against parental tumours. We have previously attempted
and failed to reverse the enhanced responses induced by
B7-H3- or TLT-2-transduced cells using the same anti-
B7-H3 and TLT-2 mAbs in vitro, although these mAbs
could inhibit B7-H3 immunoglobulin binding, assessed
by flow cytometry, and the functional endogenous TLT-2
and B7-H3 interaction in contact hypersensitivity
in vivo.”® The low affinity of our blocking mAbs may
explain the failure. The mAbs may not be able to com-
pletely neutralize the high levels of B7-H3 and TLT-2 that
are introduced on transfectants. Another explanation is
the presence of soluble forms of B7-H3 and TLT-2.
Indeed, secretion of a soluble form of human B7-H3 has
been reported in patients with cancer'® and we have also
observed a soluble form of TLT-2 in culture supernatants
of TLT-2-transduced cells (M.H., unpublished observa-
tion). Excess molecule expression in the transduced cells
may produce a soluble form and neutralize the mAb
action. Additionally, the presence of an opposite function
from an unknown B7-H3 receptor may have neutralized
the co-stimulatory action of the B7-H3-TLT-2 pathway.
Unfortunately, we could not induce agonistic signals by
ligation of TLT-2 using immobilized anti-TLT-2 mAbs.
This causes further difficulty for the direct analyses of
TLT-2 function in T cells. Further studies are needed to
clarify the direct interaction of TLT-2 with B7-H3 in
T-cell responses.

Most reports describing the role of B7-H3 in
humans suggest regulatory roles for tumour-associated
B7-H3,'®1%21:22 3nd all murine tumour B7-H3-transduc-
tion experiments, including our study, demonstrate
positive co-stimulatory functions for tumour-associated
B7-H3.>*7 However, a number of mouse studies using
various assay systems in vitro and disease models in vivo
still support the regulatory role of B7-H3.">7'>*®*" The
discrepancy in B7-H3 function is not simply explained by
the different forms of B7-H3 found in humans and mice.
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Further studies to clarify the real function(s) of B7-H3
will be required before developing cancer immunotherapy
targeting B7-H3.
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Supporting Information

Additional Supporting information may be found in the
online version of this article:

Figure S1. Expression of cell surface antigens on paren-
tal and B7-H3-transduced tumour cell lines. B7-H3-trans-
duced tumour cells were generated as described in the
Materials and methods. Parental and B7-H3-transduced
P815, EL4, J558L, SCCVII, B16 and E.G7 cells were stained
with fluorescein isothiocyanate-conjugated (FITC-) anti-
B7-H3, FITC-anti-major histocompatibility complex class
I, phycoerythrin-conjugated (PE-) anti-CD54, PE-anti-
CD80 and PE-anti-CD86 monoclonal antibodies or with
the appropriate fluorochrome-conjugated control immu-
noglobulin. Data are displayed as histograms (four-decade
logarithm scales) with the control histograms nearest the
ordinate (shaded).

Figure S2. Expression of TLT-2 on CD4" and CD8" T
cells. Splenocytes from BALB/c mice were stimulated with
anti-CD3 monoclonal antibody (mAb; 10 pg/ml) for 6
and 24 hr. Freshly isolated and activated splenocytes were
stained with peridinin chlorophyll protein Cychrome 5.5-
conjugated (PerCP-Cy5.5-) anti-CD4, phycoerythrin-con-
jugated (PE-) anti-CDS8, and biotinylated anti-TLT-2
mAbs or with the appropriate isotype control immuno-
globulin, followed by allophycocyanin-conjugated (APC-)
streptavidin. Data are displayed as histograms (four-dec-
ade logarithm scales) with the control histograms nearest
the ordinate (shaded). The values of lower left and upper
right are the mean fluorescence intensity (MFI) of control
and TLT-2-stainings, respectively.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials sup-
plied by the authors. Any queries (other than missing
material) should be directed to the corresponding author
for the article.
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