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1 | INTRODUCTION

| Hiroyuki Kishi?> | Yoshihiro Hayakawa’

Abstract

For successful immunotherapy for cancer, it is important to understand the immuno-
logical status of tumor antigen-specific CD8* T cells in the tumor microenvironment
during tumor progression. In this study, we monitored the behavior of B160OVA-
Luc cells in mice immunized with a model tumor antigen ovalbumin (OVA). Using
bioluminescence imaging, we identified the time series of OVA-specific CD8" T-cell
responses during tumor progression: initial progression, immune control, and the es-
cape phase. As a result of analyzing the status of tumor antigen-specific CD8" cells
in those 3 different phases, we found that the expression of NKG2D defines tumor-
reacting effector CD8" T cells. NKG2D may control the fate and TOX expression of
tumor-reacting CD8" T cells, considering that NKG2D blockade in OVA-vaccinated
mice delayed the growth of the B1610VA-Luc2 tumor and increased the presence of
tumor-infiltrating OVA-specific CD8" T cells.
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there is marked variation in the immunological status of CD8" T cells,

the mutation and antigen status of tumors, and the clinical history

Tumor-specific CD8" T cells play a central role in immune surveillance
for cancer. There are positive associations between the presence of
CD8" T cells in the tumor microenvironment (TME) and clinical dis-
ease outcomes; 2 therefore, CD8" T cells in TME are considered a
good prognostic marker in various cancer types. In TME, however,
the activation of tumor-specific CD8* T cells through their recog-
nition of tumor-specific antigens is often impaired by negative reg-
ulators. Immune-checkpoint molecules, such as PD-1 and CTLA-4,
are the targets of those negative regulators of T cells, and immune-
checkpoint blockers (ICBs) are known to restore the anti-tumor ef-
fector function of CD8" T cells to exert therapeutic effects in many
cancer patients.“’8 Although patients may show a strong response to
ICBs, the clinical outcomes of this therapy are often limited because

and host genetic background of cancer patients.”'® For successful
immunotherapy for cancer, it is important to understand the im-
munological status of tumor antigen-specific CD8" T cells in TME
during tumor progression. However, it is difficult to assess tempo-
ral changes in CD8" T cells within the tumor microenvironment in a
clinical setting because accessibility to serial tumor biopsies is not
feasible. Therefore, we must experimentally examine how tumor
antigen-specific CD8" T cells change their immunological status
along with the progression of tumors in pre-clinical cancer models.
In this study, we established a bioluminescence imaging model to
monitor the interplay between occult immunogenic tumor and host
anti-tumor immunity. Using mouse B16 melanoma cells expressing

ovalbumin (OVA) and luciferase (B160VA-Luc cells), we monitored
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the exact behavior of B160VA-Luc cells in mice immunized with a
model tumor antigen OVA to clarify the time scale of the specific
immune response to control occult tumors. We further analyzed the
status of tumor antigen-specific CD8" T cells in different phases of
immunological surveillance during tumor progression and identified

NKG2D as a marker of tumor-reacting effector CD8" T cells.

2 | MATERIALS AND METHODS
2.1 | Cells

Murine melanoma cell line constitutively expressing ovalbumin,
B160OVA (MO4) was a kind gift from Dr. Shinichiro Fujii (Riken,
Japan). B160OVA-Luc2 cells stably expressing luciferase with the
cytomegalovirus (CMV) promoter were established in accordance
with a previously described method.** pGL4.50 [luc2/CMV/Hygro]
vector and p-luciferin were purchased from Promega (Madison, WI,
USA), Lipofectamine 2000 was obtained from Invitrogen (Carlsbad,
CA, USA), and hygromycin B was obtained from Nacalai Tesque
(Kyoto, Japan). In vitro and in vivo characterizations of BL6OVA-Luc2
cells are shown in Figure S1. There was a positive correlation be-
tween the luminescence (photons/sec) and cell number (Figure S1A,
R? = 0.9907). Cells were cultured for no longer than a month, and
not reauthenticated.

2.2 | Mice

Six- to 8-wk-old wild-type C57BL/6J (WT) mice were purchased
from CLEA Japan, Inc (Tokyo, Japan). Interferon-y’/’ (IFN-y KO) mice
with a C57BL/6 background were kindly provided by Dr. Yoichiro
Iwakura (Tokyo University of Science, Chiba, Japan) and maintained
at the Laboratory Animal Research Center, Institute of Medical
Science, the University of Tokyo. All experiments were approved
and performed in accordance with the guidelines of Care and Use
of Laboratory Animals of University of Toyama and the Animal Care
and Use Committee of Institute of Medical Science of the University
of Tokyo.

2.3 | Bioluminescence imaging of in vivo cancer
cell growth

Mice were inoculated subcutaneously (sc) with B160VA-Luc2 cells
and tumor growth was monitored by bioluminescence imaging. To
obtain bioluminescence images, mice were injected with p-luciferin
(Promega, 150 mg/kg ip) and luminescence was measured with
an in vivo imaging system (IVIS Lumina Il, Perkin Elmer, MA, USA)
20 min after the p-luciferin injection. Regions of interest analy-
ses were performed using Living Image 4.2 Software (Caliper Life
Science, Hopkinton, MA, USA) to determine the light emitted from

the tumor. For each mouse, all values were determined as photons
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per sec (photon/sec). Representative data on bioluminescence
imaging (Figure S1B), a summary of tumor growth represented as
luminescence (Figure S1C) are shown. The group of mice received
sc injections of 100 ug of chicken ovalbumin protein (OVA, Sigma)
emulsified in complete Freund's adjuvant (CFA, Sigma) or incomplete
Freund's adjuvant (IFA, Sigma) 14 d (OVA-CFA) or 7 d (OVA-IFA) prior
to tumor inoculation. In some experiments, mice were treated with
ip injections of 250 pg of anti-IFN-y (clone H-22, Bio X Cell), anti-
CDS8 (clone 53.6.2, Bio X Cell), or anti-NKG2D (clone HMG2D, Bio
X Cell).

2.4 | Tumor-infiltrating lymphocyte (TIL)
isolation and flow cytometry

Tumor samples were cut into small pieces and digested in serum-
free RPMI 1640 medium containing 2 mg/mL collagenase (Roche
Diagnostics GmbH) and 0.1 mg/mL DNase | (Roche Diagnostics
GmbH) for 1 h at 37°C.*2 A single-cell suspension from tumor-
draining axillary lymph nodes was prepared by mincing and filtra-
tion. Samples were pre-incubated with anti-CD16/32 (2.4G2) to
avoid non-specific binding of antibodies to FcyR. For enumeration
and characterization of tumor-specific CD8"* T cells in TIL, we used
OVATet, a fluorochrome-conjugated complex of 4 MHC class | mol-
ecules each bound to the MHC |-restricted dominant SIINFEKL OVA
epitope (MBL). After incubation with OVATet, samples were further
stained with a saturating amount of the fluorophore-labeled antibod-
ies for cell-surface staining: anti-mouse CD3¢ (2C11, BD Pharmingen
or Tonbo Bioscences), NK1.1 (PK136, BD Pharmingen), CD4 (GK1.5,
Tonbo Bioscences), CD279/PD-1 (RMP1-30, eBioscience), CD233/
LAG3 (C9B7W, eBioscience), CD366/TIM-3 (8B.2C12, eBioscience),
and CD314/NKG2D (CX5, BioLegend). For intracellular staining, cells
were fixed and permeabilized in accordance with the manufacturer's
instructions (FoxP3/Transcription factor staining buffer set, eBios-
cence) before being stained with fluorophore-labeled antibodies:
anti-mouse eomesodermin (Eomes, clone REA116, MACS Miltenyi
Biotec), T-bet (4B10, BioLegend), and TOX (REA473, Miltenyi Biotec).
Flow cytometry was performed with FACS Canto (BD Biosciences)

and data were analyzed with FlowJo software (Tree Star).

2.5 | Single-cell RT-PCR and sequencing

Tumor samples were isolated 12 and 19 d after tumor inoculation,
and subjected to a single-cell TCR p-chain CDR3 repertoire analysis
as previously described with some modifications.*®* Briefly, 5 pL of
the RT-PCR mix was added to each well containing a single T cell, and
1-step RT-PCR was performed. The program for the 1-step RT-PCR
was as follows: 40 min at 45°C for the RT reaction, 98°C for 1 min
and 30 cycles of 98°C for 10 s, 52°C for 5 s, and 72°C for 1 min.
The resultant 1-step RT-PCR products were diluted 10-fold with
nuclease-free water and used for a second cycle of PCR. To amplify
the cDNA of the TCRp, 2 pL of the diluted 1-step RT-PCR products
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were added to each well of a new 96-well PCR plate containing 18
pL of the 2nd-PCR p mix. The PCR program for the second PCR cycle
was as follows: 98°C for 1 min and 35 cycles of 98°C for 10 s, 52°C
for 5s,and 72°C for 30 s. The TCR repertoire was analyzed with the
IMGT/V-Quest tool (http://www.imgt.org/).> The clonality index
was calculated using mathematical equations, as described.*

2.6 | Invivo BrdU uptake

Mice were injected ip with 1 mg of BrdU (Wako) twice per day
(10-12 h apart) starting from 2 d before scheduled tumor excision.
Single-cell suspensions of TIL from harvested tumors were stained
for CD3¢g, CD4, and OVATet, after which they were stained for intra-
cellular BrdU incorporation in accordance with the manufacturer's
instructions (BrdU Flow Kit; BD Biosciences). Non-BrdU-treated

mice were included in the experiment as a negative control.

2.7 | Statistical analysis

All data were obtained from the groups of 5-10 mice and are rep-
resentative of at least 2 independent experiments. Statistical com-
parisons between 2 groups were performed using Student t test.
One-way analysis of variance (ANOVA) with Bonferroni correction
was used to compare 3 or more groups. A P-value equal to or <.05

was considered significant.

3 | RESULTS

3.1 | Identification of the immune control phase of
B160OVA-Luc2 growth in OVA-vaccinated mice

To identify the immune control phase of tumor growth by antigen-
specific T cells, we monitored the luminescence of B160VA-Luc2
cells implanted in control B6 mice (control) or Bé mice vaccinated
with OVA (Vaccinated). Although B160VA-Luc2 cells aggressively
grew in the control B6 mice, these cells showed biphasic growth
in OVA-vaccinated mice (Figure 1A). In OVA-vaccinated mice, the
growth of B1610VA-Luc2 cells initially progressed (Days 2 to 8), then
was stable or declined (Days 10 to 12), and thereafter showed sec-
ondary progression (from Day 16 and thereafter). As shown in the
Figure S1C, the palpable and visible tumor to measure the size was
not technically possible until day 8 to 10. Therefore, the biolumines-
cence imaging was capable of detecting and quantifying the cancer
cell-derived luminescence immediately after the inoculation and
monitor the exact behavior of BL60OVA-Luc cells under the differ-
ent immunological conditions. Such biphasic tumor growth may be
controlled by CD8" T cells and host IFN-y production because it was
compromised in OVA-vaccinated IFN-y KO mice, OVA-vaccinated
WT mice treated with IFN-y-blocking antibody, or OVA-vaccinated
WT mice treated with a depleting anti-CD8 antibody (Figure S1).

Importantly, B160VA-Luc cells lost their OVA expression through-
out the immune control in OVA-immunized mice (data not shown).
These results clearly indicated that the biphasic in vivo growth of
B160OVA-luc2 tumors in OVA-vaccinated mice was controlled by

IFN-y- and CD8" T-cell-dependent anti-tumor immune responses.

3.2 | Clonal expansion of tumor antigen-specific
CDS8" T cells associated with immune control of
B160OVA-Luc2 growth

To understand the status of antigen-specific T cells within the tumor
microenvironment in the 3 different phases of B160VA-Luc2 tumor
growth: initial progression (Days O to 8), immune control (Days 10-
12), and escape (Day 16 and thereafter) phases as determined by
temporal bioluminescence imaging (Figure 1A), we analyzed TILs
using flow cytometry at 8, 12, and 19 days after tumor inoculation.
The proportion of OVA-specific CD8" T cells (determined as OVA-
tetramer® CD4™ T cells, referred to OVATet* T cells from this point
forwards) were markedly increased in the tumors of OVA-vaccinated
mice during the immune control phase compared with naive mice
(Figure 1B). Both the frequency of OVATet" T cells (Figure 1C) and
intensity of OVA-tetramer staining (Figure 1D) were significantly in-
creased on Day 12, when tumor growth was actively controlled by
T cells, whereas they declined on Day 19 along with the progres-
sive growth of B160VA-Luc2 tumors (Figure 1C, D). Using single-cell
TCR p chain CDR3 analysis,'® the TCR repertoire of OVA-specific T
cells on Days 12 and 19 were examined. As shown in Figure 1E, the
clonality index of the TCR repertoire of OVATet" T cells was largely
increased on Day 12 in OVA-vaccinated mice compared with the
control, whereas it had decreased by Day 19 to the control level.
Consistent with the clonality of the TCR repertoire, the prolifera-
tion of OVATet" T cells was also significantly increased on Day 12
as determined by in vivo BrdU uptake, and decreased on Day 19
(Figure 1F). Collectively, these results suggested that the loss of the
OVA-specific CD8"* T-cell response in the tumor microenvironment
correlated with the progressive growth of BL60OVA-Luc2 tumors.

3.3 | Increased expression of NKG2D in tumor-
reacting CD8" T cells at the immune control
effector phase

Next, we examined whether the expression of immune regulatory
molecules is associated with the functional status of tumor-specific
CD8" T cells in the immune control phase (Days 10-12). As shown in
Figure S3, neither PD-1, LAG3, nor TIM-3 expression in OVATet" T
cells was associated with the progression of B160VA-Luc2 tumor
growth. Instead of those immune-checkpoint molecules, the expres-
sion of NKG2D in the tumor-infiltrating OVATet" T cells was found
to be associated with the immune control of B160VA-Luc2 tumor
growth (Figure 2A, B). Not only the intensity of NKG2D expression,
but also the proportion of NKG2D* cells in OVATet" T cells were
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higher in the immune control phase (Days 8 to 12). Such NKG2D
expression was predominant in OVATet" (tumor-reacting) T cells, but
not in other tumor-infiltrating T cells (Figure 2B). Importantly, the ex-
pression of NKGD was specifically increased in the tumor-infiltrating
OVA-specific T cells, because OVATet" T cells in tumor-draining
lymph nodes did not show any increase in their NKG2D expression
(Figure 2C). These results suggested that NKG2D expression defines
tumor-reacting effector CD8" T cells in the immune control effector
phase.

3.4 | NKG2D controls tumor-reacting CD8" T-cell
fate and TOX expression

Given that NKG2D is known to regulate CD8" T-cell fate through
transcriptional control, we next examined the expression of tran-
scription factors that are known to regulate CD8" T-cell effector

and memory states. The expressions of T-box transcription factors
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Eomes and T-bet in tumor-reacting OVATet" T cells were higher
(Eomes, Figure 3A) or unchanged (T-bet, Figure 3B), whereas the
population of OVATet" T cells with highly expressing thymocyte
selection-associated high mobility group box (TOX) was markedly
increased in the immune control phase (Day 11). The induction of
TOX"NKG2D*OVATet* T cells was specific to the T-cell popula-
tion residing within the tumor (Figure 3C). To further determine
whether NKG2D and TOX had functional role in the control of
tumor-reacting CD8" T cells, the OVA-vaccinated mice were
treated with anti-NKG2D (clone HMG2D) blocking antibody. By
blocking NKG2D in OVA-vaccinated mice, B160VA-Luc2 tumor
growth was delayed (Figure 4A), and the presence of tumor-
infiltrating OVATet" T cells was increased compared with the
control mice (Figure 4B). Of note, the delayed treatment with anti-
NKG2D (starting from day 6) was also effective (data not shown).
Along with the better control of B160VA-Luc2 tumor growth,
TOXMOVATet* T cells were more dominant in tumors treated with
anti-NKG2D (Figure 4C). These results suggested that NKG2D



3488 - MOJIC ET AL.
\U4isa'e Cancer Scienc
(A) @ day 8 (A) day 12 3120 *
L——"’/‘\h-daym l‘ E§100
T 80
‘ W day 19 day 19 8: 80
=0 ‘. £
o g5 ©
) Q 20
L,J/\ L-/\ 0
. .l Ll 10° 1'0‘ 1‘0’ 10 10 12 19
10° 1o 102 10° 10 Eomes Days
NKG2D
(B) [day 12 400
—-m-OVATet T cells ‘ 2300
(B) =3
—8-OVATet CD4- T cells P
day 19 = 200
£ 100 7 350 1 _8 RS
8 801 z 2001 0] F S0
& = 250 L/‘\ =
§ %7 Q 2004 P, ° 12 19
(D i 8 150 o 10° 10" 102 10° 10¢
% 40 ¥ 100 T-bet Days
— b4
S 20 - 50 4
< - ©)
04 0 - X 100 - ;
8 12 19 8 12 19 o
Days after tumor inoculation day 11 £ 80 - -
(7]
(© 3 60 - ]
100+ 80 - lc_:
= 40 - -
@ 70 4 X
2 go 2 20 - ]
© — 60 - day 19
. = TOX™
Q 60 A = 50- 12.6 0 - .
1) g 40 - 11 19 TIL dLN
N
Z 40 2 30 OVATet Days
k] =z
X 20 4 20 4 FIGURE 3 Expression of transcription factors in tumor
10 | antigen-specific CD8" T cells in the immune control effector phase.
i i B160VA-Luc2 cells (10° cells/mouse) were used to sc inoculate
TIL dLN TIL dLN vaccinated C57BL/6 mice. BL60OVA-Luc2 cells (10° cells/mouse)
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FIGURE 2 Increased expression of NKG2D in tumor-reacting indicated time-points, TIL were collected and subjected to flow

CD8" T cells in the immune control effector phase. B160VA-
Luc2 cells (10° cells/mouse) were used to sc inoculate vaccinated
C57BL/6 mice. At the indicated time-points, TIL were collected
and subjected to flow cytometry (Day O = tumor inoculation). A,
Representative histograms of NKG2D expression on OVATet" T
cells at the indicated time-points are shown (control (-): isotype
control). B, The percentage of NKG2D™ T cells (left panel) or the
mean fluorescence intensity (MFI) of NKG2D staining (right panel)
on the indicted T-cell population is shown. C, On Day 11, TIL or
tumor-draining axillary lymph nodes (dLN) were collected and
subjected to flow cytometry. The percentage of NKG2D* T cells
(left panel) or mean fluorescence intensity (MFI) of NKG2D staining
(right panel) on the OVATet" T cells isolated from the indicated
sources are shown. Data are presented as the mean + SEM

controls the fate and TOX expression of tumor-reacting CD8* T
cells in TME.

4 | DISCUSSION

In this study, we monitored the behavior of B160VA-Luc cells in
mice immunized with a model tumor antigen, OVA. Using biolumi-

nescence imaging, we identified the time series of OVA-specific

cytometry (Day O = tumor inoculation). Representative histograms
(left) and summaries (right) of Eomes (A) and T-bet (B) expression
in OVATet" T cells are shown. C, Representative contour plots (left)
and summaries (middle) of TOX expression (TOX") on OVATet" T
cells in TIL are shown. The percentage of TOXMOVATet" T cells
isolated from the indicated sources is shown (right). Data are
presented as the mean + SEM

CD8" T-cell responses during tumor progression: initial progression,
immune control, and the escape phase. As a result of analyzing the
status of tumor antigen-specific CD8" T cells in those 3 different
phases, we found that the expression of NKG2D defines tumor-
reacting effector CD8" T cells within TME. NKG2D may control the
fate and TOX expression of tumor-reacting CD8" T cells considering
that NKG2D blockade in OVA-vaccinated mice delayed the growth
of B160OVA-Luc2 tumors and increased the presence of tumor-
infiltrating OVA-specific CD8" T cells in TME.

NKG2D is an activating receptor expressed on NK cells, NKT cells,
8 cells, and a subset of activated CD8" T cells (Wensveen et al, 2018).
In CD8" T cells, NKG2D is known to function as a co-stimulatory
molecule to enhance their TCR-mediated effector functions.'’"*’

NKG2D signaling is also known to activate the memory-associated
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FIGURE 4 NKG2D controls tumor-reacting CD8" T-cell fate and
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to sc inoculate vaccinated C57BL/6 mice that were treated with
anti-NKG2D antibody (clone HMG2D, 250 ug/mouse, ip) every 3 d
starting from Day O (tumor inoculation day) or were left untreated.
A, Bioluminescence of B1610VA-Luc2 tumors was monitored every
other day and normalized by luminescence measured for individual
tumors on Day 0. Tumors were collected on Day 16 for TIL analysis
using flow cytometry. B, Representative contour plots of TIL
electronically gated on NK1.1°CD3" T cells (left) and a summary

of the percentage of OVATet" T cells in tumors (right) are shown.

C, Representative contour plots of TIL electronically gated on
OVATet'CD4"™ T cells (left) and a summary of TOXMOVATet" T cells
in tumors (right) are shown. Data are presented as the mean + SEM.
P <.01

transcription factor Eomes, possibly through the regulation of the
mTORC1 pathway,?° and to contribute to memory formation of
CD8" T cells by enhancing the IL-15-mediated PI3K signaling path-
way.?>?2 Regarding the expression of NKG2D in CD8" T cells, it has
been reported that CD8" effector memory T cells present in vitil-
igo skin increase their NKG2D expression by an IL-15-dependent
mechanism.?® Interestingly, the temporal blockade of NKG2D during
the effector phase resulted in the formation of defective memory
CD8" T cells, potentially through altering T-cell transcriptional and

epigenetic programs.24 Contrary to those co-stimulatory functions
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of NKG2D, our results suggested that it paradoxically functions
as a potential negative regulator of tumor-reacting CD8* T cells in
TME. Alternatively, NKG2D expression may be associated with the
dysfunction of tumor-specific CD8" T cells. Indeed, the dysfunction
of CD8" T cells is considered as a differentiation state distinct from
their effector or memory state in the context of anti-tumor immune
responses.zs’30 Recently, the transcription factor TOX was found
to be a crucial regulator of the differentiation of tumor-specific T
cells into the dysfunction or exhaustion state. Expression of TOX
was driven by chronic T-cell receptor stimulation and NFAT activa-
tion3132 and such TOX expression resulted in a commitment to the
exhaustion of T cells induced by the persistent antigen-dependent
TCR stimulation. It is also suggested that TOX-dependent exhaus-
tion may prevent the overstimulation of T cells; therefore, rescue
of antigen-reacting T cells from the activation-induced cell death
occurred upon chronic antigen stimulation. Although the exact role
of co-stimulatory molecules in TOX expression in CD8" T cells is
unclear, our results suggested the potential role of NKG2D in regu-
lating TOX expression in antigen-specific CD8* T cells in TME. The
presence of antigen-specific CD8" T cells and their expression of
TOX were increased by blocking NKG2D; therefore, NKG2D may
negatively regulate the expression of TOX in tumor-reacting effec-
tor CD8" T cells. Alternatively, NKG2D may be involved in deter-
mining the tumor-reacting TOX"CD8* T-cell fate in differentiating
to TOX' cells. Further studies are clearly needed to understand the
mechanism of how NKG2D contributes to the decision on the fate

of tumor-reacting CD8" effector T cells and the relevance of TOX.
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