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Abstract

Background: B- and T-lymphocyte attenuator (BTLA) and programmed cell
death-1 (PD-1) inhibit y8 T cell homeostasis and activation. This study aimed
to determine whether BTLA and PD-1 signaling pathways were convergent or
independent in human peripheral blood y8 T cells. Herein we demonstrate
that the signalings of BTLA and PD-1 regulated proliferation and cytotoxicity
of human 8 T cells, respectively.

Methods: Human peripheral blood y& T cells were cultured with inactivated
Jurkat cells in the presence of interleukin-2 and zoledronate (Zol) for 14 days.
Flow cytometry was performed to evaluate the phenotypes and functions of y&
T cells.

Results: The proliferation of the y8 T cells was increased when PBMCs were
cocultured with inactivated herpes virus entry mediator (HVEM)°" Jurkat
cells. The cytotoxicity of the expanded y8 T cells was not affected by coculture
with inactivated HVEM'" Jurkat cells and was further increased in the

Abbreviations: AV, annexin V; BTLA, B- and T-lymphocyte attenuator; CFSE, carboxyfluoroscein succinimidyl ester; FBS, fetal bovine serum;
GVHD, graft versus host disease; HSCT, hematopoetic stem cell transplantation; HVEM, herpes virus entry mediator; IPP, isopentenyl
pyrophosphates; ITIM, immunoreceptor tyrosine-based inhibitory motif; ITSM, immunoreceptor tyrosine-based switch motif; mAb, monoclonal
antibody; NBP, aminobisphosphonate; PB, peripheral blood; PBMC, peripheral blood mononuclear cells; PBS, phosphate-buffered saline;

PD-1, programmed cell death-1; PD-L1, PD-ligand 1; PI, propidium iodide; SHP, src homology region 2 domain-containing phosphatase;

WT, wild-type; Zol, zoledronate.
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1 | INTRODUCTION

¥8 T cells are innate-like immune cells that participate
in the early phase of infection and they kill tumor cells
directly by degranulation of granzymes and perforin." y8 T
cells constitute 1%-10% of total T cells. They have unique
characteristics that distinguish them from of T cells,
which make up the majority of T cells.” Unlike af T cells,
¥3 T cells do not require MHC molecules for antigen re-
cognition.” Human Vy9V82 T cells, which are the majority
of circulating Y& T cells, require cell-to-cell interactions to
induce their reactivity. Vy9Vé2 T cells proliferate and are
activated by recognizing phospho-antigen directly.’

Through the mevalonate pathway, aminobispho-
sphonates (NBPs), such as zoledronate (Zol), lead to the
accumulation of isopentenyl pyrophosphates (IPP) by in-
hibiting farnesyl-pyrophosphate synthase. IPP is then re-
cognized by a y8 T cell, which induces it to proliferate.” The
Y3 T cells expanded and activated in response to IPP exert
antitumor, antimicrobial, and antiviral responses.g’7 It has
been reported that repeated and combined administration of
NBPs and human Vy9Vé2 T cells can effectively control
tumor growth in vivo.” Human Vy9V82 T cells can directly
kill leukemia cells’ without causing graft versus host disease
(GVHD)." It has been proven that the depletion of of
T cells is a safe and effective tumor therapy.'" Clinical stu-
dies are underway to activate Y8 T cells by administering Zol
after of T and B cell-depleted hematopoietic stem cell
transplantation (HSCT) to obtain an optimal therapeutic
effect based on the activity of y§ T cells.'>"* Thus, y8 T-cell
adoptive transfer after HSCT could be an attractive ther-
apeutic option.'*'” It is, however, necessary to optimize
methods of efficiently triggering the proliferation and
activation of Vy9va2 T cells.

presence of anti-PD-L1 mAb. These results suggest that the inactivation of the
BTLA signaling pathway during expansion could help produce more y3 T cells
without compromising Y8 T cell function. The inhibition of BTLA or PD-1
signaling repressed phosphorylation of the src homology region 2-containing
protein tyrosine phosphatase 2 and increased the phosphorylation of protein
kinase B in y8 T cells. However, there were no synergistic or additive effects by
a combination of BTLA and PD-1 blockade.

Conclusion: These results suggest that BTLA signaling is crucial in regulating
y8 T cell proliferation and function and that the BTLA and PD-1 signaling
pathways act independently on the proliferation and cytotoxicity of human

AKT, BTLA, cytotoxicity, human peripheral blood y8 T cells, PD-1, proliferation, SHP2

Coinhibitory or immune checkpoint signaling is one of
the regulatory mechanisms to inhibit excessive T cell ac-
tivation.'® However, it also causes tumor immune escape.
Programmed cell death-1 (PD-1), an immune checkpoint
molecule, reacts with programmed death-ligand 1 (PD-L1)
to inhibit T cell activation, resulting in reduced cytotoxi-
city.'”'® PD-1 is highly expressed in exhausted T cells and
is associated with impaired effector function and increased
apoptosis.'”?' Increasing the antitumor response of
T cells by inhibiting PD-1 signaling has emerged as a
promising therapy and its efficacy has been confirmed in
preclinical and clinical trials.”*** B- and T-lymphocyte
attenuator (BTLA), a member of the CD28 family, nega-
tively regulates T cell activation as does PD-1.”* Both
BTLA and PD-1 contain Ig-like domains that are
expressed in T cells and B cells and present as monomers
in T cells.”> After TCR stimulation, the immunoreceptor
tyrosine-based inhibitory motif (ITIM) and im-
munoreceptor tyrosine-based switch motif (ITSM) of PD-1
and BTLA are phosphorylated. Then, the src homology
region 2 domain-containing phosphatase (SHP)-1 and
SHP-2 are recruited.’® As a result, downstream molecules
of TCR and CD28 are dephosphorylated.”” Although PD-1
and BTLA both have ITIM and ITSM motifs, PD-1 es-
sentially only requires ITSM for its inhibitory function,””
whereas BTLA requires both ITIM and ITSM.*® CD160,
BTLA, and LIGHT share their common ligand, herpes
virus entry mediator (HVEM), but BTLA is expressed al-
most exclusively in T cells.”” Our previous results showed
that BTLA is robustly expressed on y& T cells from leu-
kemia patients.”’ Blocking the BTLA/HVEM inhibitory
signal improves the proliferation of Y8 T cells.”” BTLA
regulates the proliferation of Vy9Va2 T cells,”*! whereas
PD-1 regulates their cytotoxicity.*”
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However, the interaction between the two inhibitory
signaling pathways in Vy9Vé2 T cells is poorly under-
stood. Therefore, we examined whether the BTLA and
PD-1 signaling pathways are convergent or independent
in y8 T cells by evaluating the proliferation, cytotoxicity,
and expression of signaling molecules. The results
showed that the BTLA and PD-1 signaling independently
regulate the proliferation and activation of y8 T cells,
suggesting that inhibition of BTLA signaling could im-
prove the expansion of yd T cells without compromising
cytotoxicity.

2 | MATERIALS AND METHODS
2.1 | PBMC isolation and y8 T cell
proliferation

Peripheral blood mononuclear cells (PBMC) or af3 T cell-
depleted PBMCs from healthy adult volunteers were iso-
lated by density gradient centrifugation using Ficoll-
Paque™ Plus (GE Healthcare). o8 T cell-depleted PBMCs
were isolated using CliniMACS (Miltenyi Biotec), as pre-
viously described.'” All of the participants provided writ-
ten informed consent. All of the procedures were
approved by the Institutional Review Board, Asan Medical
Center, Seoul, Korea (Approval No. 2015-0307). The study
was performed ethically, following the Declaration of
Helsinki. Isolated cells were immediately frozen in heat-
inactivated fetal bovine serum (FBS) (Sigma-Aldrich)
containing 10% dimethyl sulfoxide (Sigma-Aldrich) and
were maintained in liquid nitrogen until use. The PBMCs
were cultured at 6 x 10> cells/well in 24-well plates in
Rosewell Park Memorial Institute (RPMI) 1640 (Corning)
supplemented with 10% heat-inactivated FBS, 100 IU/ml
penicillin plus 100 ug/ml streptomycin (Corning), 1 mM
sodium pyruvate (Sigma), and 55uM 2-mercaptoethanol
(Gibco) in the presence of 100U/ml recombinant
human interleukin-2 (IL-2) (PeproTech) and 1uM Zol
(Selleckchem). Every 2 days, fresh IL-2 was added.

2.2 | Generation of HVEM"Y Jurkat cell

lines

Jurkat cells (ATCC) were cotransfected with the HVEM
CRISPR/Cas9 KO plasmid (Santa Cruz) and the HVEM
HDR plasmid (Santa Cruz) according to the manu-
facturer's instructions. After 48 h, all transfected cells
were selected with media containing 2 ug/ml puromycin
(TOCRIS Bioscience) for at least 2 weeks. Before use, the
reduction of HVEM expression in the selected cells was
confirmed by flow cytometry. The cells expressing lower
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levels of HVEM were named HVEM'™Y Jurkat cells.
Jurkat cell lines were maintained in RPMI 1640 supple-
mented with 10% inactivated FBS, 100 IU penicillin plus
100 pg/ml streptomycin, and 1 mM sodium pyruvate. All
cells were incubated in a humidified CO, incubator.

2.3 | Cell proliferation assay

PBMCs were washed and resuspended in phosphate-
buffered saline (PBS) (Biosesang). Then, the cells were
labeled with cell proliferation Dye eFluor™ 670 (EF670)
(Thermo Fisher Scientific) according to the manu-
facturer's instructions.

For inactivation of the Jurkat cells, they were treated
with 25 pg/ml mitomycin C (Sigma) for 2h and then it
was washed away three times with 1x PBS. EF670-labeled
PBMCs at 3x10° cells were cultured in 96-well plates
with or without the indicated monoclonal antibody and
mitomycin C-treated Jurkat cells at 1.5x 10° cells in the
presence of 100 U/ml rhIL-2 and 1uM Zol. Anti-human
PD-L1 blocking antibody (clone 29E.2A3; Biolegend) was
added at 1 pg/ml at the beginning of the culture. Fresh
IL-2 was added every 2 days. In some experiments, BLTA/
HVEM blocking peptides (Ac-YRVKEACGELTGTVCEP-
NH,; Peptron),” and anti-PD-1 mAb (clone EH12.2H7;
Biolegend) were used. As control, scrambled peptide
(Ac-ELCAGPVTRKVECTYGE-NH,; Peptron) and isotype
control (clone MOPC-21; Biolegend) were also used. The
cultured cells were treated with FcR blocking reagent
(Miltenyi Biotec) for 5 min and stained with phycoerythrin
(PE)-conjugated anti-human TCRy8 (clone MOPC-21;
Biolegend) and APC-H7-conjugated anti-human CD3 an-
tibody (clone SK7; BD Biosciences) for 30 min. The EF670
dilution was analyzed by FACS Canto Il (BD Biosciences)
or CytoFLEX (Beckman Coulter Life Sciences) flow
cytometers and FlowJo (Tree Star, Inc.) software.

2.4 | Degranulation assay

In the presence of anti-human CD107a (clone eBioH4A3;
eBioscience) monoclonal antibody, ex vivo expanded
PBMC were incubated with tumor cells at a 1:1 ratio of
effector:target. After 1h, 50 uM monensin (eBioscience)
was added. Following overnight incubation and washing,
the cells were treated with FcR blocking reagent for
5min, and stained with fluorescein isothiocyanate
(FTIC)-conjugated anti-human TCRyd (clone BI1.1;
eBioscience) and APC-H7-conjugated anti-human CD3
antibody (clone SK7; BD Biosciences), then analyzed by
FACS Canto Il or CytoFLEX flow cytometers and FlowJo
software (Tree Star).
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2.5 | Cell death assay

Cytotoxicity was analyzed using annexin V (AV) and
propidium iodide (PI) assays. Target cells were washed
and resuspended in PBS. Then, the cells were labeled
with carboxyfluorescein succinimidyl ester (CFSE) by
using Cell Trace Cell Proliferation Kits (Molecular
Probes) according to the manufacturer's instructions.
Expanded y8 T cells were resuspended in media and
incubated with CFSE-labeled target cells. After 1 day, the
cells were washed with AV-binding buffer (BD Bios-
ciences). The cells were treated with FcR blocking re-
agent for 5min and stained with anti-AV-APC antibody
(BD Biosciences) and PI (Biolegend). Early and late
apoptosis was evaluated within the CFSE positive target
cells by flow cytometry with FACS Canto Il or CytoFLEX.
The data were analyzed by FlowJo software.

2.6 | Flow cytometry

In vitro expanded y8 T cells were harvested and stained
with the following antibodies: PE-conjugated anti-human
TCRyS (clone MOPC-21; Biolegend), APC-H7-conjugated
anti-human CD3 antibody (clone SK7; BD Biosciences),
FITC-conjugated anti-human CD279 antibody (clone
EH12.2H7; Biolegend), and APC-conjugated anti-human
CD272 antibody (clone MIH26; Biolegend). For analysis
of the differentiation subsets, the following antibodies
were used: FITC-conjugated anti-human TCRyd (clone
B1.1; eBioscience), APC-H7-conjugated anti-human CD3
antibody (clone SK7; BD Biosciences), PE-conjugated
anti-human CD45RA antibody (clone HI100; Biolegend),
and APC-conjugated anti-human CD27 antibody (clone
0323; eBioscience). Differentiation subsets were de-
termined by CD45RA and CD27 expression within the y
T cells. In some experiments, interferon-y (IFN-y) (clone
4S.B3; Biolegend) was intracellularly stained using BD
Cytofix/Cytoperm™ (BD Biosciences). Data were ac-
quired by flow cytometry. Flow cytometry was conducted
by FACS Canto Il or CytoFLEX. The data were analyzed
by FlowJo software.

2.7 | Detection of phosphoprotein by
flow cytometry

Jurkat cells were preincubated with anti-human PD-L1
blocking antibody (Biolegend) for 30 min in the presence
of FcR blocking Ab and then treated with 100 uM
pervanadate, an inhibitor of phosphatases, which was
used as a phosphorylation inducer.’ In the presence of
IL-2 and Zol, PBMC and tumor cells were coincubated
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for 20 min and immediately fixed in a 4% paraformalde-
hyde solution. After washing with PBS containing 2%
FBS, the cells were permeabilized with BD™ Phosflow
Perm Buffer Il (BD Biosciences) for 30 min on ice.
Then, they were incubated with anti-pSHP-2 (clone
L99-921; BD Biosciences), anti-pAKT (Clone M89-61; BD
Biosciences), anti-pERK1/2 (ab212153; Abcam), anti-
pSHP-1 (ab192669; Abcam) antibody or IgGlx isotype
control for 1h, following FcR blocking. For pSHP-1
staining, PE-conjugated goat antirabbit IgG Ab (ab72465;
Abcam) was treated. Thirty minutes before washing the
cells, FTIC-conjugated TCRyS (clone B1.1, eBioscience)
and APC-H7-conjugated CD3 antibody (clone SK7; BD
Biosciences) were additionally added. Flow cytometry
was conducted by CytoFLEX (Beckman Coulter Life
Sciences). The data were analyzed by FlowJo (Tree Star,
Inc.) software to understand the phosphorylation status
of SHP-1/2, ERK1/2, and AKT.

2.8 | Statistical analyses

Growth curves were analyzed by Friedman test, non-
parametric repeated-measures analysis of variance
using InStat (GraphPad Software). Other results were
analyzed using paired two-tailed ¢ tests by GraphPad
Prism Ver. 6.0 software (GraphPad Software). When the
p value was less than .05, the difference was considered
to be significant.

3 | RESULTS
3.1 | BTLA signaling plays a critical role
in the proliferation of y& T cells

We found that the proliferation of y§ T cells in the per-
ipheral blood (PB) from healthy donors induced by IL-2
and Zol was significantly impaired by coincubation with
mitomycin C-inactivated wild-type (WT) Jurkat cells,
which express HVEM (Figures 1A and S1). The differ-
ences between the control group, which was treated only
with IL-2 and Zol (IL-2 + Zol(—)), and the groups coin-
cubated with WT Jurkat in the absence or presence of
anti-PD-L1 were statistically significant at Day 10. To
determine whether blocking BTLA and/or PD-1 signaling
could improve the proliferation of the y8 T cells, PBMC
were cultured with HVEM'Y or WT Jurkat cells in the
presence or absence of anti-PD-L1 blocking monoclonal
antibody (mAb). The HVEM"Y Jurkat cells were pro-
duced using a CRISPR/Cas9 system to delete the HVEM
gene. As expected, HVEM expression was downregulated
in HVEM'" Jurkat cells relative to mock-transfected
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FIGURE 1 Blocking BTLA/HVEM interactions increase yd T cell proliferation. (A) o T cell-depleted PBMCs were cultured with
inactivated Jurkat cells with or without anti-human PD-L1 blocking antibodies in the presence of IL-2 and zoledronate(—). The gating
strategy is shown in Figure S2. The frequency of y§ T cells (CD3*TCRyS") was determined by flow cytometry. The absolute numbers of y8 T
cells (CD3*TCRy8™) was calculated at the indicated days. Data were shown as mean + SEM of six independent experiments (donor no.
n =6, except n = 3 for isotype control group). Friedman test was performed (*p <.05). (B) After EF670-labeling, PBMCs were stimulated as
described above. The top plots were only treated with IL-2 and zoledronate(—) (Zol) and the lower plots were cultured with inactivated
leukemic cells as indicated on the left. Cells were harvested at 6 or 8 days after culture, and the proliferation was determined by EF670
dilution by flow cytometry. Representative histograms are shown out of three independent experiments. (C) Experiment was performed as
above, except that BTLA/HVEM blocking peptides and anti-PD-1 mAb were used instead of HVEM'®" Jurkat cells and anti-PD-L1 Ab(-),
IL-2- and Zol-treated. BTLA, B- and T-lymphocyte attenuator; HVEM, herpes virus entry mediator; IL-2, interleukin-2; mAB, monoclonal
antibody; mIgG1k, isotype control; PBMC, peripheral blood mononuclear cell; PD-1, programmed cell death-1; PD-L1, programmed death-
ligand 1
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WT Jurkat cells (Figure S1). The expression of PD-L1 was
not changed by the deletion of HVEM in Jurkat cells
(Figure S1, lower panel).

The inhibited proliferation of the y& T cells in co-
culture with WT Jurkat cells was rescued by HVEM'®"
Jurkat cells (Figure 1A; p =.065). The gating strategy to
identify y8 T cells was depicted in Figure S2. HVEM'"
HL-60 cells also increased y& T cell proliferation, com-
pared with WT HL-60 cells (Figure S3A,B). Blocking
PD-1/PD-L1 signaling increased the number of yd T
cells only in the presence of HVEM'Y Jurkat cells. The
treatment with anti-PD-L1 mAb alone failed to increase
¥8 T cell proliferation when BTLA/HVEM signaling was
intact. These results were confirmed by EF670 dilution,
as seen in Figure 1B. By Day 8, EF670'°"/~ proliferating
cells were 97.5% when treated only with IL-2 and Zol.
Deletion of HVEM in Jurkat cells rescued the pro-
liferating cells over 95% at Day 8, compared with 57.3%
when cultured with WT Jurkat cells. The averages of the
results were summarized in Figure S4. The treatment of
BLTA/HVEM blocking peptides during culture in-
creased yd T cell proliferation which was inhibited by
WT Jurkat cells, and anti-PD-1 Ab alone did not in-
crease it (Figure 1C). Taken together, these results
suggest that reduction of BTLA/HVEM signaling is a
prerequisite for the optimal proliferation of V&2 yd
T cells, whereas PD-1/PD-L1 signaling has a limited role
in their proliferation.

PD-1 expression on yd T cells was assessed to
determine whether the reduction of BTLA/HVEM or
PD-1/PD-L1 signaling during the ex vivo expansion al-
tered PD-1 expression on the yd T cells. Stimulation with
IL-2 and Zol for 10 days significantly upregulated BTLA
and PD-1 expression on the y& T cells, and reduction of
BTLA and PD-1 signaling did not change BTLA and PD-1
expression on the y8 T cells (Figure S5).

3.2 | Blocking BTLA signaling reduces
the more differentiated yd T cell
population

It has been suggested that the more differentiated
T cells are, the less antitumor efficacy they have,’” and
thus the subsets of expanded y8 T cells were analyzed
by flow cytometry. As seen in Figure 2, coincubation
with HVEM'®Y Jurkat cells reduced the proportion of
terminally differentiated CD27 CD45RA™ y8 T cells
significantly, compared with that incubated with
WT Jurkat cells. Coincubation with WT Jurkat cells
slightly increased the number of CD27"CD45RA™
naive T cells, and coincubation with HVEM'Y Jurkat
cells in the presence of PD-L1 blockade increased the
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number of CD27"CD45RA™ central memory T cells,
although the differences were not statistically sig-
nificant. These results imply that inhibiting BTLA
signaling pathway during expansion could be bene-
ficial for cancer immunotherapy by preventing term-
inal differentiation of y& T cells.

3.3 | The antitumor activity of yd T cells
is not affected by blocking BTLA signaling

To evaluate the effect of a blockade of BTLA/HVEM
and PD-1/PD-L1 signaling on the effector function of
yS T cells, PBMCs were treated with anti-human PD-L1
mAb while cocultured with HVEM'Y Jurkat or WT
Jurkat cells in the presence of IL-2 and Zol. We then
examined the antitumor activity of ex vivo expanded yd
T cells using PI and AV in tumor cells. The cells ex-
panded under the conditions shown in Figure 4 were
incubated with the same number of CFSE-labeled
Jurkat cells for 1 day (Figure 3A). PBMC proliferated
by IL-2 and Zol treatment effectively induced apoptosis
in all Jurkat cell lines (Figure 3B,C). Likewise, y T
cells cultured with WT Jurkat cells or HVEM'Y Jurkat
cells caused apoptosis of the target cells comparable to
the PBMC control group. Contrary to expectations,
anti-PD-L1 mAb treatment did not increase both the
early and late apoptosis of the target cells, despite in-
creased expression of CD107a (Figure 4).

The expanded y8 T cells were challenged by
HVEM!Y Jurkat or WT Jurkat cells, and then, CD107a
expression was measured to detect the degranulation of
the ex vivo expanded y8 T cells. Ex vivo expanded y& T
cells in all five groups expressed similar levels of CD107a
in response to HVEM'" Jurkat and WT Jurkat cells.
Inhibitory signaling by the WT and the HVEM'®Y Jurkat
cells did not affect the degranulation of yd T. However,
the expression of CD107a on y8 T cells cocultured with
HVEM™" Jurkat cells was significantly upregulated by
the additional inhibition of PD-L1 signaling. Taken to-
gether, PD-L1 signaling, rather than HVEM signaling,
regulated the degranulation of y§ T cells. The experi-
ments with HVEM'®" HL-60 cells also had no significant
effect on degranulation (Figure S6). Collectively, the
reduced HVEM signaling did not alter the target cell
death by y8 T cells during the culture as well as the
reaction period.

Y8 T cells could produce cytokines, such as IFN-y,
upon stimulation. Thus we assessed intracellular IFN-y
by flow cytometry (Figure 4D,E). y8 T cells were cultured
with inactivated WT or HVEM'Y Jurkat cells in the
presence or absence of anti-PD-L1 Ab for 2 weeks, and
the cells were stimulated with WT Jurkat cells in the



= ‘ i i HWANG ET AL.
—LWI LEy_Immunlty, Inflammation and Disease

(A)
r 3 )
1375 31.9
Day0
R
7.92 227
'10’ -; ‘IO’ "0‘ 1lOs
10'123.2 4.85
Day 14
0
>
5
[ =4

(B)

50 40-
)
> . ) .
S 30
- » A
3 3|
8 204
H 20 v 8 . LA s
E 104 ¢ hd [ 10
- O 3 =
o 0 v v - L
IL-2+Zol + o+ + + + IL-2+Zol + o+ + + -
WT Jurkat = - + - = WT Jurkat - + + - -
HVEM<* Jurkat - - - + - HVEM®* Jurkat - - - + +
Anti-PD-L1 - - + - + Anti-PD-L1 - - + - +
100 A 50
— LA s
°\° 80' . 9_‘ 40. -
2 60| v _8 30
8 40 4 . é 20+
2 2 ' & 10
=
0 - ' - - 0
IL-2+Zol + o+ + + + IL-2+Zol

FIGURE 2 Blocking the BTLA/HVEM interaction reduces the terminally differentiated yd T cell subset. (A) PBMC from healthy donors
expanded in the presence of IL-2 and zoledronate (Zol) for 14 days. Representative dot plots showing the phenotype of baseline or in
vitro expanded cells (left panels) and the CD45RA and CD27 expression of the y§ T (CD3"TCRy8") cells (right panels). Representative data
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HVEM, herpes virus entry mediator; IL-2, interleukin-2; PBMC, peripheral blood mononuclear cell; Tcy, central memory T;

Tewm, effector memory T; Tevmra, terminally differentiated T. Paired ¢ test was used (**p <.01 and p =.0093)
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FIGURE 3 The targeted cell death by in vitro expanded y8 T cells was not altered by the blockade of BTLA/HVEM interaction.

WT Jurkat cells were stained with CFSE and incubated with in vitro expanded y8 T cells at an effector to target cell ratio of 1:1 for 1 day.
Cells were harvested and stained with PI and annexin V to detect apoptosis by flow cytometry. (A) Gating strategy to evaluate the

PI and annexin V positive cells among the target cells. (B) Representative dot plots showing the proportion of early apoptosis
(PI"Annexin V*) and late apoptosis (PI* Annexin V*) in the CFSE™ target cells. Left panel indicates the baseline (Day 0) and the right panel
indicates after 1 day of incubation Representative data are shown out of three to seven independent experiments using distinct donors.

(C) The percentage of PI”Annexin V' apoptotic target cells in the experimental group were normalized by dividing by that of the

control group Data were shown as mean + SEM of three to seven independent experiments (donor no. n=3-7). BTLA, B- and
T-lymphocyte attenuator; CFSE, carboxyfluorescein succinimidyl ester; HVEM, herpes virus entry mediator; mIgG1k, isotype control;
PI, propidium iodide; WT, wild-type. Paired ¢ test was used (*p <.05 and p =.0471)

presence of BTLA/HVEM blocking peptides and/or anti-
PD-L1 Ab to measure intracellular IFN-y. Blocking PD-1
signaling clearly increased IFN-y production, whereas
that of BTLA had only minor effects. In summary, the
reduction of BTLA signaling during expansion did not
affect the function of yd T cells.

3.4 | BTLA and PD-1 signaling are
independent of each other in y& T cells

BTLA and PD-1 control cell proliferation and apoptosis
through downstream molecules, such as AKT, ERK,
and SHP-2, which mediate T cell activating and
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inhibitory signalings, respectively. Thus, we next in- incubated with WT Jurkat or HVEM'Y Jurkat cells
vestigated the effects of immediate BTLA/HVEM and  and/or anti-PD-L1 mAb in the presence of IL-2 and Zol
PD-1/PD-L1 signaling on the phosphorylation of AKT, for 20 min, and the expression of the phosphorylated
ERK, and SHP-2 in resting y& T cells. PBMCs were protein was evaluated in y5 T cells by flow cytometry.
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We observed that the phosphorylation of AKT was
increased slightly by blockade of the PD-1/PD-L1
interaction, and a reduction of BTLA/HVEM signal-
ing in addition to it further increased pAKT, which was
statistically significant in the percentages as well as
MFI (Figures 5C and 5F). Likewise, coincubation with
HVEM'Y Jurkat cells also increased pAKT, compared
with that of WT Jurkat cells. The activation of ERK was
not changed in the presence of IL-2 and Zol
(Figures 5D and 5G). The induction of pSHP-2 was
slightly repressed by anti-human PD-L1 treatment in
MFI, and inhibition of the BTLA/HVEM interaction
reduced the percentage of pSHP-2* y8 T cells. How-
ever, BTLA/HVEM and PD-1/PD-L1 signaling had no
synergistic or additive effects on the phosphorylation
of SHP-2 (Figures 5E and 5H).

4 | DISCUSSION

Previous research on the individual signals of BTLA
and PD-1 in circulating y8 T cells has been con-
ducted,””’* but there are few reports on the interac-
tions of these signals. In this study, the effects of the
BTLA/HVEM and PD-1/PD-L1 inhibitory signaling
pathways were evaluated on the proliferation and ef-
fector functions of human peripheral y& T cells, in
particular Vy9Vé2 T cells. We found that BTLA/HVEM
blockade could improve the efficient expansion of
human peripheral y5 T cells without compromising yd
T cell function. These results could be utilized for the
development of y8 T cell therapy for leukemia patients.
In addition, the results suggest that the BTLA and
PD-1 signaling pathways independently act on the
proliferation and cytotoxicity of y& T cells.

First, we found that coculture with inactivated
leukemia cells hampered the expansion of human
peripheral y8 T cells severely. This may explain the
insufficient elimination of tumor cells by y8 T cells in

Open Access,

vivo in patients with leukemia, where BTLA on PBy3 T
cells can come into contact with HVEM on leukemic
cells. Coincubation with WT Jurkat cells slightly
increased the proportion of CD27"CD45RA* naive T
cells, which are known to be associated with GVHD.>°
The proliferation capacity of y& T cells was upregulated
by blocking the HVEM/BTLA interaction without re-
ducing their cytotoxicity, whereas inhibition of PD-1/
PD-L1 signaling induced degranulation of y§ T cells.
We chose to inhibit the BTLA and PD-1 ligands on the
target cells, rather than BTLA and PD-1 directly be-
cause we were concerned that the direct blockade of
BTLA and PD-1 might unexpectedly affect the pro-
liferation and function of y8 T cells during expansion.
However, BTLA also binds to the HCMV UL144 protein
to limit lymphocyte-induced inflammation.”” Potential
interactions of BTLA with other ligands might explain
the partial inhibition of downstream molecules in this
study. In addition, we cannot exclude the possibility
that Fc receptors on the y§ T cells might play a sti-
mulating role in response to anti-PD-L1 mAb. Thus, we
confirmed the results with BTLA/HVEM blocking
peptides and anti-PD-1 mAb and with HVEM'®" HL-60
cells, which also improved y8 T cell expansion.

In previous reports, both PD-1 and BTLA inhibit the
proliferation of T cells.”*** Moreover, BTLA negatively
controls the homeostasis of ¥y T cells’” and inhibits
phospho-antigen-induced y8 T cell proliferation.”” Con-
sistent with previous reports, HVEM-deleted Jurkat cells
enhanced the proliferation capacity of y8 T cells more
than WT Jurkat cells. However, an anti-PD-L1 blockade
alone does not have a proliferative effect on yd T cells.
Taken together, the expansion of y& T cells is tightly
regulated by BTLA rather than PD-1.

It should be mentioned that the deletion of the HVEM
gene did not affect endogenous PD-L1 expression on
Jurkat cells and HL-60 cells and that blocking the BTLA
and PD-1 signaling pathways did not affect each other's
expression on yd T cells either. Although yd T cells can

FIGURE 5 BTLA/HVEM and PD-1/PD-L1 signals do not additively activate the downstream molecules. Phosphorylation of AKT,
ERK1/2, and SHP-2 in y8 T cells was measured by flow cytometry. WT or HVEM'®" Jurkat cells were pretreated with anti-human PD-L1
antibody for 30 min. In the presence of pervanadate, PBMCs were stimulated with IL-2 and zoledronate and coincubated with indicated cells
for 20 min. After fixation/permeabilization by PFA and methanol, the cells were stained with anti-human CD3, TCRyS, phospho-AKT,

ERK, and SHP-2 Abs. (A) The gating strategy was depicted. (B) Representative histograms are shown. (C, F) The percentages and mean

fluorescence indices of pAKT. Data were shown as mean + SEM of eight to nine independent experiments. (D, G). The percentages and

mean fluorescence indices of pERK1/2. Data were shown as mean + SEM of three independent experiments. (E, H) The percentages and mean

fluorescence indices of pSHP-2. Data were shown as mean + SEM of eight to nine independent experiments. BTLA, B- and T-lymphocyte

attenuator; HVEM, herpes virus entry mediator; IL-2, interleukin-2; PBMC, peripheral blood mononuclear cell; PD-1, programmed cell

death-1; PD-L1, programmed death-ligand 1; SHP, src homology region 2 domain-containing phosphatase; WT, wild-type. Paired ¢ test was
used (*p < .05). Individual p values as below: (C) p =.0384 and 0.0311 from left to right; (E) p =.0480; (F) p =.0307; (H) p =.0377
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transiently upregulate PD-L1 expression,”” PD-L1 do not
have signaling domains in its short cytoplasmic tail.”'
Thus, it is unlikely blocking PD-L1 on y8 T cells could
affect the results in this study. In one study, the expres-
sion of BTLA was downregulated by IL-2 and bromohy-
drin pyrophosphate after 4 days, whereas the expression
of PD-1 was upregulated.”” However, we observed a
significant increase in the expression of BTLA and PD-1
in y8 T cells expanded with IL-2 and Zol 10 days. It has
previously been reported that the degranulation and cy-
totoxicity of PD-1* y8 T cells were reduced in response to
PD-L1-expressing target cells, but they were recovered by
anti-PD-L1 treatment.’” Similarly, we observed that in-
hibition of sustained PD-1 signaling increased CD107a
degranulation of y8 T cells. However, it was insufficient
to cause enhanced cell death in the target cells.

PD-1 upregulates the expression of SHP-2 in tumor-
infiltrating lymphocytes,”” and inhibition of PD-1 sig-
naling suppresses the phosphorylation of SHP-2.** Like-
wise, pSHP-2 was slightly less induced by inhibition of
PD-1 signaling against WT Jurkat cells in our system. In
addition, SHP-2 is associated with the phosphorylation of
BTLA by TCR engagement.”* We observed that the spe-
cific inhibition of the BTLA/HVEM and PD-1/PD-L1
pathways in y8 T cells reduced phosphorylation of SHP-2
in percentages or MFI, but the combined inhibition did
not show any additional effect. Reduction of the BTLA/
HVEM or PD-1/PD-L1 signal in y3 T cells inhibited the
induction of pSHP-2 in response to Jurkat cells, whereas
phosphorylation of AKT was increased by the reduction
of both BTLA/HVEM and PD-1/PD-L1 signals. As im-
mune checkpoint receptors, BTLA and PD-1 signaling
appear to play independent roles in inhibiting y§ T cell
proliferation and cytotoxicity, respectively, and they had
no additive effect on each other. In a recent report, BTLA
and PD-1 regulate T cell signaling differentialy and only
partially through SHP-1 and SHP-2,** that supports our
study. In Terms of activating signaling, dual inhibition of
BTLA and PD-1 increased pAKT, compared with that of
BTLA single blockade, implying the importance of BTLA
signaling in y3 T cells.

In conclusion, BTLA/HVEM inhibitory signaling is a
crucial factor in proliferation in ex vivo expanded V&2 y8
T cells. On the contrary, PD-1/PD-L1 signaling could
provide partial enhancement in proliferation and cyto-
toxicity. These results indicate the importance of BTLA
signaling in y8 T cells and suggest that simultaneous
suppression of both signals could effectively improve
immunotherapy with y8 T cells. Furthermore, the results
of this study could lead to a better understanding of the
interactions between BTLA/HVEM and PD-1/PD-L1
signaling in tumor microenvironments.
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