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Introduction

Summary

Programmed death-ligand 1 (PD-L1) blockade is accepted as a novel strat-
egy for the reactivation of exhausted T cells that express programmed
death-1 (PD-1). However, the mechanism of PD-Ll-mediated inhibitory
signalling after PD-L1 cross-linking by anti-PD-L1 monoclonal antibody
(mAb) or PD-1-immunogloblin fusion protein (PD-1-Ig) is still unknown,
although it may induce cell death of PD-L1" cells required for regular
immune reactions. In this study, PD-1-Ig or anti-PD-L1 mAb treatment
was tested in cell lines that expressed PD-L1 and bovine lymphocytes to
investigate whether the treatment induces immune reactivation or PD-L1-
mediated cell death. PD-L1 cross-linking by PD-1-Ig or anti-PD-L1 mAb
primarily increased the number of dead cells in PD-L1"sb cells, but not in
PD-L1'" cells; these cells were prepared from Cos-7 cells in which bovine
PD-L1 expression was induced by transfection. The PD-L1-mediated cell
death also occurred in Cos-7 and HeLa cells transfected with vectors only
encoding the extracellular region of PD-L1. In bovine lymphocytes, the
anti-PD-L1 mAb treatment up-regulated interferon-y (IFN-y) production,
whereas PD-1-Ig treatment decreased this cytokine production and cell
proliferation. The IFN-y production in B-cell-depleted peripheral blood
mononuclear cells was not reduced by PD-1-Ig treatment and the percent-
ages of dead cells in PD-L1" B cells were increased by PD-1-Ig treatment,
indicating that PD-1-Ig-induced immunosuppression in bovine lympho-
cytes could be caused by PD-Ll-mediated B-cell death. This study
provides novel information for the understanding of signalling through
PD-L1.

Keywords: bovine immunology; cell death; immunoglobulin fusion pro-
tein; programmed death-ligand 1.

clonal antibody (mAb) blocks this inhibitory pathway,
significantly enhances the T-cell response, and improves

Programmed death-1 (PD-1) and programmed death-
ligand 1 (PD-L1) are known as an immunoinhibitory
receptor and its ligand that can induce exhausted T cells,
and the PD-1/PD-L1 pathway is involved in immune dys-
function associated with several tumours and chronic
infections."” Treatment with anti-PD-1 or -PD-L1 mono-

clinical conditions.” ® On the basis of these reports, clini-
cal trials have been conducted in patients with cancer
who were given anti-PD-1 and PD-L1 mAb.””
Immunoglobulin fusion protein is one of the protein-
engineering techniques used to increase or decrease serum
half-life.'"” Tt is also suitable for the detection of the

Abbreviations: 7-AAD, 7-aminoactinomycin D; BLT1, leukotriene B4 receptor; BLV, bovine leukaemia virus; CHO, Chinese ham-
ster ovary; CTLA-4, cytotoxic T lymphocyte antigen 4; EGFP, enhanced green fluorescent protein; IFN, interferon; Ig, immuno-
globulin; IL, interleukin; mAb, monoclonal antibody; PBMCs, peripheral blood mononuclear cells; PE, phycoerythrin; PD-1,
programmed death-1; PD-1-Ig, programmed death-1-immunoglobulin fusion protein; PD-L1, programmed death-ligand 1; PD-

L1-Ig, programmed death-ligand 1-immunoglobulin fusion protein
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binding partner of ‘orphan receptors’ whose ligands are
unknown'' and stimulation or blockage of the binding
receptor. The PD-1/PD-L1 pathway has also been investi-
gated using a soluble PD-1-immunogobulin fusion pro-
tein (PD-1-Ig). PD-1-Ig treatment blocked the pathway
and overcame immunosuppression induced by either PD-
L1 or PD-L2, another ligand of PD-1.""'* However, the
opposite phenomenon has also been reported; dendritic
cells exposed to PD-1-Ig were altered to a suppressive
phenotype, resulting in the inhibition of antigen-specific
T-cell proliferation.'> Moreover, PD-1-Ig treatment pro-
motes programmed cell death of activated CD4" T and B
cells.'®'” These reports suggest that the binding partners
of PD-1-Ig, PD-L1 or PD-L2 have unknown functions.

It was once believed that PD-L1 was simply a ligand
for PD-1 because the intracellular regions of mouse,
human and bovine PD-L1 were only approximately 30
amino acids long, and there was no known functional
domain.'® However, PD-Ll-induced signalling is now
believed to be present; this signalling may have
unknown functions, however, with the accumulation of
conflicting reports on PD-LI as the activation or inhibi-
tory receptor. For example, PD-Ll-deficient T cells
express lower Bcl-xl, which is an anti-apoptosis gene,
than wild-type cells and are more sensitive to killing by
cytotoxic T cells in vivo, indicating that PD-L1 is essen-
tial for the survival of activated T cells."” It has also
been reported that PD-L1 promotes stable immunologi-
cal synapse formation.”” These two reports suggest that
PD-L1 works as a receptor for immune activation. In
contrast, PD-L1 cross-linking induced apoptosis of
Epstein—Barr virus-transformed B cells, indicating that
PD-L1 can act as an inhibitory receptor, which induces
apoptotic signalling.'”

PD-L1 ligation by CD80, which is also a binding part-
ner with CD28 and cytotoxic T-lymphocyte antigen 4
(CTLA-4), complicates our understanding of PD-L1 func-
tion as a receptor. PD-L1 has been observed to interact
with CD80 on T cells isolated from Cd28'~, Ctla4™'~,
or Pdcdl™~ mice and inhibits proliferation and cytokine
production in PD-L1* T cells.2"*? Meanwhile, several
studies have demonstrated that PD-L1 is able to stimulate
T-cell function.'***?* For example, T cells are activated
by PD-L1 expressed on natural killer cells through inde-
pendent mechanisms from PD-1.%

In our previous report, augmented PD-L1 expression
was confirmed in bovine leukaemia virus (BLV) -infected
cattle,"® and PD-L1 blockade was accepted as an appro-
priate strategy to improve immune responses against
tumours and chronic infections.>'® In this study, PD-L1-
expressing cell lines and lymphocytes isolated from
BLV-infected cattle were treated with bovine PD-1-Ig or
anti-bovine PD-L1 mAb to investigate the effect of PD-L1
blockade and PD-L1 cross-linking on immune reactions
and cell death.
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Materials and methods

Expression of recombinant soluble bovine PD-LI-Ig
fusion protein

The ¢cDNA encoding the extracellular domain fragment of
bovine PD-L1 without a leader sequence was amplified by
PCR and inserted into the cloning site of a modified
PCAGGS (provided by Dr J. Miyazaki, Osaka Univer-
sity”®) that contained a mouse CD150 leader sequence at
the N terminus and the Fc fragment of rabbit IgG at the
C terminus.'' PD-LI-Ig was expressed in Chinese hamster
ovary (CHO)-DG44 cells (Dr Y. Suzuki, Hokkaido
University, unpublished data), stably transfected with
Lipofectamine LTX reagent (Life Technologies, Carlsbad,
CA), and purified from the media with Ab-Capcher
ExTra (ProteNova, Tokushima, Japan), according to the
manufacturer’s protocol. The purification of PD-L1-Ig
was confirmed by SDS-PAGE, and the quantity of PD-
L1-Ig was determined by Rabbit IgG ELISA Quantifica-
tion Set (Bethyl Laboratories, Montgomery, TX).

Stable expression of bovine PD-L1 on CHO-DG44 cells

Part of the bovine PD-L1 gene encoding the whole extra-
cellular domain was cloned into pEGFP-N2 vector (Clon-
tech, Mountain View, CA; Fig. 1). The plasmid that
contained enhanced green fluorescent protein (EGFP) at
the C terminus was transfected into CHO-DG44 cells
using Lipofectamine LTX; the cells were selected by the
medium containing G418 (800 pg/ml; Enzo Life Sciences,
Farmingdale, NY) for 10 days and cloned by limiting
dilution. The stable cell lines were screened for fluores-
cence using a FACSVerse® flow cytometer (BD Bioscienc-
es, San Jose, CA), and the three cell lines that showed the
brightest fluorescence were used for screening of anti-
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Figure 1. Schematic representation of programmed death ligand 1
(PD-L1), PD-L1-AC279, PD-L1-AC269, PD-L1-AC259, and PD-L1-
EGFP. PD-L1, PD-L1-AC279, PD-L1-AC269, and PD-L1-AC259
were inserted in pClneo and PD-L1-EGFP was inserted in pEGFP-
N2. Numbers indicate the amino acid number of bovine PD-LI.
Grey region indicates the intracellular domain of PD-LI. SP, signal
peptide; EC, extracellular domain; TM, transmembrane domain; IC,
intracellular domain.
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bovine PD-L1 mAbs. PD-L1 expression on the cell
membrane was determined by the LSM 700 confocal laser
scanning microscope (Carl Zeiss, Oberkochen, Germany).

Generation of anti-bovine PD-L1 mAb

A rat was immunized with 170 pg of PD-L1-Ig emulsified
with complete Freund’s adjuvant. After 24 hr, lymphocytes
isolated from the iliac lymph node were fused with mye-
loma cells. Supernatants from the hybridomas were
screened by flow cytometry using the three cell lines that
stably expressed PD-L1 with EGFP and Cos-7 cells that
were transiently transfected with bovine PD-L1 encoding
pCIneo (Promega, Madison, WI). Hybridomas producing
antibodies that recognized PD-L1 but not EGFP were
cloned by limiting dilution. Rat immunization and hybrid-
oma cultivation were performed at Cell Engineering Cor-
poration (Osaka, Japan). In this study, two types of the
mADb, 4G12 (rat 1gG2a) and 5A2 (rat IgG1), were used.

Expression of recombinant soluble bovine PD-1-Ig

A gene encoding the extracellular domain of bovine PD-
1 (amino acid numbers 1-171) coupled with the Fc
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PD-L1-mediated cell death

region of bovine IgGl (Fig. 2) was commercially synthe-
sized according to preferential codon usage of mamma-
lian cells in Medical and Biological Laboratories (Nagoya,
Japan) and inserted into pDNI11 (Dr Y. Suzuki,
Hokkaido University, unpublished data). To reduce the
antibody-dependent cell-mediated cytotoxicity response
to PD-1-Ig treatment, the mutation was introduced into
the binding sites for Fcy receptors as described elsewhere
(Fig. 2).°7%

CHO-DG44 cells were transfected with pDNI11 that
coded PD-1-Ig and were selected in CD OptiCHO AGT
medium (Life Technologies) supplemented with 800 pg/
ml G418. After 3 weeks, the cells were screened for the
ability to produce PD-1-Ig by dot blotting and ELISA
with anti-bovine IgG Fc (Rockland, Gilbertsville, PA).
PD-1-Ig expression was also confirmed by SDS-PAGE
and Western blotting using horseradish peroxidase-conju-
gated anti-bovine IgG Fc (Rockland), as previously
described.”” Ten cell lines producing high amounts of
PD-1-Ig were cloned by limiting dilution and screened
again. Gene amplification was subsequently performed
using medium, containing 60 nm methotrexate (Enzo Life
Sciences), and screened again. PD-1-Ig was produced by
the shake cultivation of the top three cell lines that
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Figure 2. Amino acid sequences of the extracellular region of bovine programmed death 1 (PD-1), bovine IgG1-Fc region, and bovine PD-1-Ig.
GenBank accession numbers are described in each title. Double lines indicate mutation sites for the reduction of the antibody-dependent cell-

mediated cytotoxicity response.
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produced the highest amount of PD-1-Ig in the medium
without G418 and methotrexate and purified with Ab-
Capcher ExTra, according to the manufacturer’s protocol.
To confirm the interaction between PD-1-Ig and PD-L1,
PD-L1-expressing Cos-7 cells or CHO-DG44 cells were
stained with PD-1-Ig and FITC-conjugated anti-bovine
IgG Fc (Rockland) or PD-1-Ig, biotin-conjugated anti-
bovine IgG Fc (Rockland), and allophycocyanin-conju-
gated streptavidin (BioLegend, Cambridge, UK).

Lymphocytes preparation and B-cell depletion

Peripheral blood mononuclear cells (PBMCs) were puri-
fied from the heparinized blood of BLV-infected cattle by
density gradient centrifugation using Percoll (GE Health-
care, Chalfont St Giles, UK). This study was conducted in
accordance with guidelines of the Institutional Animal
Care and Use Committee of Hokkaido University, Japan
(approval number: 11-0059). Informed consents were
obtained from clinical veterinarians and farmers before
sample collection. BLV infection was diagnosed by ampli-
fying BLV provirus by nested-PCR from genomic DNA
of blood lymphocytes, as previously described.'®

For B-cell depletion, PBMCs were stained with anti-
IgM (BIG73A; VMRD, Pullman, WA) and anti-mouse
IgGl MicroBeads (Miltenyi Biotec, Bergish Gladbach,
Germany) and depleted with the autoMACS Pro separa-
tor (Miltenyi Biotec) according to the manufacturer’s
protocol. We confirmed that > 95% of IgM" B cells were
depleted from the PBMCs by flow cytometry.

Plasmids for PD-L1 expression on the cell membrane

Schematic representation of PD-L1 proteins is given in
Fig. 1. DNA fragments encoding whole PD-L1 and the
C-terminal deletions of PD-L1 were amplified by forward
primer (5-CTA GCT AGC ACC ATG AGG ATA TAT AGT
GTC TTA AC-3'), containing a restriction site for Nhel,
and following reverse primers containing a restriction site
for Xhol; 5-CAA TCT CGA GTIT ACG TCT CCT CAA
ACT GTG TAG-3' for whole PD-L1; 5-CAA TCT CGA
GTT ACT TTG AAT TCA TAT CTC GGG-3' for PD-L1-
AC279; 5'-CAA TCT CGA GTT ATT CTA CAT CCA TCA
TTC TCA C-3' for PD-L1-AC269; 5'-CAA TCT CGA GTT
ACA GAC AGA AGA TGA CTG C-3' for PD-L1-AC259.
These were cloned into pClneo. The construction of PD-L1-
EGFP is described above. The pcDNA3 (Life Technologies)
encoding leukotriene B4 receptor (BLT1) tagged with Flag
at the N-terminal was provided by Dr T. Yokomizo (Junten-
do University, ]apan30) and used as a negative control.

Cell apoptosis assays
Cos-7 and Hela cells were grown in RPMI-1640

medium (Sigma-Aldrich, St Louis, MO) supplemented
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with 10% fetal bovine serum (Cell Culture Technolo-
gies, Zurich, Switzerland) and a mixture of 2 mmol
L-glutamine, 100 U/ml penicillin and 100 pg/ml strepto-
mycin (Life Technologies). The cells were transfected
with the above plasmids by Lipofectamine 2000 reagent
(Life Technologies); PD-1-Ig (50 pg/ml) or anti-PD-L1
mAbs (4G12 and 5A2; 20 pg/ml) with goat anti-rat IgG
Fc (12 pg/ml; Thermo Scientific, Waltham, MA) was
added into the medium after 2 days of transfection.
Bovine IgG (Sigma-Aldrich) or rat IgG (Sigma-Aldrich)
was used as a negative control for PD-1-Ig or anti-PD-
L1 mAbs. After 1 day, the cells were harvested, and
PD-L1 or BLT1 expression was confirmed by EGFP
fluorescence for PD-LI-EGFP by staining with
anti-DYKDDDDK an‘[ibody31 (2H8; Trans Genic, Ku-
mamoto, Japan) and phycoerythrin (PE)-conjugated
anti-mouse IgG for BLT1-Flag and staining with anti-
PD-L1 mAb (4G12) and anti-rat IgG PE (Beckman
Coulter, Brea, CA) for other plasmids. After surface
staining, the cells were stained with Annexin-V-allo-
phycocyanin (BD Biosciences) and 7-aminoactinomycin
D (7-AAD) (BD Biosciences), as per the manufacturer’s
instructions.

The PBMCs were cultivated with bovine IgG or PD-1-Ig
(50 pg/ml) for 2 days. Cells were stained with following
antibodies: anti-CD4 (CACT138A; VMRD) pre-labelled
with Zenon PE (Life Technologies), anti-CD8 (CACT80C;
VMRD) pre-labelled with Zenon Alexa Fluor 647 (Life
Technologies), or anti-IgM (BIG73A) pre-labelled with
Lightning-Link PE-Cy7 (Innova Biosciences, Cambridge,
UK). To investigate the effect of PD-1-Ig on cell death in
PD-L1" cells, the cells were stained with anti-PD-L1
(4G12) with allophycocyanin-conjugated anti-rat IgM +
IgG (Beckman Coulter) and anti-IgM with PE-conjugated
anti-mouse IgG. After washing, the cells were stained with
Annexin-V-FITC (BD Biosciences) and 7-AAD and
analysed by flow cytometry.

Interferon-y and interleukin-10 ELISA

The PBMCs or B-cell-depleted PBMCs were cultivated
with bovine IgG or PD-1-Ig (50 pg/ml) in the presence
or absence of PMA (Sigma-Aldrich) and ionomycin
(20 ng/ml and 1 pg/ml; Sigma-Aldrich). After 2 days,
the supernatants were collected and frozen for ELISA.
Interferon-y (IFN-y) production was measured by
ELISA for bovine IEN-y (Mabtech, Nacka Strand, Swe-
den) according to the manufacturer’s protocol. Sand-
wich ELISA of interleukin-10 (IL-10) was performed as
previously described.”” One arbitrary unit was defined
as the amount of IL-10 contained in 15-625 pl of
the bovine plasma stimulated with concanavalin A and
lipopolysaccharide (10 pg/ml  each;  Sigma-Aldrich).
Reported data were expressed as mean of duplicate
ELISA.

© 2014 John Wiley & Sons Ltd, Immunology, 142, 551-561



Proliferation assay

The PBMCs were cultivated with bovine IgG or PD-1-Ig
(50 pg/ml) in the presence of PMA and ionomycin for
3 days as described above. [3H]Thymidine (0-5 puCi/well;
ICN Biochemicals, Irvine, CA) was added to the culture,
and the cells were cultured for an additional 6 hr and har-
vested onto glass filters using a 96-well cell harvester (Per-
kin Elmer, Waltham, MA). The incorporated radioactivity
was measured using a liquid scintillation counter (Aloka,

PD-L1-mediated cell death

Tokyo, Japan). All samples were tested in triplicate, and the
data were presented as the mean stimulation index.

Statistical analysis

Two-way analysis of variance and Wilcoxon matched-
pairs test were performed using GrRAPHPAD PrisM version
5.0. P-values of < 0-05 were considered to be statistically
significant.
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Figure 3. Establishment of programmed death 1-immunoglobulin (PD-1-Ig) and anti-bovine programmed death ligand 1 (PD-L1) monoclonal

antibodies (mAbs). (a) Western blotting of PD-1-Ig. Anti-bovine IgG Fc antibody recognized PD-1-Ig at approximately 67 000 molecular weight
from the supernatant of PD-1-Ig-expressing CHO-DG44 cells. (b, ¢) PD-1-Ig (b) and two types of anti-PD-L1 mAbs (c) recognized the PD-LI-
expressing Cos-7 cells, not mock-transfected Cos-7 cells. Bovine IgG (for PD-1-Ig; b), rat IgG1 (for 5A2; c), and rat IgG2a (for 4G12, data not

shown; ¢) were used as negative control.

© 2014 John Wiley & Sons Ltd, Immunology, 142, 551-561

555



R. lkebuchi et al.

(a) 80 - 80 1
** ** :| Bovine IgG
~ | |
< 607 ~ 507 B I F0-1-lg
= &
] a
[0} p = -4
; 40 3 40
8 H
[a) -
20 - 20 A
0 - 0 - . . :
4 N S Q s N S (o)
O R QC)\QQ) OB \/,s‘* =
< A o Q & © Q
PD-L1-pCineo PD-L1-pClneo
b
( )Jr262144
196 608
131 072
65 536
(@]
e ol
10!
PD-L1
A
PD-L1- PD-L1lo" PD-L1hish
Bovine IgG
. ' . . 45.54 3.02
102 45.96 711 0 49-51 ) |
102 108 10* 10° 102 108 104 10° 102 108 10* 10°
30-22 g
10° 108 10°
4 4 ; 1104
PD-1-1g 10 104 10
10% = _ 102 108
% jo2l_43:32 ' 7:68 | ol 3115 | 888 |, ,| 2264 9-44
N 102 10° 104 10° 102 10° 10* 105 102 10° 104 10°
Annexin-V
(c) 60 - 60 -
:IBovine 19G
_ T _ | PD-1-I
% 40 < 40 I PO- g
© I
3 E
o (]
3 201 2 20 -
0 - ; . . 0 - . . .
s KN S > ’ ) RS >
@é\ S8 §Y @V/\\ SV o
¥ & < P VS
BLT1-pcDNA3 BLT1-pcDNA3
556

© 2014 John Wiley & Sons Ltd, Immunology, 142, 551-561



Results

Preparation of recombinant bovine PD-1-Ig and anti-
bovine PD-L1 mAbs

PD-1-Ig expression was confirmed by Western blotting
with anti-bovine IgG Fc. PD-1-Ig was produced in the
supernatant from PD-1-Ig-expressing CHO-DG44 cells
and was detected at approximately 67 000 molecular
weight (Fig. 3a). To confirm the binding of PD-1-Ig and
anti-PD-L1 mAbs with PD-L1 on the cell membrane,
Cos-7 and CHO-DG44 cells that expressed bovine PD-L1
were stained with PD-1-Ig and anti-PD-L1 mAbs. Both
PD-1-Ig and two types of anti-PD-L1 mAbs (4G12 and
5A2) recognized the PD-L1-expressing cells (Fig. 3b,c and
see Supporting information, Fig. S1).

PD-1-Ig treatment increased cell death in PD-L1-
expressing cell lines

To investigate the influence of PD-L1 cross-linking by
PD-1-Ig on the cell viability of PD-L1-expressing cells,
Cos-7 cells were transiently transfected with the vectors
encoding bovine PD-L1 and incubated with 50 pg/ml
of PD-1-Ig. We confirmed that PD-1-Ig did not bind
to both untransfected and mock-transfected Cos-7 and
Hela cells at this concentration in advance (data not
shown). Annexin-V and 7-AAD staining revealed that
dead cells (Annexin-V* 7-AAD™") increased and live cells
(Annexin-V~ 7-AAD ) decreased only in PD-L1"ieh
cells; however, this did not occur in PD-L1™ cells when
the cells were incubated with PD-1-Ig compared with
bovine IgG (Fig. 4a,b). There was no induction of cell
death by the PD-1-Ig treatment in BLT1™&", BLT1'“
and BLT1 cells (Fig. 4c), indicating that PD-1-Ig treat-
ment specifically induces the apoptosis of PD-L1-
expressing cells through signalling that is involved in
cell viability.

PD-1-Ig-induced cell death was not dependent on the
intracellular region of PD-L1

There is no known signalling motif in the intracellular
region of PD-L1.> To confirm whether the intracellular
region of PD-L1 was involved in PD-L1-mediated cell
death, Cos-7 cells transfected with the vectors encoding

PD-L1-mediated cell death

the C-terminal deletion mutants of PD-L1 were treated
with PD-1-Ig. As expected, PD-1-Ig treatment increased
the proportions of dead cells in PD-L1"#" cells when PD-
L1-AC279, PD-L1-AC269 and PD-L1-AC259 were trans-
fected (Fig. 5a—c). Moreover, the percentages of dead cells
in the PD-L1-EGFP™" cells were augmented (Fig. 5d),
indicating that PD-L1l-mediated cell death occurred
through a mechanism that was independent of the intra-
cellular region of PD-L1. Cell mortality in the EGFP-
expressing cells was not affected by PD-1-Ig treatment.
The percentage of live PD-L1"" cells decreased after PD-
1-Ig treatment among the cells transfected with all plas-
mids other than the control plasmids (data not shown).
When Hela cells were transfected with PD-L1-AC259
and treated with PD-1-Ig, the proportions of dead cells in
the PD-L1-expressing cells increased in the same manner
as the Cos-7 cells (Fig. 5e). Meanwhile, PD-L1 cross-link-
ing by one type of anti-PD-L1 mAb, 4G12, but not 5A2,
also induced the augmentation of the proportion of dead
cells in the PD-L1-EGFP-expressing cells (Fig. 5f), sug-
gesting that the binding with PD-1 was not essential for
PD-L1-mediated cell death.

PD-1-Ig treatment reduced cytokine production and
cell proliferation in bovine lymphocytes

To investigate the effect of PD-L1 blockade on the
immune function of bovine lymphocytes, the response of
cell proliferation and cytokine production in PBMCs cul-
tivated with PD-1-Ig or anti-PD-L1 mAbs were measured.
Interferon-y production was enhanced by PD-L1 blockade
using two types of anti-PD-L1 mAbs, supporting the
results of several previous reports® (Fig. 6a). However,
the cell proliferation response to PMA/ionomycin was
decreased by PD-1-Ig treatment (Fig. 6b). PD-L1 block-
ade by PD-1-Ig also reduced IFN-y and IL-10 production
in PBMCs treated with PD-1-Ig in the presence or
absence of PMA/ionomycin compared with those treated
with bovine IgG (Fig. 6¢,d).

PD-1-Ig treatment increased B-cell death in bovine
lymphocytes

To investigate the mechanism of PD-1-Ig-induced immu-
nosuppression, annexin-V and 7-AAD staining was per-
formed in PBMCs. PD-1-Ig treatment led to a decreased

Figure 4. Cell death in programmed death ligand 1 (PD-L1) -expressing cells treated with programmed death 1-immunoglobulin (PD-1-Ig). (a,

c) Percentages of dead cells (Annexin-V* 7-AAD™) and live cells (Annexin-V~ 7-AAD™) among Cos-7 cells transfected with pClneo encoding
PD-L1 (a) or pcDNA3 encoding BLT1 (c) and treated with bovine IgG or PD-1-Ig (50 pg/ml). pCIneo or pcDNA3 was used as transfection con-
trol. PD-L171°"/igh cells were distinguished by staining with anti-PD-L1 monoclonal antibody. (b) Gating strategy and representative dot plots

of PD-Ll1-expressing Cos-7 cells stained with Annexin-V and 7-AAD. Values in the quadrant indicate the percentage of the cells. Mean val-

ues + SEM from three independent experiments are shown. Statistical comparisons between bovine IgG and PD-1-Ig were made using the two-

way analysis of variance. Differences were considered statistically significant at P < 0-05 (**P < 0-01).

© 2014 John Wiley & Sons Ltd, Immunology, 142, 551-561
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EGFP (d) after treatment of bovine IgG or
PD-1-Ig (50 pg/ml). pClneo or pEGFP-N2 was
used as transfection control. PD-L1~/lowhigh
cells were distinguished by staining with anti-
PD-L1 monoclonal antibody (mAb) or EGFP
fluorescence. (e) Same as (c), except that HeLa
cells were transfected. (f) Same as (d), except
that Cos-7 cells were incubated with two types
of anti-PD-L1 mAbs (20 pg/ml; 4GI12 and
5A2) and anti-rat IgG Fc (12 pg/ml). Mean
values + SEM from three independent experi-
Statistical
between bovine IgG and PD-1-Ig were made

ments are shown. comparisons

using the two-way analysis of variance. Differ-

PD-L1AC259-pClneo

frequency of live cells (data not shown) and an increased
frequency of dead cells in the IgM™ B cells, but not in the
CD4" and CD8" T cells among the bovine lymphocytes
(Fig. 7a). The reduction of IFN-y production by PD-1-Ig
treatment was diminished by B-cell depletion from
PBMCs (Fig. 7b), whereas there was no effect on IL-10
production (Fig. 7c); this indicated that B-cell death was
one of the mechanisms of PD-1-Ig-mediated immuno-
suppression. Because PD-L1 expression was primarily
observed in B cells among bovine lymphocytes as previ-
ously described,'® it was hypothesized that PD-1-Ig binds
to PD-L1" B cells and also induces PD-L1 cross-linking
and PD-L1-mediated cell death in B cells along with the
observations in Cos-7 cells in Figs 4 and 5, resulting in
immunosuppression. As expected, the percentages of dead
PD-L1" B cells were augmented by PD-1-Ig treatment
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ences were considered statistically significant at
P < 0-05 (*P < 0-05; **P < 0-01).

(Fig. 7d) and that of the live cells decreased (data not
shown). However, the percentages of dead PD-L1~ B cells
were also up-regulated (Fig. 7d).

Discussion

The blockade of the PD-1/PD-L1 pathway by anti-PD-L1
mAb is widely recognized as an appropriate strategy to
enhance the immune reaction; it is also more effective
than anti-PD-1 mAb because some types of anti-PD-LI
mAbs can inhibit the interaction of not only PD-1 and
PD-LI but also PD-L1 and CD80.” Otherwise, some clas-
ses of anti-PD-L1 mAbs interfere with PD-L1 binding to
CD80 but do not interfere with PD-L1 binding to PD-1.
The treatment with this anti-PD-L1 mAb accelerated the
symptoms of autoimmune-mediated diabetes in a mouse

© 2014 John Wiley & Sons Ltd, Immunology, 142, 551-561



PD-L1-mediated cell death

(@ 1000 (®) 5 80000
E 80 § 60 000
S 600 & \
- o=
> 400 S2Q 40000
£ 200 ge =
T T 20000 —
T 9 > _
& KR = 0
& Bovine IgG PD-1-Ig
(150, < 280, ——— (dy8y = 160 -
\ 2401 T S
100 200 120 .
160 g6 = —
~ 50 =120 x 80
E £ & E E —
()] o
g 40 g S 4 640l — —
T a0 60| 2., & K -
- S ¢ ®
20 40 4 4
10 ;—! 20 == 10
0! 0

_ 0 0
Bovine IgG PD-1-Ig Bovine IgG PD-1-Ig Bovine IgG PD-1-l3  Bovine IgG PD-1-Ig

Figure 6. Effect of programmed death ligand 1 (PD-L1) blockade by anti-PD-L1 monoclonal antibodies (mAbs) and programmed death
l-immunoglobulin (PD-1-Ig) treatment on immune reaction in bovine lymphocytes. (a) Peripheral blood mononuclear cells (PBMCs) were
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significant at P < 0-05 (¥*P < 0-05; **P < 0-01).

model,* indicating that the PD-L1/CD80 and PD-1/PD- and the eradication of PD-L1M8" tumour cells or virus-
L1 pathways are involved in immunoinhibition. More- infected cells. Actually, the reduction of PD-1" CD8"
over, Ghiotto et al.>® reported that another type of anti- T cells by the treatment of PD-L2-Ig fusion protein in
PD-L1 mAb, which is not able to block the interaction of vivo tipped the balance in favour of non-exhausted PD-
PD-1 with PD-LI, increased the binding of PD-1 with 1'% CD8" T cells.* Although there is a danger that PD-
PD-L1. From these reports, it is important to carefully L1-mediated cell death may be induced in the PD-L1"
select clones that produce the appropriate anti-PD-L1 antigen-presenting cells required for T-cell activation, the
mAb for immune reactivation. In this study, two types of clinical applications of the eradication of PD-L1"
anti-PD-L1 mAbs that enhance IFN-y production in lymphoma cells by PD-Ll-mediated cell death may
bovine lymphocytes were examined. Of the two, 5A2 may deserve consideration.
be the more suitable antibody for immune activation Meanwhile, bovine lymphocytes incubated with PD-1-Ig
because of the PD-L1 cross-linking by 5A2, and anti-rat down-regulated the immune reaction in this study. It was
IgG antibody did not induce PD-L1-mediated cell death also confirmed that the treatment with polyclonal anti-
in PD-L1-expressing Cos-7 cells. Although it remains to human PD-L1 antibody inhibited IFN-y production in
be determined whether they block the PD-1/PD-L1 or bovine lymphocytes (data not shown). These observations
PD-L1/CD80 pathways, these antibodies may be useful were believed to be attributed to PD-L1-mediated cell
tools for investigating PD-L1 function in the bovine death in bovine lymphocytes, due to augmented PD-L1
immune system. expression in B cells isolated from BLV-infected cattle'®
In this study, forced expression of PD-LI in Cos-7 cells and that there was no down-regulation of IFN-y in
revealed that PD-L1"8" cells were more sensitive to PD- B-cell-depleted PBMCs treated with PD-1-Ig. However,
Ll-mediated cell death than PD-L1'" cells. These data the dead cells among the PD-L1~ B cells were also
indicated that a high expression level of PD-L1 is essential increased in response to PD-1-Ig treatment. Although the
for the induction of PD-Ll-mediated cell death. If PD- increase in the number of apoptotic PD-L1" B cells may
L1-mediated cell death occurs often in physiological con- sequentially affect apoptosis in PD-L1~ B cells, the mech-
ditions in vivo, anti-PD-L1 mAb treatment could offer anism of PD-1-Ig-induced cell death in bovine lympho-

two benefits: the blockade of the PD-1/PD-L1 pathway cytes still needs to be investigated.

© 2014 John Wiley & Sons Ltd, Immunology, 142, 551-561 559
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This study and the previous report suggested the pres-
ence of PD-L1-induced inhibitory signalling into PD-L1*
cells.'” However, PD-L1 on cancer cells has been shown
to act as an anti-apoptotic receptor, clarified with PD-1-
Ig treatment.”® The reason why a consensus on the exis-
tence of PD-Ll-induced signalling has not been reached
is that the known signalling motifs or molecules are not
present in the intracellular region of PD-L1. In this study,
it was observed that the intracellular region of PD-L1 was
not involved in PD-Ll-mediated cell death in the Cos-7
and Hela cells. These data suggest that the extracellular
region of PD-L1, and not the complex of PD-1 with PD-
L1, may bind some molecules or receptors that induce
inhibitory or anti-apoptosis signalling. Further investiga-
tion using the immunoprecipitation technique would be
required to identify the unknown molecules that interact
with PD-L1.

There are few reports that show PD-Ll-mediated cell
death in PD-Ll-expressing cells ‘in vivo’ because several
interactions of B7 family members, such as PD-1 and
PD-L1/PD-L2, CTLA-4 and CD80/CD86, CD28 and
CD80/CD86, and PD-L1 and CD80 pathways are involved
in both the

inhibition and activation of immune
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cant at P < 0:05 (*P < 0-05; **P < 0-01).

responses. Moreover, PD-L1 expression is up-regulated in
an inflammatory environment that is enriched with IFN-y
and other cytokines. Those cytokines enhance resistance
against apoptosis in the cells, and thereby, PD-L1-medi-
ated cell death in vivo may rarely be observed. This study
revealed that PD-L1-mediated cell death by PD-1-Ig can
be induced without the intracellular region of PD-L1 and
occurs only in PD-L1"&" cells. These data are useful for
the clarification of the in vivo mechanism of PD-L1-medi-
ated cell death.
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Figure S1. Recognition of programmed death-ligand 1
(PD-L1)-expressing CHO-DG44 cells by programmed
death 1-immunoglobulin (PD-1-Ig) and anti-bovine PD-
L1 monoclonal antibodies.
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