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Introduction

Summary

Cellular rejection is a relevant hurdle for successful pig-to-primate xenotrans-
plantion. We have shown previously that the induction of a human anti-pig T
cell response (in vitro activation of CD4" T cells) can be suppressed by the
overexpression of human negative costimulatory ligands (e.g. programmed
death receptor ligand, PD-L1) on pig antigen presenting cells. Here, we asked
whether PD-L1 mediated enhancement of negative signaling might also be effi-
cient during the effector phase of human anti-pig cellular immune responses.
The porcine B-cell line L23 was transfected with human PD-LI, and clones
were selected stably expressing PD-L1 with low, medium, or high density.
Mock-transfected 123 cells were effectively lysed by human cytotoxic effector
cells (IL-2 activated CD8" T cells and CD56" cells). The lytic potential of the
effectors decreased with increasing levels of PD-L1 and was reduced by about
50% in [23-PD-L™&" targets. A proportion of activated CD8" effector cells
underwent apoptosis when exposed to PD-L1 expressing L23 cells. These data
suggest that the overexpression of PD-L1 on target cells may (a) trigger nega-
tive signals in effector cells that prevent the release of cytolytic molecules and/
or (b) induce apoptosis in the attacking effector cells thereby protecting targets
from destruction.

derive from the new concept of ‘negative costimulation’
[3]. It is well established that T cells need more than the

Enormous progress has been made in recent years to
overcome the barrier of hyperacute rejection after pig-
to-primate xenotransplantation. For example, transgenic
expression of human complement regulatory molecules in
pigs has been shown to be an effective strategy to prevent
hyperacute rejection in preclinical models of xenotrans-
plantation [1]. Furthermore, alphal,3-galactosyltransferase
deficient pigs are now available and represent another
approach to avoid hyperacute rejection mediated by pre-
existing antibodies [2]. Thus, for the further development
of clinical xenotransplantation, immunological concepts
are now required facilitating the control of human anti-
pig cellular immune responses.

One approach for the downregulation of human anti-
pig T cell responses by genetic modification of pigs may
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signal through the antigen receptor (‘signal 1’) to get
fully activated. Classical costimulatory molecules like the
B7 family members CD80 or CD86 deliver a positive sig-
nal (‘signal 2’) to T cells which — in concert with ‘signal
I’ — leads to their complete activation. The B7 family of
T cell costimulatory molecules has recently acquired sev-
eral new members. Interestingly, some of them do not
deliver a positive costimulatory ‘signal 2’ to T cells, but
generate negative signals [4]. The programmed death 1
(PD-1) pathway has already been described in some
detail.

The PD-1 receptor was initially found in cell lines
undergoing programmed cell death and was thought to
be involved in this process. Later, it was demonstrated
that PD-1 is induced by T-cell and B-cell activation

1293



PD-L1 mediated protection of pig cells

and plays a role in the regulation of the activation pro-
cess [5]. PD-1 contains a cytoplasmic immunoreceptor
tyrosine-based switch motif [6]. Binding of pro-
grammed death receptor ligands (PD-L1 or PD-L2) to
PD-1 leads to the recruitment of SHP-phosphatases,
which downregulate T-cell receptor signaling accompa-
nied by reduced T-cell proliferation and cytokine
production [7].

The efficiency of PD-1/PD-ligand targeting to modu-
late immune responses to an allograft has been shown in
various models. For example, prolongation of allograft
survival could be obtained by the transfer of PD-L1.Ig
gene to donor hearts in a rat transplantation model [8].
Furthermore, an enhancement of PD-1-mediated
negative costimulation by the application of PD-L1.Ig
prolonged graft survival in mouse models [9]. Recent
data also show that the overexpression of PD-L1 on islet
grafts in mice can partially prolong islet graft survival
[10].

In pig-to-human xenotransplantation, there is the
chance to create grafts exhibiting a strong negative
costimulatory potential. We have previously shown that
human CD4" T cells respond with reduced proliferation,
a cytokine pattern which is dominated by IL-10 and an
expansion of CD4'CD25"¢"Foxp3* T, to stimulation
with pig cells ectopically expressing human PD-ligands
[11]. These findings suggested that an enhancement of
negative costimulatory signals counteracts with the induc-
tion of a human-anti-pig T-cell response. Here, we inves-
tigated the effects of PD-1/PD-Ll-mediated negative
costimulation during the effector phase of the response.
The data suggest that the augmentation of PD-1 signaling
in human CD8" effector T cells and CD56" cells decreases
their capacity to lyse pig target cells.

Materials and methods

Cells

The porcine peripheral blood B cell line L23 [12] was
obtained from the European Collection of Cell Cultures
(London, UK). L23-PD-L1 transfectants and L23-GFP
controls were generated as described [11]. Clones of
transfected L23-PD-L1 cells expressing PD-L1 in different
intensities were generated by limiting dilution. Human
peripheral blood mononuclear cells (PBMC) were isolated
from leukotrap filters obtained from the Department of
Transfusion Medicine (Hannover Medical School) by
Ficoll gradient centrifugation. CD8" and CD4" T cell sub-
sets were negatively isolated by MACS (Miltenyi Biotec;
Bergisch Gladbach, Germany). Purity of CD8" T cells or
CD4" T cells was usually >90%. To purify CD56" cells,
PBMC were stained by monoclonal antibodies directed to
CD56, and subsequently CD56" cells were isolated by
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electronic cell sorting (Cell
Hannover Medical School).

Sorting Core Facility,

Immunofluorescence staining and flow cytometry

The following mAb were used: anti-pig MHC class-I (74—
11-10), anti-pig MHC class-II (MSA3) both provided by
A. Saalmiiller, Wien, Austria; anti-human CD8-PE (SK1;
BD Biosciences; San Jose, CA, USA), anti-human CD56-
APC (B159; BD Biosciences; San Jose, CA, USA), anti-
human PD-L1-PE (MIHI; eBioscience; San Diego, CA,
USA) and anti-human PD-1 (MIH4; BD Biosciences; San
Jose, CA, USA). Binding of unlabeled primary reagents
was visualized using FITC-conjugated goat anti-mouse
IgG plus IgM (Dianova; Hamburg, Germany) or PE-con-
jugated rat anti-mouse IgG (BD Biosciences, San Jose,
CA, USA). Apoptotic cells were stained by using Annex-
in-FITC (BD-Biosciences). Cells were analyzed on a BD
FACSCalibur flow cytometer (BD Biosciences) and data
processed by using wiNMDI software (free software).

Analysis of proliferation

A total of 1 x 10° CD8" T cells, human PBMC or porcine
PBMC were stimulated with 1 x 10° L23 transfectants
(irradiated with 30 Gray) in microtiter plates in a total
volume of 200 pl culture medium (RPMI 1640 medium
supplemented with 10% FCS, 50 U/ml penicillin, 4 mm
L-glutamin, 50 pg/ml streptomycin, 1 mmM sodium pyru-
vate and 0.05 mm P-mercaptoethanol). In some experi-
ments, individual cells were coated with recombinant
human PD-LI-Fc (R&D systems; Wiesbaden, Germany)
at 15 pg/ml by incubating for 4 h at 37 °C. After 6 days,
*H-TdR was added and cultures were harvested after an
additional 16-h incubation period.

Analysis of apoptosis

A total of 4 x 10° human CD8" T cells were incubated
with 5 x 10° irradiated L23-GFP transfectants for 6 days
in a total volume of 10 ml culture medium. A sum of
2 x 10° CD56" cells were incubated with 2.5 x 10 irradi-
ated L23-GFP transfectants in the presence of 50 U/ml
IL-2 in a total volume of 5 ml culture medium for 6 days.
Subsequently, CD8" T cells or CD56" cells were purified
by Ficoll gradient centrifugation and cultured for addi-
tional 24 h without stimulus. Afterwards, 1 x 10° CD8" T
cells or CD56" cells were co-cultured with 2 x 10° L23-
GFP or L23-PD-L1 cells in microtiter plates in 200 pl cul-
ture medium for 4 h, and apoptotic cells were stained by
anti-CD8 mAb or anti-CD56 mAb and Annexin-FITC.
Frequencies of Annexin-positive cells were determined
within CD8 positive and CD56 positive cells.
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Cytotoxicity assays

The cytotoxic activity of human effector cells was
assessed by *'Cr-release assays. L23-GFP or L23-PD-LI
cells (3 x 10°) were labeled with 100 uCi of sodium
[>'Cr]-chromate (GE Healthcare, Buckinghamshire,
Great Britain) and plated at 1 x 10* cells/well in microtit-
er plates as target cells. To generate CD56" and CD8"*
effector cells with cytotoxic potential purified, CD8" or
CD56" cell subsets were cultured with 100 U/ml IL-2 for
4-5 days. Effector cells were added at the indicated effec-
tor:target ratios to the target cells in microtiter plates in a
total volume of 200 pl. The plates were incubated for 4 h
at 37 °C. After a second centrifugation, 25 pl of the cul-
ture supernatant was collected and assayed for radioactiv-
ity. The percentage of specific cell lysis mediated by
effector cells was calculated as described previously [13].

Statistical analysis

Statistical analysis was performed by using the Student’s
t-test. Levels of significance are given as P-values
(*P < 0.05, **P < 0.01, ***P < 0.001).

Results

Pig cells overexpressing human PD-L1 trigger diminished
proliferative responses of human CD8" T cells

Proliferative responses of human CD4" T cells to porcine
L23-PD-L1 transfectants have been described to be
reduced compared with L23-GFP control cells. This sup-
pression can be reversed by antibody-mediated blocking
of PD-1/PD-L1 interactions [11]. To study whether
downregulation of T-cell reactivity by PD-1/PD-L1-medi-
ated negative signaling is particularly pronounced in the
human CD4 subset or is a more general phenomenon, we
analyzed the proliferative responses of the entire human
PBMC population and isolated CD8" T and CD56" cells.
Furthermore, porcine PBMC were used as control
responders. Proliferation of human CD8" T cell and
CD56" populations to L23-PD-L1 transfectants was mark-
edly reduced compared with stimulation with L23-GFP
control cells (Fig. 1). Neither L23-GFP nor L23-PD-L1
cells induced proliferation in CD56" cells (data not
shown). When allogeneic porcine PBMC were used as
responders, no difference in the stimulatory capacity of
L23-PD-L1 and L23-GFP cells was observed (Fig. 1).
Thus, it seems to be unlikely that transfection of L23 cells
with PD-L1 led to a global drop of their stimulatory
capacity, e.g., by downregulation of adhesion molecules
or costimulatory molecules delivering positive signals.
This is also supported by our previous finding that PD-
L1 transfectants and control cells expressed similar
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Figure 1 Suppression of human PBMC and CD8" T-cell proliferation
after stimulation with L23-PD-L1 transfectants. A total of 1 x 10°
human peripheral blood mononuclear cells (PBMC), purified human
CD8* T cells and porcine PBMC were cultured with medium (gray
bars), with 1 x 10% irradiated L23-GFP cells (white bars) or with
L23-PD-L1 clones highly expressing PD-L1 (black bars). After 6 days,
cells were pulsed with [*H-TdR] and harvested after 16 h. Results are
expressed as percentage of proliferative response + SD of three
independent experiments. *P < 0.05, ***P < 0.005.

amounts of MHC class-I and class-II molecules as well as
CD80/86 and CD40 [11]. Furthermore, the observation
that the responses of pig PBMC were not influenced by
the L23 transfectants expressing the human PD-L1 trans-
gene suggests that there is no functional compatibility
between human PD-L1 and the porcine PD-1 receptor.

To further confirm the role of PD-L1 in inhibiting
CD8" T-cell proliferation, CD8" T cells were activated by
L23-GFP cells in the presence or absence of recombinant
human PD-L1-Fc. CD8" T cell proliferation was inhibited
by about 40% by PD-L1-Fc (Table 1). Thus, PD-L1-Fc,
similar to PD-L1 expressed on pig cells, has the capacity
to downregulate proliferative responses of CD8" T cells
(Table 1).

Table 1. PD-L1-Fc mediated inhibition of human CD8" T cell proli-
feration*.

Stimulus
L23GFP plus
Experiment no. L23GFP PD-L1-Fc L23-PD-L1
1 1007 54 +9 37+7
2 100 68 + 14 19+3

*1 % 10° purified human CD8* T cells were stimulated with 1 x 10°
L23-GFP cells or L23-PD-L1 clones highly expressing PD-L1 or L23-GFP
cells and PD-L1-Fc. After 6 days, cells were pulsed with [3H-TdR] and
proliferation was measured after 16 h.

tProliferation of T cells stimulated by L23-GFP cells was set to 100%.
Results are expressed as percent of proliferation £ SD of triplicate
cultures.
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Figure 2 Flow cytometric analysis of PD-1 expression. Human periph-
eral blood lymphocytes were cultured for 5 days with 100 U IL-2/ml
to generate effector cells. Cells were stained with anti-CD8-PE mAb
or anti-CD56-APC mAb and with anti-PD-1 mAb that was detected
by goat anti-mouse-FITC. Analysis of PD-1 expression was performed
in gated CD8" T cells and CD56" cells. (a) Black lines represent
fluorescence intensity obtained after staining of the cells with anti-PD-
1 mAb and goat anti mouse-FITC, dashed lines were obtained by
staining with an isotype control and goat anti-mouse-FITC. (b) PD-1
positive cells within CD8" and CD56" populations of five different
blood donors (mean % =+ SD).

PD-1 is expressed on human cytotoxic CD8" T cells
and human CD56" cells

The data described above suggested that proliferation of
human CD8" T cells can be suppressed by an enhance-
ment of negative costimulatory signals. We next asked
whether PD-L1-mediated negative signaling might also be
efficient during the cytotoxic effector phase of an immune
response. One prerequisite for PD-LI to unfold its inhibi-
tory capacity is the expression of an appropriate receptor
(e.g. PD-1) on cytotoxic effector cells. Thus, we generated
effector populations by the stimulation of human CD8" T
cells and CD56" cells with high concentrations of IL-2
and analyzed PD-1 expression on these cells by flow
cytometry. Cells expressing PD-1 on the cell surface could
be detected in both, IL-2 activated CD8* T (15 + 5%)
and CD56" cell populations (13 + 6%) (Fig. 2). The basic
requirement to be susceptible to PD-L1-mediated negative
signaling — namely expression of the PD-1 receptor —
should therefore be fulfilled by both effector cell types.

PD-L1 protects pig cells from lysis mediated by human
cytotoxic effector cells

IL-2-induced CD8" T cells exhibited a strong cytotoxic
potential on L23-GFP targets (Fig. 3a). However, when
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Figure 3 Influence of PD-L1 expression on CD8* T- and CD56*-cell-
mediated lysis of 123 cells. A total of 1 x 10* >'Cr-labeled L23-GFP
(white bars) or L23-PD-L1 cell clones highly expressing PD-L1 (black
bars) were used as targets and cultured with increasing numbers of
effector cells. The amount of radioactivity released into the superna-
tant was determined after 4 h and the percentage of specific lysis
was calculated. (a) Cytotoxicity of CD8* T cells. Effector cells were
generated by culturing purified CD8* T cells for 4-5 days in medium
containing 100 U/ml IL-2. Presented data (mean + SD) were obtained
from three independent experiments. *P < 0.05. (b) Cytotoxicity of
IL-2 activated CD56" cells. CD56" cells were purified by electronic cell
sorting, cultured for 4-5 days in medium containing 100 U/ml IL-2
and used as effector cells. Presented data (mean + SD) were obtained
from three independent experiments. *P < 0.05, **P<0.01,
***p < 0.005.

PD-L1 expressing target cells were used, specific lysis
was considerably reduced. At an effector:target ratio of
25, lysis of L23-PD-L1 cells was usually reduced by
about 50% compared with lysis of L23-GFP target cells.
As expected, also IL-2-activated CD56" cells lysed
porcine L23 cells very efficiently, even at low effec-
tor:target ratios (Fig. 3b). Again, lysis of L23-PD-L1
cells was reduced by about 50% compared with L23
control cells. It should be noted that complete protec-
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tion of L23-PD-L1 cells was never observed, irrespective
of whether activated CD8" T cells or CD56" cells were
used as effectors. Thus, PD-L1 transfectants seem to be
protected only partially from lysis by human effector
cells.

The data obtained so far suggested that binding of the
transgenic PD-L1 molecule to PD-1 on effector cells
decreases their lytic potential. To confirm an essential
role of PD-L1 in this scenario, we generated L23 clones
expressing different levels of PD-L1 (Fig. 4a). These cells
were used as targets for cytotoxic effector cells. As
shown in Fig. 4b, L23-PD-L1™" cells were only margin-
ally protected from lysis. Intermediate protection was
observed in L23-PD-L1™4™ targets, and L23-PD-L1"¢"
cells exhibited the most pronounced protective effect.
The correlation of PD-L1 expression density with the
inhibition of cytotoxicity strongly supports the assump-
tion that PD-L1/PD-1 interactions are crucial for the
observed protection of PD-L1 expressing targets and
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Figure 4 Dose-dependent effects of PD-L1 expression on CD56" cell
cytotoxicity. (a) Expression of PD-L1 on different L23-PD-L1 clones.
L23-PD-L1 clones were stained with mAbs directed to human PD-L1.
Dashed lines represent staining of L23-GFP cells by the mAbs, black
lines represent staining of L23-PD-L1 clones. (b) Lysis of L23-PD-L1
clones by CD56* cells. A total of 3 x 10* IL-2 activated CD56* cells
were co-cultured with 1 x 10% *'Cr-labeled L23-GFP or L23-PD-L1
clones. The amount of radioactivity released into the supernatant was
determined after 4 h and the percentage of specific lysis was calcu-
lated. Presented data (mean + SD) were obtained from two indepen-
dent experiments.
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makes it unlikely that other reasons (e.g. differential
expression of adhesion molecules by transfectants and
control cells) are involved.

PD-L1 expressing cells induce apoptosis in activated
CD8" effector cells

Engagement of PD-L1 by PD-1 induces negative signals,
but can also result in apoptosis of activated T cells in
some experimental settings [14]. To assess whether acti-
vated CD8" T cells and CD56" undergo cell death when
exposed to L23-PD-L1 transfectants, co-culture experi-
ments were performed and the frequency of apoptotic
CD8" T cells was determined by Annexin-FITC staining.
Among activated CD8" T cells, only a small proportion
of cells (1-2%) were stained by Annexin (Fig. 5a). This
frequency increased when CD8" cells were co-cultured
with L23-GFP cells and was further augmented by the
presence of L23-PD-L1 cells. In a series of three experi-
ments, 11 + 3% Annexin-positive CD8" cells were found
in co-cultures containing L23-GFP cells, but 21 + 4% in
L23-PD-L1 cultures (Fig. 5b). In contrast, among CD56"
cells, neither in co-cultures containing L23-GFP nor in
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Figure 5 Induction of apoptosis in activated human CD8* T cells and
CD56" cells by L23-PD-L1 cells. Purified CD8* T cells or CD56" cells
were activated by stimulation for 6 days with irradiated L23-GFP cells.
The cells were rested for 24 h and restimulated for 4 h with medium
alone (&), L23-GFP, or L23-PD-L1 cell clones highly expressing PD-L1
(Effector:target ratio 1:2). Apoptotic CD8* T cells or CD56" cells were
detected by Annexin-FITC binding. (a) A single experiment presenting
Annexin-FITC staining of CD8" T cells is shown. Numbers represent
the frequency (%) of Annexin-positive cells. (b) Frequencies of Annex-
in-positive cells (mean% = SD) from three independent experiments
with CD8* T cells (gray bars) are summarized. *P < 0.05. Percentage
of Annexin-positive cells (mean% =+ SD) within CD56" cells (shaded
bars) was determined from two independent experiments.
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L23-PD-L1 cultures, enhanced frequencies of Annexin-
positive cells were detected (Fig. 5b). Thus, in particular
in CD8" T-cell effectors, PD-L-1 might protect target cells
by inducing apoptosis in the attacking effector population
in addition to switching off the effector potential of PD-1
expressing cells.

Discussion

Triggering of PD-1-mediated negative costimulation by
the application of PD-L1.Ig fusion proteins has been
described to prolong allograft survival in various mouse
transplantation models [9]. Furthermore, we have recently
shown that human CD4" T cells respond in vitro to PD-
L1 expressing porcine transfectants with reduced prolifer-
ation, a cytokine pattern which is dominated by IL-10
and an expansion of CD4"CD25"#"Foxp3* Treg [11].
Thus, an enhancement of negative costimulatory signals
in T cells seems to be a promising concept to diminish T
cell responses to allo and xenografts. Here, we addressed
the question as to whether negative costimulatory signals
might be capable of controlling cellular cytotoxicity dur-
ing the effector phase of an anti-graft response. We found
that PD-L1 expressing porcine target cells are partially
protected from lysis by IL-2-activated CD8" T cells as
well as CD56" cells.

Unseparated PBMC and purified CD8" T cells
responded with reduced proliferation to stimulation by
L23-PD-L1 cells (Fig. 1). PD-1 is not expressed on resting
T cells but is upregulated during T-cell activation [7].
Stimulation of PD-1 by PD-ligand binding leads to phos-
phorylation on its two intracellular tyrosines and recruit-
ment of  phosphatases  (SHP-1/SHP-2),  which
downregulate TcR signaling through direct dephosphory-
lation of signaling intermediates [15]. Thus, diminished
proliferation of human T cells to stimulation with
L23-PD-L1 cells (Fig. 1) in all likelihood results from
dampening of TcR signals by PD-1-induced negative
costimulation. On the cellular level, decreased production
of IL-2 in CD4" T cells and CD8" T cells [11,16] might
be key elements for the capacity of PD-L1 to counteract
the induction of human anti-pig T-cell responses.

Activation of naive/resting T cells requires signaling via
the TcR (signal 1) as well as signals generated by trigger-
ing of positive costimulatory receptors like CD28 (signal
2). In contrast, in activated CD8" effector T cells, TcR-
signaling alone is sufficient to deliver ‘death signals’ to
target cells. Destruction of targets can be mediated by the
release of cytotoxic granules or may involve CD95(fas)/
CD95L-pathways to induce apoptosis. IL-2-activated
CD8" T cells exhibited reduced cytotoxicity on PD-L1
expressing targets (Fig. 3a). Thus, PD-1-mediated negative
signaling may not only interfere with TcR signals induc-
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ing cytokine gene transcription during the induction of
immune responses, but may also dampen TcR signals
required for the administration of effector molecules to
target cells during the effector phase of a response.

Interactions of the PD-1 receptor with PD-ligands do
not only result in the generation of negative costimulatory
signals but can also induce apoptosis in some experimen-
tal settings [17]. Indeed, we found more Annexin-positive
CD8" T cells in co-cultures containing PD-L1 transfec-
tants than in control cultures suggesting that a portion of
activated CD8" T cells undergoes apoptosis in response
to PD-1 triggering (Fig. 5). Thus, it is likely that two
different mechanisms are responsible for reduced prolifer-
ation of CD8" T cells to stimulation with L23-PD-L1 cells
(Fig. 1). First, as discussed above, PD-1-mediated signal-
ing may downregulate TcR signals that are required for
the synthesis of growth promoting cytokines (e.g. IL-2),
and second, PD-L1-induced apoptosis could decrease the
number of cells responding to L23 xenoantigen. It is
worth mentioning that we did not observe PD-L1-
induced apoptosis in CD4" T cells [11] suggesting that
the mechanisms leading to reduced proliferation of CD4"
and CD8" T cells to stimulation by L23-PD-L1 cells may
not be identical. The pronounced susceptibility of acti-
vated CD8" T cells to PD-L1-induced apoptosis may also
contribute to protection of L23-PD-L1 cells against lysis
by CD8" effectors. Thus, PD-1 expressing effector cells
could achieve a death signal during first contact with
PD-L1 expressing targets and die before they can kill
further target cells. In this scenario, cell destruction will
not proceed but comes to a standstill at low level.

Cytotoxicity of human CD56" cells was also reduced
by PD-L1 expression on target cells (Fig. 3b). However,
we did not detect more Annexin-positive cells in CD56"
cells cocultured with L23-PD-L1 cells compared with con-
trol cultures (Fig. 5b), indicating that PD-L1 does not
induce apoptosis in CD56" cells. The mechanisms under-
lying the suppressive effect of PD-L1 on NK cell cytotox-
icity remain to be determined. PD-1 might recruit SHP
phosphatases to its immunoreceptor tyrosine-based switch
motif in NK cells as described for T cells, as other inhibi-
tory receptors on NK cells act in similar manners [18].
Thus, it is conceivable that PD-1-mediated negative sig-
nals interfere with signals from activating NK receptors
(e.g. NKG2D) thereby diminishing the release of effector
molecules. The observation that the PD-1 receptor is
upregulated on NK cells in patients with chronic hepatitis
C infection [19] supports the assumption of a functional
role of this molecule on NK cells.

It is well established that blockade of positive costimu-
latory signals (e.g., inhibition of CD80/86-CD28 interac-
tions) can prolong allograft survival in mice [20].
However, this concept is limited by the fact that CD8" T

© 2010 The Authors
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cells seem to be somehow resistant to costimulatory
blockade, which can result in CD8" T cell-mediated graft
rejection [21,22]. As discussed above, our own observa-
tions and those of others [9,16] suggest that CD8" T cells
are particularly sensitive to PD-1-mediated negative
costimulatory signals. Thus, enhancing these signals could
be a strategy to suppress the activity of CD8" T cells,
which are resistant to costimulatory blockade.

Concerning therapeutic application of the PD-ligand to
inhibit human anti-pig cellular immune responses after
xenotransplantation, it might be of interest to express
the PD-L1 molecule on endothelial cells. In our model, we
could show that PD-L1, expressed in high densities, has the
capacity to downregulate human T cell responses against
porcine antigen presenting B cells with a high stimulatory
capacity. Compared with the L23 B-cell line, porcine endo-
thelial cells have a much lower capacity to activate human
T cells. Thus, human PD-L1 overexpression on porcine
endothelial cells will probably result in similar or even
more pronounced inhibitory effects on human T cells acti-
vation. This assumption is supported by the finding that
mouse CD8" T cells exhibit reduced cytolytic activity to
endothelial cells expressing PD-L1 [23,24].

In summary, we show that cytotoxicity of human
CD8" T cells and CD56" cells can be suppressed in vitro
by the overexpression of human PD-L1 on pig cells.
Together with our previous observation that the induc-
tion of CD4" T cell proliferation is inhibited by an
enhancement of negative signaling, this approach may
interfere with both, the induction and the effector phase
of human anti-pig cellular immune responses. It should
be noted, however, that complete inhibition of cellular
cytotoxicity was not achieved. Thus, for an effective con-
trol of cytotoxic responses genetically engineered overex-
pression of human PD-L1 in pigs might be combined
with transgenic expression of human HLA-E to further
prevent NK activity [25] and/or human TNF-related
apoptosis-inducing ligand [26], which is expected to
downregulate T-cell reactivity.
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