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ABSTRACT

In xenotransplantation models, direct activation of hCD4*
T cells by porcine VECs leads to a robust proliferation of T
cells. To investigate the underlying mechanisms, human
antiporcine MLEC culture was used to investigate cross-
species cell interactions, proliferation of h\CD4" T cells,
and induction of human cytokines. We report that xeno-
antigen presentation by PIEC expands hCD4" Foxp3™*
Tregs and hCD4* Foxp3~ Teffs, and this process is de-
pendent on porcine MHC-II antigen expression. Stable
transfection of hPD-L1 into PIEC inhibits Teff proliferation,
but Treg proliferation is not affected. Surprisingly, IL-10
production by hCD4* T cells is augmented significantly by
PIEC"PP-1', Notably, hPD-L1-induced Tregs have higher
suppressive potency and mediate suppressive function
partially through IL-10 and CD73. This study opens the
possibility of using hPD-L1-overexpressing porcine VECs
as a novel therapeutic to allow tolerance of xenotrans-
plants and also supports the possibility of using hPD-L1
transgenic pigs as xenotransplant donors. J. Leukoc.
Biol. 90: 77-86; 2011.

Introduction

Xenotransplantation offers the possibility of using animal or-
gans (especially from the pig) as substitutes for human organs
[1-3]. A ready supply of animal organs, tissues, and cells could
resolve the critical shortage of human organs. The creation of
genetically modified pigs has made clinical xenotransplanta-

Abbreviations: 7-AAD=7-amino-actinomycin D, APCP=q,B-methylene ADP,
CD73=ecto-5'-nuclectidase, CITA=MHC-Il transactivator,
Foxp3=forkhead box p3, h=human, HAR=hyperacute rejection,
mMCITA=mutant MHC-Il transactivator, MFl=mean fluorescence intensity,
MLEC=mixed lymphocyte endothelial cell, MST=median survival time, PD-
T=programmed death-1, PD-L1=programmed death ligand-1,
PIEC=porcine iliac artery endothelial cel, PIEC"™P-'=human programmed
death ligand-1-overexpressing porcine iliac artery endothelial cel,
PIECTMA=mutant MHC-Il transactivator transfected into porcine iliac ar-
tery endothelial cell, PIEC™“*=porcine iiac artery endothelial cell trans-
fected in parallel with an empty vector, SLA=swine leukocyte antigen,
Teff=effector T cell, Treg=T regulatory cell, VEC=vascular endothelial cell
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tion a greater possibility by avoiding HAR. Notable genetic
modifications include a-1,3-galactosyltransferase knockout pigs,
which do not express the primary target for primate anti-pig
antibodies, and pigs that express human complement-regula-
tory protein CD46 (membrane cofactor protein) or CD55 (de-
cay-accelerating factor). Although the introduction of geneti-
cally modified pigs has increased resistance to HAR, xenografts
are also subject to cell-mediated, chronic rejection [4]. Under-
standing the mechanisms that suppress the human antiporcine
response remains an obstacle to xenotransplantation [5].

Xeno-derived hematopoietic APCs, such as DCs and macro-
phages, are potent activators of xenoreactive CD4" T cells and
are responsible for acute xenograft rejection. However, hema-
topoietic APCs may decrease in number, thus increasing the
importance of xenoantigen presentation to hCD4™ T cells by
donor vascular endothelium, which persists for the life of the
graft. Direct recognition of MHC-II and costimulators on acti-
vated porcine endothelium causes hCD4" T cell activation and
inflammatory cytokine production [6-10].

The PD-L1, also called B7 homologue 1, is a B7 family pro-
tein. It mediates immune tolerance by binding to the PD-1 on
activated T cells [11-13]. PD-LL1-deficienct mice are more sus-
ceptible to autoimmune diseases [14], and we also showed
previously that PD-L1-overexpressing keratinocytes promote
skin allograft survival by inducing IL-10-producing T cells [15].
Moreover, a PD-L1-Ig fusion protein shows potential for allevi-
ating experimental autoimmune encephalomyelitis by induc-
ing IL-10-producing T cells [12]. The relationship between
PD-L1 and Foxp3" Tregs remains controversial. Some data
suggest that PD-L1 negatively regulates Tregs during chronic
inflammation [16], and other reports suggest that PD-L1 pro-
motes the development of Tregs [17, 18].

In xenotransplantation models, xenografts undoubtedly
mount a more robust inflammatory cell infiltration and acute
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stress response [2]. Extracellular ATP, as an important media-
tor of inflammation, triggers and maintains inflammation by
activating inflammatory cells. Such ATP levels can be 1000-fold
higher during inflammation. In the inflammation site, ATP
can be converted into ADP by CD39 and finally catalyzed into
adenosine by CD73. Notably, adenosine is an efficient anti-
inflammatory mediator, dampening excessive inflammation.
Recently, CD73 has emerged as an important molecule in-
volved in the suppressive effects of Tregs [19]. It has been
shown that expression of CD73 by murine Tregs enhances
their suppressive function through the production of adeno-
sine. The suppressive function of CD73 on human Tregs has
not been well characterized yet [20, 21].

In this study, we investigated the interactions between PIEC
and hCD4" T cells. Our results show that activated expression
of MHCHI on PIEC promotes hCD4" Foxp3™ Treg and
Foxp3~ Teff proliferation. Furthermore, PIEC""™! inhibits
proliferation of Teff without affecting Foxp3" Treg prolifera-
tion. We also demonstrate that PIEC""""-induced hCD4™"
Foxp3" Tregs exhibit stronger suppressive activity compared
with untreated hCD4 " Foxp3™ Tregs and mediate their sup-
pressive activity partially through IL-10 and CD73.

As the vascular endothelium persists for the life of the xeno-
graft, the ability of PIEC"™®*! to inhibit Teffs and induce
functionally suppressive Treg proliferation is important for
xenograft tolerance induction. Our findings help reveal the
possibility of using hPD-L1-overexpressing porcine VECs as a
novel therapeutic to allow tolerance of xenotransplants. Our
data also support the possibility of using hPD-L1 transgenic
pigs as xenotransplantation donors.

MATERIALS AND METHODS

Cells and animals

Fresh blood samples were obtained with consent from normal, healthy do-
nors, according to the ethical guidelines approved by the Human Research
Ethics Committee of Shanghai Jiaotong University (Shanghai, China).

Bama and Banna miniature pigs were purchased form Shanghai Institute
of Agriculture (Shanghai, China) and maintained in the animal facility of
Shanghai Jiaotong University, according to institutional guidelines. All ani-
mal experiments were performed with the approval of the Shanghai Jiao-
tong University Animal Experimentation Committee.

Cell transfection

The pcDNA3-hPD-L1 plasmid was a kind gift from Dr. Lieping Chen
(Johns Hopkins University, Baltimore, MD, USA). The PIEC line was a
kind gift from Dr. Sheng Yun (University College of London, UK), and
cells were transfected with pcDNA3-hPD-L1 using Fugene 6 transfection
reagent (Roche, Germany) to create a hPD-L1-positive PIEC line (PIEC""™™
L1). PIEC™°* served as a control. The transfected cells were selected in
RPMI-1640 medium containing 400 ng/ml G418. Selection was performed
for 2 weeks, medium was changed every 3 days, and cells were subsequently
cloned by limiting dilution. hPD-L1 expression in PIEC was determined by
flow cytometry on a FACSCalibur (Becton Dickinson, San Diego, CA, USA)
using CELLQuest software. PIEC™ "™ was determined, as described previ-
ously [10, 22].

T cell fractionation

hCD4" T cells were isolated using negative selection with magnetic beads
(Miltenyi Biotec, Auburn, CA, USA) from PBMCs of healthy subjects. For
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some experiments, CD4" T cells were further separated into CD25" and
CD25" fractions by using anti-CD25-coupled magnetic beads. The purity of
the isolated cells was >98%, as determined by flow cytometry.

CFSE-based proliferation and stimulation of CD4* T
cells

Enriched hCD4™ T cells were labeled with CFSE using the Vybran CFDA
SE Cell Tracer kit (Molecular Probes, Eugene, OR, USA), following the
manufacturer’s protocol. Briefly, CD4" T cells were suspended in PBS con-
taining CFSE at 2.5 uM and then incubated for 15 min at 37°C. Cells were
centrifuged and resuspended in culture medium.

PIEC, PIEC™CITA PIECPPPLL o PIEC™O* (1X10°) was cocultured with
1 X 10° CFSE-abeled or unlabeled CD4™, or CD4"CD25~ T cells. Cells
were cultured in 1 ml RPMI-1640 medium supplemented with 10% FBS
(Hyclone, Logan, UT, USA), 100 U/ml IL-2 (BD PharMingen, San Diego,
CA, USA), 100 U/ml penicillin, and 80 ug/ml streptomycin. Cells were
cultured for an additional 6 days. In some cultures, 20 ug/ml anti-SLA-
DR/DQ antibody (2E9/13; Serotec, UK) was added. Proliferation was mea-
sured by flow cytometric measurement of CFSE.

Treg preparation and functional assessment

PIEC""P1L or PIEC™ “*stimulated hCD4™ T cells were labeled with anti-
CD4 and anti-CD25 antibodies, and the CD25™ subset was defined as the
highest intensity of CD25 expression. CD4"CD25" T cells were sorted from
cocultures using FACSAria (Becton Dickinson) as suppressor cells, and
CD47CD25™ T cells were sorted from fresh PBMCs as responder cells.
Fresh CD4"CD25~ T cells were activated with anti-CD38 and anti-CD28 anti-
bodies (Miltenyi Biotec) in the absence or presence of 5'-AMP (5 wmol/L)
and/or the selective CD73 inhibitor APCP (100 wmol/L). Cells were stimu-
lated for 72 h, and then small volumes of supernatant were collected for
cytokine assays, and *H-thymidine (1 pCi/well) was added to each well.
Cells were harvested 18 h later, and proliferation was analyzed with a B-Tri-
lux scintillation counter.

Cytokine production

Cell culture supernatants were collected at the indicated times and stored
at —20°C. Concentrations of IFN-y, TNF-a, I1-2, 1L-4, IL-10, IL-17, and
TGF-B in supernatants were determined by ELISA (eBioscience, San Diego,
CA, USA).

Determination of cell-surface phenotypes

Cell staining was performed at 4°C unless stated otherwise. PIEC or CD4*
T cells were stained with FITC, PE, APC, or Pcp-conjugated mAb against
PD-L1, CD4, and CD25 (eBioscience) and SLA-DQ or SLA-DR (Serotec).
Cells were analyzed by flow cytometry.

Intracellular staining for Foxp3

Intracellular Foxp3 staining was performed with the Alexa Fluor 647 anti-
human Foxp3 staining kit (eBioscience), according to the manufacturer's
instructions.

Apoptosis assay

Apoptosis was determined using annexin-V and 7-AAD staining. Briefly, 10°
cells were washed in PBS and resuspended in 100 ul Hepes buffer with 2
wl annexin-V-fluorescein solution and 2 ul 7-AAD solution. Alternatively,
the cells were stained with annexin-V-fluorescein, 7-AAD, and anti-CD4-PE
and anti-CD25-allophycocyanin. After incubating for 15 min at room tem-
perature, the cells were evaluated by flow cytometry. Cells that stained posi-
tive for annexin-V but excluded 7-AAD were interpreted as undergoing
early apoptosis.

Quantitative real-time PCR

To quantitatively determine levels of pig Foxp3 and IFN-y mRNA, real-time
PCR was performed using the LightCycler RNA Master SYBR Green I kit
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(Roche) with the following primers [23, 24]: FOXP3 sense TTCCCA- and nonirradiated PIEC as APCs. T cell proliferation was mea-
GACTTTCTTTCACAACAT, antisense GCTGCTTCTCTGGAGCCTCCAG;
IFN-y sense TGGTAGCTCTGGGAAACTGAATG, antisense GGCTTT-

GCGCTGGATCTG; GAPDH sense GTGGAGTCCACTGGTGTCTTCACG,

sured by flow cytometry at Day 6. As expected, hCD4 T cells
rapidly proliferated in response to PIEC. Notably, we noticed a

antisense AACTCCCTCTAACAGTATGAAGAG. significant increase in the proliferation of Foxp3™ Tregs and
RNA was extracted from the freshly prepared PBMCs (4X10°%). Samples Foxp3™ Teffs after 6 days of coculture (Fig. 1A). After 6 days
were run in triplicate, and the relative expression of Foxp3 or IFN-y was without PIEC, control hCD4" T cell counts were 1.92 = 0.18%

determined by normalizing to GAPDH expression. Foxp3™" Tregs (mean=*sp of triplicate wells), whereas those

cocultured with PIEC had 14.3 = 1.5% Foxp3™ Tregs. The
proliferation rate of Tregs (87.124.3%; mean=*sp of triplicate

Skins from mbr?d Bama mmlplgs .(S.hanghal lnsn’tute .of Agrlcultu.re) were wells) was similar to that of Teffs 88+5.2%; P>0.05) in re-
transplanted to inbred Banna minipigs (Shanghai Institute of Agriculture).

Pig skin transplantation

Transplantation was performed as described previously [25]. Briefly, under sponse to PIEC, implying that activated PIEC causes robust

. . 4 _
general anesthesia, four full-thickness skin graft beds (3X3 cm each) were and equal proliferation of Foxp3™ Tregs and Foxp3~ Teffs. For
prepared surgically from the lateral dorsal wall of each recipient Banna further verification of this phenomenon, purified hCD4" T

minipig. Full-thickness skin grafts were harvested from the dorsal wall of cells from five individuals were used as responders and primed

donor Bama minipigs and sutured in place using a 6-0 nylon line.
PIEC""P™! or PIEC™ * (2X10Y) was injected into recipient pigs via the
portal vein on the same day. The grafts were observed daily for signs of

with PIEC in vitro, where all exhibited a similar response as
that described above (Fig. 1B), supporting the conclusion that

rejection. It was scored as rejected when the transplanted skin was pale or PIEC stimulates equal proliferation of Tregs and Teffs

dark brown and dull, whereas a ruddy and shiny skin graft was scored as (P>0.05). These results indicate that PIEC is an excellent in

surviving. vitro model in which to study human antiporcine cellular re-
sponses.

Statistical analysis

Results are expressed as mean * sp. Intergroup comparisons were made . . .
using one-way ANOVA. A P value <0.05 was considered statistically signifi- PIEC-stimulated PrOhferatlon of Tregs and Teffs

cant. depends on MHC-II stimulation
To develop potential therapeutics that enable xenograft toler-
ance, it is essential to investigate the molecular mechanisms of

RESULT . . . .

SULTS PIEC stimulation of hCD4" T cell growth. PIEC in our cul-
Coculture of hCD4™" T cells with PIEC causes tures expresses MHC-I after activation. After 5 days of cocul-
proliferation of Tregs and Teffs turing PIEC and hCD4 " T cells, SLA-DR expression in PIEC
To evaluate whether PIEC induces proliferation of hCD4" T increased 39%; the MFI increased from 3 to 122 * 26.
cells, we monitored intracellular dilution of CFSE. MLEC was SLA-DQ expression in PIEC also increased 29%, as the MFI
performed using CFSE-labeled hCD4'T cells as responders increased from 2 to 99 = 18 (Fig. 2A, left).

A CD4+ T CD4+T/PIEC B
; >
«]0.08 1.75] w[12.1 1.9 100 prate  pAlls  peldo pE00s:  proio
2" NG 1k e I T T WLE

s e D4+
L < 60 . C

! B B [ CD4+Foxp3-

1021 3]—_) 40
‘1051 | d97 S [ CD4+Foxp3+
o 102 10° 10# 10° (o 20+
gate on Foxp3+ gate on Foxp3- 0 : : : : :
] 87.4 88.3 A B C D E
» ] d Figure 1. PIEC induces proliferation of CD4* Foxp3* Tregs and CD4"* Foxp3~
8 ] Teffs. CFSE-labeled hCD4™" T cells were cocultured with nonirradiated PIEC. After
+ 6 days of culture, CD4" T cells were harvested, stained with anti-hCD4 antibodies,
] ) and subsequently stained intracellularly with anti-human Foxp3 antibodies. Prolifera-
] tion was determined by dilution of CFSE measured by flow cytometry. CD4" T cells
) - . Qi were gated, and the percentage of proliferating and nonproliferating cells within
o 102 100 10t 10° 0 102 10° 10t 10° the CD4" CD25" and CD4" Foxp3~ populations is plotted. (A, upper panel, left)
< CFSE »  CD4" T cells alone; (right) CD4™ T cells cocultured with PIEG; (lower panel) repre-

sentative histograms showing proliferation of Foxp3™ or Foxp3~ cells after CD4 cells were stimulated with PIEC""™*!. Data represent three inde-
pendent experiments. (B) Letters A-E represent different individuals used as sources of responders. Proliferation rate is expressed as the percent-
age of proliferating cells in all CD4" T cell subsets (total CD4, Foxp3™, Foxp3). Values are expressed as the mean * sp from triplicate experi-
ments. P> 0.05 between different CD4 subsets.
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Teffs depends on MHC-II expression. " " "
(A) Dominantnegative mCIITA suppresses 5 = , , \
MHCHI expression on PIEC. hCD4" T cells . L R T S

were cocultured with PIEC, PIEC™C!TA or
PIEC™k, At the indicated times, activated
PIEC, PIEC™ "™, or PIEC™** was har-
vested and stained with anti-SLA-DR or an-
ti-SLA-DQ-PE antibodies and analyzed by
flow cytometry. (Left) Expression pattern
of SLA-DR/DQ on activated PIEC from
MLEC; (right) expression pattern of SLA-
DR/DQ on activated PIEC™ "™ from
MLEC. MHCHI expression on Days 0 and 6
are plotted. The expression pattern of
MHGII on PIEC™°* is similar to that of
PIEC (not shown). (B) CFSE-abeled
hCD4" T cells were cocultured with PIEC
in the presence of antiporcine MHCHI anti-
bodies or with PIEC™"™. After 6 days of
coculture, cell surfaces were stained with
anti-CD4 and stained intracellularly with
anti-Foxp3, and proliferation was assessed
by CFSE dilution using flow cytometry. Pro-
liferation within the CD4" Foxp3™ and
cD4" Foxp3~ subpopulations is plotted.
PIEC™ "™ or PIEC™* was used as stimu-
lators in MLEC. (C) PIEC/CD4" T cell
coculture was performed in the presence of
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We next investigated the role of MHCII in the proliferation
of CD4" T cells. CIITA is an essential coactivator for transcrip-
tion of MHG-I genes. Previous transfection of PIEC™!™A
able to completely repress IFN-y-induced porcine MHC-II
(SLA-DR/DQ) expression [22, 26, 27]. In this study, we ob-
served that PIEC™ "™ in xenogeneic MLEC was almost sup-
pressed completely (Fig. 2A, right). Additionally, we demon-
strated that proliferation of CD4" Foxp3™ Tregs and CD4"
Foxp3~ Teffs depends on MHC-II when PIEC™“M™ [22] was
used as stimulator cells in coculture with hCD4" T cells. After
5 days in coculture with hCD4 " T cells, MHC-II expression was
absent in PIEC™ "™, hCD4™ T cells (Foxp3™* and Foxp3™ T
cells) did not respond to the PTIEC™“"™ in MLEC (Fig. 2B).
Proliferation of PIEC™ " stimulated CD4" T cells
(0.53+0.07%; mean=sp of triplicate wells) was negligible com-
pared with PIEC™*“*stimulated CD4" T cells (96.2=2.7%;
P<0.05).

The importance of CD4" T cell activation by MHC-II on
PIEC was also demonstrated by reduced proliferation of

was
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hCD4" T cells when cocultured with PIEC in the presence of
anti-SLA-DR and anti-SLA-DQ antibodies. The addition of anti-
SLA-DR and anti-SLA-DQ antibodies prevented proliferation of
CD4 Foxp3* Tregs and CD4" Foxp3~ Teffs in cocultures with
PIEC (Fig. 2C). Treatment with anti-SLA-DR or anti-SLA-DQ
alone reduced proliferation from 96.5 * 4.5% (isotype-treated;
mean=sp of triplicate wells) to 19 £ 2.9% (P<0.01) and

18.7 = 3.2% (P<0.01), respectively. However, treatment with
anti-SLA-DR and anti-SLA-DQ had the greatest effect
(3.5%£1.2%; P<0.01 vs. isotype). These results demonstrate that
CD4"T cells require MHC-II expression by PIEC for prolifera-
tion.

PIEC""P™ inhibits the proliferation of Teffs but not
Tregs

The suppressive cosignaling molecule PD-L1 may allow protec-
tive Treg while minimizing inflammatory Teff responses. As
PD-L1 induces the production of IL-10 by CD4" T cells and
increases graft tolerance [13, 28—-30], we investigated whether
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the immunosuppressive effects of PD-L1 could be achieved by
engineering PIEC to overexpress hPD-L1.

In this study, PIEC was transfected with the pcDNA3 vector,
with or without the gene encoding the hPD-L1 protein. After
four rounds of selection with the antibiotic G418, 10 randomly
selected clones were analyzed periodically by flow cytometry to
ensure stable expression of hPD-L1. The highest expressing
clone (PIECP"P11) was chosen for further analysis. As indi-
cated in Fig. 3A, hPD-L1 was expressed nearly uniformly in
the selected PIEC clone, as assessed by flow cytometry, and
it is noteworthy that the MFI of hPD-L1 expression on the
selected clone was also high (MFI=483). This result indi-
cated that almost all PIEC expressed hPD-L1, and the ex-
pression level of hPD-L1 in PIEC was also high. The control
PIEC (transfected with vector alone, PIEC™°%) was negative
for hPD-L1 expression.

To determine the suppressive capacity of PIECMP1,
PIEC""P™! and PIEC™°* were used as stimulators in cul-
ture with CFSE-labeled hCD4" T cells. The proliferative ca-
pacity of primed T cells was determined by the CFSE dilu-
tion-based proliferation assay described in Materials and
Methods. Proliferation of T cells was measured by CFSE di-
lution using flow cytometry 6 days after stimulation. As ex-
pected, PIEC""P™! primed Foxp3~ CD4" T cells to undergo
fewer divisions (87.2+3.9% vs. 94.5+1.9%; mean=*sp of

PIEC(mock)

PIEC(PD-L1)

gate on Foxp3+ Tregs

Human PD-L1-overexpressing PIEC induce human Tregs

triplicate wells; P<0.05) based on CFSE dye dilution (Fig.
3B). However, PIEC""®™! enhanced the Foxp3™ Treg pro-
liferation (96.9%+3.3% vs. 84.51.9%; P<0.05). Notably,
PIEC""P"primed hCD4 T cells expressed significantly
higher Foxp3 levels (46=3.5%; P<0.01) than PIEC™"*
primed CD4 T cells (13.7-1.6%). Also, the MFI of PIEC"""*Lin-
duced Foxp3 (367+34) was much higher than that of
PIEC™°*-primed Foxp3 (114+12; P<0.05). To address di-
rectly whether the hPD-Ll-exposed Tregs are stimulated by
the encounter or whether a potent subset selectively survives
the encounter, the proliferation histograms of Foxp3™
Tregs from PIEC""P™'- or PIEC™**-primed CD4" cells
were overlaid and compared in Fig. 3B (right panel). The
data clearly show that hPD-L1 significantly stimulates the
proliferation of Tregs.

To further investigate the relationship between PD-L1 and
apoptosis/necrosis, 7-AAD and annexin-V were measured to
determine the percentage of apoptotic cells in the PIEC""P11
primed T cell population. After stimulation with PIEC""P™!,
the hCD4" T cells were harvested and stained with annexin-V
and 7-AAD. These results demonstrate that PD-L1 enhanced
the apoptosis of hCD4+ T cells (Fig. 3C).

Collectively, the results demonstrate that stimulation with
PIEC"™P™! reduces the proliferative capacity of CD4™ Teffs
while increasing their rate of apoptosis. Simultaneously,

Figure 3. PIEC""®"! inhibits the prolif-
eratiox}( of CD4* Foxp3~ Teffs but not
Foxp3 Tregs. (A) Phenotypic charac-
terization of hPD-L1 transfectants. PIEC
were transfected with the pcDNA3-
hPD-L1 (PIECPPP-LT) plasmid or vector
lacking the gene (PIEC™ %), After se-
lection of stable transfectants with
G418, PIEC""™™! and PIEC™*®* were
stained with anti-hPD-LI1-PE or control

100 =

80

60 =

40 4

20 4

antibody and analyzed by flow cytom-
etry. Shaded areas represent control
antibody, and black lines represent anti-
hPD-L1. (B) CFSE-labeled CD4* T cells
were cocultured with PIEC"P11 or
PIEC™°, Proliferation was measured as
described. Overlay of histograms (right
panel) comparing the proliferation of
Foxp3' Tregs in PIEC" 1! (black line)-

107 0° o o8 or PIEC™* (shaded area)-primed

CD4" T cells. (C) CD4" T cells were

<«— Annexin V >
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cocultured with PIEC""PL! or PIEC™OK,
and the cells were then stained with
annexin-V-FITC, 7-AAD, and anti-
CD4-PE and evaluated by flow cytom-
etry. Cells that stained for annexin-V
but excluded 7-AAD were interpreted as
undergoing early apoptosis. Cells stain-
ing for annexin-V-FITC and 7-AAD were
undergoing late apoptosis or necrosis.
One of three independent experiments
is shown.
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PIEC""P™! permits proliferation of CD4"Foxp3™ Tregs and
therefore, could have implications for therapeutic strategies
regarding immunosuppression and graft tolerance.

PIEC""P*! increases the number of Tregs by
inducing the proliferation of CD4" Foxp3™* Tregs but
not through the conversion of CD4" Foxp3~ Teffs
into Foxp3™ Tregs

To determine whether the increased number of Tregs in
the MLEC was a result of expansion of the existing Foxp3™
Tregs, a conversion of Foxp3™ Teffs to Foxp3™ Tregs, or a
combination of both, MLEC was performed with purified
hCD4 CD25 T cells in the absence of exogenous cytokines.
In this experiment, CD4" CD25" and CD4" CD257T cells
were fractionated from hCD4™ T cells, and CD4" and

CD4" CD25™ T cells were stimulated with PIEC™** or
PIEC""P™ for 6 days. The expression of the transcription
factor Foxp3, a specific marker for Tregs, was determined
by intracellular staining flow cytometry with anti-human
Foxp3 antibodies. As expected, there was a high expression
of Foxp3 in fresh CD4" CD25" T cells. In contrast, the
fresh CD4% CD25™ T cell population was negative for Foxp3
expression (Fig. 4, A and B). To identify whether the in-
crease in the CD4" Foxp3™ Tregs was a result of the conver-
sion of Foxp3™ Teffs to Foxp3" Tregs or the proliferation of
existing CD4" Foxp3™ Tregs, we cultured purified CD4"
CD25™ T cells with PIEG, PIEC™°¥, or PIEC""P™!. After 6
days of coculture, ~30% of the CD4" T cells expressed
CD25 at an intermediate level (CD25"; data not shown),
but expression of Foxp3 was undetectable, indicating prolif-
eration of existing Foxp3" Tregs rather than conversion
from CD4"CD25™ Teffs (Fig. 4, A and B).

PIEC""*! enhances IL-10 but inhibits inflammatory
Thl and Th17 cytokine production by hCD4™ T cells
PD-L1 has been shown previously to up-regulate IL-10 produc-
tion by CD4" T cells [12, 15, 31, 32]. In the present study,
highly enriched hCD4" T cells were cultured with PIEC"""*!
or PIEC™°" in the absence of exogenous cytokines. After 6
days of coculture, supernatants were collected, and cytokines
were analyzed by ELISA (Fig. 5). As expected, high levels of
the human Thl cytokines (IFN-y, 3100 pg/ml; TNF-a, 300 pg/
ml) and Th17 cytokine (IL-17, 160 pg/ml) were detected only
in cultures containing PIEC™°“*. Cocultures containing
PIEC""P™! preferentially promoted IL-10 production (IL-10,
780 pg/ml) by hCD4" T cells. Increased IL-10 generally corre-
sponded with decreased IFN-vy, IL-17, and TNF-a production.
Also noteworthy is that the levels of IL-4 and TGF-$ were very
low or undetectable, and negligible amounts of TGF-8 suggest
that expansion of Foxp3™ Tregs by PIEC""™*! is not through
the classical TGF- signaling pathway. Therefore, using
PIEC""P™! as inducers engages hPD-L1 receptors on CD4" T
cells, which inhibits Teff proliferation and enhances the pro-
duction of IL-10 leading to apoptosis.

PIEC*"”"'induced CD4"* Foxp3* Tregs exhibit
enhanced suppressive activity

Unlike murine Tregs, TGF-B-induced hCD4" Foxp3™ T cells
have been reported to be not suppressive [33-36]. As de-
scribed above, TGF- was undetectable in the culture. Thus,
PIEC""P"Linduced Tregs are not induced through the classi-
cal TGF-B pathway. We next asked whether PTEC""P*Lin-
duced CD4"CD25"Foxp3" Tregs exhibit suppressive activity
in vitro. CD4" CD25"" (>85% Foxp3"; data not shown) cells
were sorted from cocultures of hCD4 cells with PIEC""™™! or
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Figure 4. PIEC and PIEC""®"! increase the number of Tregs by inducing proliferation of CD4* Foxp3™* Tregs rather than conversion of CD4*
Foxp3~ Teffs into Foxp3™* Tregs. Enriched CD4" and CD4" CD25™ T cells were cocultured with PIEC, PIEC™°, or PIEC""®" for 6 days. In
vitro-stimulated CD4" and CD4" CD25~ T cells were surface-stained with anti-hCD4 and intracellularly stained with anti-human Foxp3 antibodies.
(A) Cells were analyzed by flow cytometry, and analysis of Foxp3 expression was performed after gating CD4" T cells. Data are representative of
three independent experiments. (B) Frequency of cells expressing Foxp3 in CD4™ or CD4" CD25™ T cells that were treated as indicated. Data are
the mean = sp of three indpendent experiments. *P < 0.05 versus fresh CD4; *#P > 0.05 versus fresh CD4; *#*P > (.05 versus fresh CD4" CD25™.
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inflammatory cytokines Thl and Th17 by hCD4™ T cells. Enriched hCD4" T
cells were cocultured with PIEC™*! or PIEC™*™ for 6 days, and culture
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induced CD4" CD25™ T cells. The proliferation in the pres-
ence of PIEC"""-induced Tregs was markedly lower than
that in the unstimulated Treg controls (P<0.05; Fig. 6A). In
agreement with previous reports, untreated or PIEC™**
treated CD4" CD25™ T cells had limited suppressive function.
Thus, xenogenic PIEC""™! markedly augments the suppres-
sive potency of CD4*CD25"Foxp3™ Tregs.

p<0.05

PIEC"""*induced CD4"* Foxp3* Tregs mediate
immunosuppression partially through IL-10 and CD73

ChPDle_in_

To investigate the key suppressive factors for PIE
duced Tregs, the effect of IL-10 in the MLEC was tested using
neutralizing mAb. The suppressive effect of TGF-8 was not
considered, as it was undetectable in the supernatant of the
MLEC. In this study, CD4" CD25" cells were stimulated with
anti-CD3/anti-CD28 mAb in the presence of PIEC""™™in-
duced CD4" CD25™ T cells, and neutralizing anti-IL-10 mAb
were added to block the suppressive cytokine IL-10. Subse-
quently, proliferation was assessed by *H-thymidine incorpora-
tion assay. As expected, PIEC""™P"induced Tregs inhibited
the proliferation of Teffs by 80% (P<0.05; Fig. 6A), and anti-

IL-4 IL-10 TGF-B

supernatants were collected. Cytokine (IFN-y, IL-2, TNF-a, IL-17, IL4, IL-10, IL-10 mAb .partially reversed the prol.iferation of Teffs by 50%
TGF-B) concentrations were determined by standard sandwich ELISA. Re- (P<0.05; Fig. 6B) and IFN-y production by 80% (P<0.05; Fig.

sults are expressed as mean pg * sp of triplicate cultures.

6D). These data indicate that PIEC"""!-induced Foxp3™"
Tregs mediate immunosuppression partially through IL-10.
CD73 has recently been described to be enriched in murine

PIEC™°®* and tested for their capacity to suppress activation of Foxp?;+ Tregs and involved in the suppressive function of Tregs
conventional CD4" CD25™ T cells. In this experiment, fresh [19, 37]. Our results indicate that PIEC'"™™.induced hCD4™"
CD4 CD25™ T cells were stimulated with anti-CD3/anti-CD28 Foxp3™" Tregs express more CD73 (56%) compared with un-

mADb in the presence of unstimulated PTEC""P*- or PTEC™- stimulated or PIEC™**induced cells (13%; Fig. 6C). To verify
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Figure 6. PIEC""P"induced Tregs exhibit more efficient suppressive activity and partial reversal of
suppression by anti-TL-10 and the CD73 inhibitor APCP. PIEC"" '\~ or PIEC™**primed CD4" T cells
were sorted into Tregs (CD4" CD25"™), and fresh CD4" T cells were sorted into Teff (CD4* CD25)
subsets. Tregs (1X10°) were cultured with 1 X 10° Teffs and stimulated with anti-CD3 (1 ug/ml) plus
anti-CD28 (1 ug/ml) mAb (A) in the absence or presence of APCP (100 uwmol/L) or anti-IL-10 mAb
(10 pg/ml; B). Proliferation was determined by *H -thymidine incorporation in triplicate wells for the
last 16 h of a 3-day culture. (C) CD73 expression on Foxp3" Tregs. PIEC"""1- or PIEC™**primed
CD4" T cells were stained with anti-hCD4-FITC, anti-hFoxp3-allophycocyanin, and anti-hCD73-PE.
Foxp3™ cells were chosen and assayed for CD73 expression. Thin line, Isotype control; thick line, CD73-
PE. Data are representative of three separate experiments. (D) IFN-y level (at 72 h) was measured in
supernatants in which cultures were supplemented with 5-AMP (5 wmol/L), with or without APCP
treatment. Data are the mean * sp of triplicate wells and representative of three independent experi-
ments.
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that PIEC""®*-induced Tregs mediated immunosuppressive
function through CD73, CD4" CD25™ T cells were activated
with anti-CD3/CD28 mAb in the presence of PIEC""P"\in-
duced CD4" CD25" Tregs. Subsequently, the cultures were
assessed for proliferation and IFN-y production in the pres-
ence of APCP (a specific inhibitor of CD73 enzymatic activity).
Other cultures were tested with the CD73 substrate 5'-AMP. As
shown in Fig. 6B, the addition of APCP did not reverse the
suppressive activity of Tregs on proliferation (Fig. 6B; P>0.05)
but was able to reduce suppression of IFN-y production (Fig.
6D). These functional assays proved that like murine Tregs,
human Tregs express CD73 and appear to be able to generate
adenosine that suppresses IFN-y production.

PIEC""*! induces immunosuppression in vivo

It is well known that some costimulatory molecules can over-
come species barriers and mediate productive interactions be-
tween different species [38—-40]. Cross-species interaction of
PD-1 with PD-L1 has been reported before by several studies
[41-44]. Then, we asked whether hPD-L1 could cross the spe-
cies barrier and affect pig immune cells. An in vitro prolifera-
tion assay was set up in 96-well culture plates. Irradiated (3500
rad) PBMCs (10°/well) from inbred Banna minipigs were
cocultured with PBMCs (105 /well) from the inbred Bama
minipig in the presence of 2 X 10* PIEC"""™! or PIEC™** as
modulatory cells, and proliferation was determined by *H-thy-
midine incorporation for the last 16 h of a 7-day culture. We
observed an ~50% inhibition of cellular proliferation com-

A p>0.05 p<0.05

w
=
o
o

pared with controls (P<0.05; Fig. 7A). The results indicate
that addition of PIEC"™™™ into pig MLRs efficiently inhibited
the proliferation of pig PBMCs (Fig. 7A), thus establishing the
cross-species effectiveness of hPD-L1 in pig models.

ChPPLL yas examined in vivo

Next, the suppressive effect of PIE
using a pig skin transplantation model. As described in Materials
and Methods, 2 X 10° PIEC"™P*! or PIEC™* was injected into
Banna recipient minipigs at the same day when allogeneic Bama
minipig skin grafts were transplanted. Daily observation of the
transplanted skins revealed that PIEC™*®* treatment has no effect
on skin graft survival with a MST of 9 days (n=3 pigs), which was
similar to untreated, control recipients (n=3; P>0.05). However,
PIEC""P™! treatment significantly prolonged skin graft survival
with a MST of 19 days (n=3; P<0.05; Fig. 7B). Thus, PIEC """
is also effective in vivo.

As described above, PIEC""™! enhances the expression of
the protective Foxp3 and suppresses the proinflammatory
IFN-y in vitro. We further asked whether PIEC""P*! could en-
hance Foxp3 and inhibit IFN-y in vivo. Real-time PCR was
used to analyze Foxp3 and IFN-y mRNA expression in PBMCs
from skin-transplanted minipigs. Similar to the in vitro data,
PIEC""P™ ! treated recipients have more Foxp3 expression
(5.9%1.8; mean*sp; n=3 pigs; P<0.05) compared with the
PIEC™°*-treated group (3.5*0.8; n=3; Fig. 7C). Furthermore,
PIEC""P™!treated recipients have lower proinflammatory
IFN-y (4.8+0.5) than the PIEC™**treated group (6.6+1.7;
P<0.05).
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DISCUSSION

The effectiveness of PD-1/PD-L1 targeting to modulate im-
mune responses to allografts has been shown in various mouse
models [28—-30]. Generating transgenic pigs that express
hPD-L1 might be effective for xenotransplantation. We ad-
dressed the question of whether ectopic expression of hPD-L1
in pig APCs alters their capacity to activate human T cells,
which could lead to novel strategies to suppress cellular xeno-
geneic responses through the use of hPD-Ll-expressing pigs as
donors. We designed a xenogenic coculture system in which
PIEC was stably transfected with the hPD-L1 gene and used as
stimulators to determine their effects on hCD4™ T cells. We
show that the PIEC""™"! significantly inhibits the proliferation
of Teffs, and IL-10 production by primed Teffs is increased
dramatically. Our findings provide the rationale for using
hPD-L1 transgenic pigs as potential xenograft donors. Notably,
porcine PD-L1 interacts with hPD-1, which does not however
affect our experiments, as PIEC does not express significant
levels of pig hPD-L1 (data not shown).

Our in vitro data suggest that transgenic expression of hPD-L1 in
pig cells can effectively reduce human Teff responses, which raises
questions concerning the outcome of transplanting transgenic por-
cine organs in humans. If hPD-L1 is strongly expressed on porcine
endothelial cells, major effects on the direct route of xenograft sensi-
tization should appear. hPD-L1 on porcine vascular endothelium
should directly activate specific T cells (Treg and Teff) and upregu-
late PD-1. Among these cells, only inflammatory Teffs should be in-
hibited by transgenically expressed hPD-L1. As PIEC""P!! has been
shown only to induce inhibitory functions if delivered together with
TCR signals, it is conceivable that this approach to immune modula-
tion will be graftspecific. Furthermore, we assume that porcine
MHCHFinduced Foxp3* Treg expansion will not be suppressed,
potentially allowing sustained control of antixenograft responses.
Thus, ectopic expression of hPD-L1I in pig cells might be protective,
not only during the sensitization phase of the human anti-pig T cell
response but also in the effector phase.

Adenosine is a ubiquitous nucleoside that is usually at low
concentrations in the extracellular space. The expression of
CD73 on Tregs is important for understanding how metabo-
lism of ATP to adenosine regulates inflammation. The expres-
sion of CD73 by murine Tregs and the presence of A2A aden-
osine receptor on activated Teffs generate immunosuppressive
loops, whereby Tregs generate adenosine that inhibits the
function of Teffs [19, 37]. The present study demonstrates
that PIEC""""induced hCD4 " CD25"'Foxp3 ' Tregs are en-
riched for the expression of CD73, suggesting that such Tregs
contribute to adenosine synthesis, which in turn, mediates an-
ti-inflammatory function. Moreover, the attenuation of the in-
flammatory response may favor xenotransplant tolerance.

Normally, T cells in transplant rejection are biased predomi-
nantly toward the Thl phenotype, as is evidenced by their ability
to produce IFN-y but little IL-4. We observed that PIEC""™ -
induced CD4™" T cells expressing markers associated with Tregs
have significantly higher expression of CD39 and CD73. Murine
Th cells expressing CD73 act on the 5'-AMP substrate to generate
sufficient adenosine to suppress effector Th cell function. The
current study confirms the importance of CD73 in regulating
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immune and inflammatory responses and extends this principle
to human Th cells in systemic and mucosal tissues. In summary,
the enrichment of CD73 in human Tregs suggests that Tregs con-
tribute to local adenosine accumulation and the control of in-
flammation. Together, these observations support the conclusion
that the production of adenosine and its ability to limit inflamma-
tion may contribute to the persistence of the transplant.

It has been reported recently that hPD-L1-overexpressing
pig B cells inhibit proinflammatory cytokine production by
hCD4 cells and expand Tregs in vitro [45]. However, as a re-
sult of ongoing decreasing of donor-derived B lymphocytes in
transplantation models, the disadvantages of using genetically
modified B lymphocytes as potential therapeutics cannot be
ignored, especially as the lifespan of B cells is much shorter
compared with other professional APCs. This increases the
importance of donor vascular endothelium, which persists for
the life of the graft and mediates direct contact with the recip-
ient’s peripheral immune system [6-10]. Thus, genetic modifi-
cation of donor VECs has more advantages than other cells in
xenotransplantation. Another contribution of our study is that
it demonstrates that PD-L1 augments the expression of CD73
by human Tregs, which could dampen the overzealous im-
mune response via catalyzing the production of adenosine.

Our data suggest a twolevel model, whereby PIEC""P™!
tribute to peripheral tolerance. Inhibition of unwanted, inflamma-
tory T cell responses can be obtained by suppressive PD-1/hPD-L1
signaling, thereby inactivating “dangerous” T cells. However, the ca-
pacity of induced Tregs might be essential for the maintenance of
long-term tolerance. The potential of the PD-1/hPD-L1 system to
control tolerance is of particular interest for its possible applications
in xenotransplantation. Organs from hPD-LI transgenic porcine

cells con-

donors could reduce human antiporcine T cell responses. By induc-
ing Treg proliferation, it might also be possible to control T cells
sensitized to the xenograft through the indirect route that is re-
quired to achieve long-lasting tolerance.

AUTHORSHIP

Q.D. and L.L. performed the majority of the functional assays.
X.Z. and Y.Z. performed partial functional assays and provided
advice. Q.D. and K-Y.C. provided overall direction and super-
vised project planning.

ACKNOWLEDGMENTS

This study was supported in part by the Natural Science Founda-
tion of China (30530690, 30772018, 30700766), the Shanghai
Science-Technology Foundation (05DZ19734, 03]JC14085), and
the Shanghai Leading Academic Discipline Project (T0206).

REFERENCES

1. Cozzi, E., Bosio, E. (2008) Islet xenotransplantation: current status of
preclinical studies in the pig-to-nonhuman primate model. Curr. Opin.
Organ Transplant. 13, 155-158.

2. Pierson III, R. N. (2009) Current status of xenotransplantation. JAMA
301, 967-969.

3. Yang, Y. G., Sykes, M. (2007) Xenotransplantation: current status and a
perspective on the future. Nat. Rev. Immunol. 7, 519-531.

Volume 90, July 2011 Journal of Leukocyte Biology 85



LB

4. Lavitrano, M., Bacci, M. L., Forni, M., Lazzereschi, D., Di Stefano, C., Fioretti, D.,
Giancotti, P., Marfe, G., Pucci, L., Renzi, L., Wang, H., Stoppacciaro, A., Stassi,
G., Sargiacomo, M., Sinibaldi, P., Turchi, V., Giovannoni, R., Della Casa, G.,
Seren, E., Rossi, G. (2002) Efficient production by sperm-mediated gene transfer
of human decay accelerating factor (hDAF) transgenic pigs for xenotransplanta-
ton. Proc. Nail. Acad. Sci. USA 99, 14230-14235.

5. Cooper, D. K., Ezzelarab, M., Hara, H., Ayares, D. (2008) Recent advances in
pig-to-human organ and cell transplantation. Expert Opin. Biol. Ther. 8, 1-4.

6. Ezzelarab, M., Welchons, D., Torres, C., Hara, H., Long, C., Yeh, P.,
Ayares, D., Cooper, D. K. (2008) Atorvastatin down-regulates the primate
cellular response to porcine aortic endothelial cells in vitro. Transplanta-
tion 86, 733-737.

7. Coleman, T. S., Pittman, H. K., Purser, S. M., Haisch, C. E., Verbanac, K. M.
(2001) Human T-cell-porcine endothelial cell interactions induce human Th1
cytokines and porcine activation markers. J. Surg. Res. 97, 184-191.

8. Murray, A. G., Khodadoust, M. M., Pober, J. S., Bothwell, A. L. (1994)
Porcine aortic endothelial cells activate human T cells: direct presenta-
tion of MHC antigens and costimulation by ligands for human CD2 and
CD28. Immunity 1, 57-63.

9. Khodadoust, M. M., Candal, F. J., Maher, S. E., Murray, A. G., Pober,

J. S., Davis, W. C., Ades, E. W., Bothwell, A. L. M. (1995) PEC-A: an im-
mortalized porcine aortic endothelial cell. Xenotransplantation 2, 79-87.

10. Yun, S., Rose, M. L., Fabre, J. W. (2000) The induction of major histo-
compatibility complex class II expression is sufficient for the direct activa-
tion of human CD4+ T cells by porcine vascular endothelial cells. Trans-
plantation 69, 940-944.

11. Dong, H., Strome, S. E., Salomao, D. R., Tamura, H., Hirano, F., Flies,
D. B., Roche, P. C,, Lu, J., Zhu, G., Tamada, K., Lennon, V. A,, Celis, E.,
Chen, L. (2002) Tumor-associated B7-H1 promotes T-cell apoptosis: a
potential mechanism of immune evasion. Nat. Med. 8, 793—800.

12. Ding, Q., Lu, L., Wang, B., Zhou, Y., Jiang, Y., Zhou, X,, Xin, L., Jiao, Z.,
Chou, K. Y. (2006) B7H1-Ig fusion protein activates the CD4+ IFN-y re-
ceptor+ type 1 T regulatory subset through IFN-y-secreting Th1 cells.

J. Immunol. 177, 3606-3614.

13. Latchman, Y. E,, Liang, S. C., Wu, Y., Chernova, T., Sobel, R. A., Klemm, M.,
Kuchroo, V. K., Freeman, G. J., Sharpe, A. H. (2004) PD-LI-deficient mice show
that PD-LL1 on T cells, antigen-presenting cells, and host tissues negatively regu-
lates T cells. Proc. Nail. Acad. Sci. USA 101, 10691-10696.

14. Dong, H., Zhu, G., Tamada, K., Flies, D. B., van Deursen, J. M., Chen, L.
(2004) B7-H1 determines accumulation and deletion of intrahepatic
CD8(+) T lymphocytes. Immunity 20, 327-336.

15. Cao, Y., Zhou, H., Tao, J., Zheng, Z., Li, N., Shen, B., Shih, T. S., Hong,
J., Zhang, J., Chou, K. Y. (2003) Keratinocytes induce local tolerance to
skin graft by activating interleukin-10-secreting T cells in the context of
costimulation molecule B7-H1. Transplantation 75, 1390-1396.

16. Franceschini, D., Paroli, M., Francavilla, V., Videtta, M., Morrone, S., Labba-
dia, G., Cerino, A., Mondelli, M. U., Barnaba, V. (2009) PD-L1 negatively
regulates CD4+CD25+Foxp3+ Tregs by limiting STAT-5 phosphorylation in
patients chronically infected with HCV. J. Clin. Invest. 119, 551-564.

17. Krupnick, A. S., Gelman, A. E., Barchet, W., Richardson, S., Kreisel,

F. H., Turka, L. A., Colonna, M., Patterson, G. A., Kreisel, D. (2005) Mu-
rine vascular endothelium activates and induces the generation of alloge-
neic CD4+25+Foxp3+ regulatory T cells. J. Immunol. 175, 6265-6270.

18. Beswick, E. J., Pinchuk, I. V., Das, S., Powell, D. W., Reyes, V. E. (2007)
Expression of the programmed death ligand 1, B7-H1, on gastric epithe-
lial cells after Helicobacter pylori exposure promotes development of CD4+
CD25+ FoxP3+ regulatory T cells. Infect. Immun. 75, 4334—-4341.

19. Kobie, J. J., Shah, P. R, Yang, L., Rebhahn, ]J. A., Fowell, D. J., Mosmann,
T. R. (2006) T regulatory and primed uncommitted CD4 T cells express
CD73, which suppresses effector CD4 T cells by converting 5'-adenosine
monophosphate to adenosine. J. Immunol. 177, 6780-6786.

20. Alam, M. S., Kurtz, C. C., Rowlett, R. M., Reuter, B. K., Wiznerowicz, E., Das, S.,
Linden, J., Crowe, S. E., Ernst, P. B. (2009) CD73 is expressed by human regula-
tory T helper cells and suppresses proinflammatory cytokine production and
Helicobacter felisinduced gastritis in mice. J. Infect. Dis. 199, 494-504.

21. Mandapathil, M., Hilldorfer, B., Szczepanski, M. J., Czystowska, M., Szajnik, M.,
Ren, J., Lang, S., Jackson, E. K., Gorelik, E., Whiteside, T. L. (2010) Generation
and accumulation of immunosuppressive adenosine by human
CD4+CD25highFOXP3+ regulatory T cells. J. Biol. Chem. 285, 7176-7186.

22. Ou, Q,, Lin, L., Huang, L., Chen, F., Wu, K., Lu, P., Zhang, J., Chou,

K. Y. (2004) Persistence of MHC DR nonexpression on swine cells by in-
troduction of a mutated MHC class II transactivator gene: a comparison
with the effect induced by antisense RNA. J. Clin. Immunol. 24, 97-106.

23. Satoda, N., Shoji, T., Wu, Y., Fujinaga, T., Chen, F., Aoyama, A., Zhang,
J. T., Takahashi, A., Okamoto, T., Matsumoto, I., Sakai, H., Li, Y., Zhao,
X., Manabe, T., Kobayashi, E., Sakaguchi, S., Wada, H., Ohe, H., Ue-
moto, S., Tottori, J., Bando, T., Date, H., Koshiba, T. (2008) Value of
FOXP3 expression in peripheral blood as rejection marker after minia-
ture swine lung transplantation. J. Heart Lung Transplant. 27, 1293-1301.

24. Dawson, H. D., Royaee, A. R., Nishi, S., Kuhar, D., Schnitzlein, W. M.,
Zuckermann, F., Urban Jr., J., Lunney, J. K. (2004) Identification of key
immune mediators regulating T helper 1 responses in swine. Vet. Immu-
nol. Immunopathol. 100, 105-111.

25. Morita, H., Nakamura, N., Sugiura, K., Satoi, S., Sakakura, Y., Tu, W., Yo-
shida, K., Oda, M., Inoue, T., Inui, H., Nagahama, T., Kamiyama, Y., Tke-

86 Journal of Leukocyte Biology Volume 90, July 2011

26.

27.

28.
29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

hara, S. (1999) Acceptance of skin allografts in pigs by portal venous in-
jection of donor bone marrow cells. Ann. Surg. 230, 114-119.

ARiley,‘]. L., Westerheide, S. D., Price, J. A., Brown, J. A., Boss, J. M.

(1995) Activation of class I MHC genes requires both the X box region
and the class II transactivator (CIITA). Immunity 2, 533-543.

Steimle, V., Siegrist, C. A., Mottet, A., Lisowska-Grospierre, B., Mach, B.
(1994) Regulation of MHC class II expression by interferon-y mediated
by the transactivator gene CIITA. Science 265, 106-109.

Keir, M. E., Butte, M. J., Freeman, G. J., Sharpe, A. H. (2008) PD-1 and
its ligands in tolerance and immunity. Annu. Rev. Immunol. 26, 677-704.
Keir, M. E., Liang, S. C., Guleria, I., Latchman, Y. E., Qipo, A., Albacker,
L. A,, Koulmanda, M., Freeman, G. J., Sayegh, M. H., Sharpe, A. H.
(2006) Tissue expression of PD-L1 mediates peripheral T cell tolerance.
J. Exp. Med. 203, 883-895.

'Tanaka, K., Albin, M. J., Yuan, X., Yamaura, K., Habicht, A., Murayama,

T., Grimm, M., Waaga, A. M., Ueno, T., Padera, R. F., Yagita, H., Azuma,
M., Shin, T., Blazar, B. R., Rothstein, D. M., Sayegh, M. H., Najafian, N.
(2007) PDLI is required for peripheral transplantation tolerance and
protection from chronic allograft rejection. J. Immunol. 179, 5204-5210.
Curiel, T. J., Wei, S., Dong, H., Alvarez, X., Cheng, P., Mottram, P.,
Krzysiek, R., Knutson, K. L., Daniel, B., Zimmermann, M. C., David, O.,
Burow, M., Gordon, A., Dhurandhar, N., Myers, L., Berggren, R., Hem-
minki, A., Alvarez, R. D., Emilie, D., Curiel, D. T., Chen, L., Zou, W.
(2003) Blockade of B7-H1 improves myeloid dendritic cell-mediated an-
titumor immunity. Nat. Med. 9, 562-567.

Dong, H., Zhu, G., Tamada, K., Chen, L. (1999) B7-HI, a third member
of the B7 family, co-stimulates T-cell proliferation and interleukin-10 se-
cretion. Nat. Med. 5, 1365—1369.

Gavin, M. A,, Torgerson, T. R., Houston, E., DeRoos, P., Ho, W. Y., Stray-
Pedersen, A., Ocheltree, E. L., Greenberg, P. D., Ochs, H. D., Rudensky,
A.Y. (2006) Single-cell analysis of normal and FOXP3-mutant human T
cells: FOXP3 expression without regulatory T cell development. Proc.
Natl. Acad. Sci. USA 103, 6659—6664.

Tran, D. Q., Ramsey, H., Shevach, E. M. (2007) Induction of FOXP3 ex-
pression in naive human CD4+FOXP3 T cells by T-cell receptor stimula-
tion is transforming growth factor-B dependent but does not confer a
regulatory phenotype. Blood 110, 2983-2990.

Edinger, M. (2009) Regulatory T cells for the prevention of graft-versus-host dis-
ease: professionals defeat amateurs. Fur. J. Immunol. 39, 2966-2968.

Broady, R., Yu, J., Levings, M. K. (2009) ATG-induced expression of FOXP3 in
human CD4(+) T cells in vitro is associated with T-cell activation and not the
induction of FOXP3(+) T regulatory cells. Blood 114, 5003-5006.

Deaglio, S., Dwyer, K. M., Gao, W., Friedman, D., Usheva, A., Erat, A., Chen,

J. F., Enjyoji, K., Linden, J., Oukka, M., Kuchroo, V. K., Strom, T. B., Robson,

'S. C. (2007) Adenosine generation catalyzed by CD39 and CD73 expressed on

regulatory T cells mediates immune suppression. J. Exp. Med. 204, 1257-1265.
Rogers, N. J., Jackson, I. M., Jordan, W. J., Hawadle, M. A., Dorling, A.,
Lechler, R. I. (2003) Cross-species costimulation: relative contributions of
CD80, CD86, and CD40. Transplantation 75, 2068—2076.

Mirenda, V., Golshayan, D., Read, J., Berton, I., Warrens, A. N., Dorling,
A., Lechler, R. 1. (2005) Achieving permanent survival of islet xenografts
by independent manipulation of direct and indirect T-cell responses. Dia-
betes 54, 1048-1055.

Tadaki, D. K., Williams, A., Lee, K. P., Kirk, A. D., Harlan, D. M. (2003)
Porcine CD80: cloning, characterization, and evidence for its role in di-
rect human T-cell activation. Xenotransplantation 10, 252-258.

Freeman, G. J., Long, A. J., Iwai, Y., Bourque, K., Chernova, T.,
Nishimura, H., Fitz, L. J., Malenkovich, N., Okazaki, T., Byrne, M. C.,
Horton, H. F., Fouser, L., Carter, L., Ling, V., Bowman, M. R., Carreno,
B. M., Collins, M., Wood, C. R., Honjo, T. (2000) Engagement of the
PD-1 immunoinhibitory receptor by a novel B7 family member leads to
negative regulation of lymphocyte activation. J. Exp. Med. 192, 1027-1034.
Latchman, Y., Wood, C. R., Chernova, T., Chaudhary, D., Borde, M.,
Chernova, I, Iwai, Y., Long, A. J., Brown, J. A., Nunes, R., Greenfield,

E. A., Bourque, K., Boussiotis, V. A., Carter, L. L., Carreno, B. M., Malen-
kovich, N., Nishimura, H., Okazaki, T., Honjo, T., Sharpe, A. H., Free-
man, G. J. (2001) PD-L2 is a second ligand for PD-1 and inhibits T cell
activation. Nat. Immunol. 2, 261-268.

Zhang, X., Schwartz, J. C., Guo, X,, Bhatia, S., Cao, E., Lorenz, M., Cam-
mer, M., Chen, L., Zhang, Z. Y., Edidin, M. A., Nathenson, S. G., Almo,
S. C. (2004) Structural and functional analysis of the costimulatory recep-
tor programmed death-1. Immunity 20, 337-347.

Lin, D. Y., Tanaka, Y., Iwasaki, M., Gittis, A. G., Su, H. P., Mikami, B.,
Okazaki, T., Honjo, T., Minato, N., Garboczi, D. N. (2008) The PD-1/
PD-L1 complex resembles the antigen-binding Fv domains of antibodies
and T cell receptors. Proc. Natl. Acad. Sci. USA 105, 3011-3016.

Plege, A., Borns, K., Baars, W., Schwinzer, R. (2009) Suppression of hu-
man T-cell activation and expansion of regulatory T cells by pig cells
overexpressing PD-ligands. Transplantation 87, 975-982.

KEY WORDS:
xenotransplantation - PD-1 - negative costimulation - regulatory T
cells - IL-10 - CD73 (ecto-5'-nucleotidase)

www jleukbio.org



