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Introduction

Summary

Natural killer (NK) cells can destroy xenogeneic tissues by antibody-
dependent cell cytotoxicity (ADCC) and direct lysis. Unlike ADCC, acti-
vating interactions between human NK receptors and their cognate
ligands in pigs are not fully elucidated. We set up this study to identify
human NK activating receptors recognizing porcine cells isolated from
distinct organs, e.g., aorta, cornea and liver, and to provide a molecular
basis for effective immunosuppressive regimens. Among the array of NK
receptors tested, NKp46, 2B4, CD49d, CD48, CD2 and NKG2D, only
CD2 and NKG2D were shown to be involved in both cytotoxicity and
cytokine (interferon-y and tumour necrosis factor-a) production against
porcine targets. Simultaneous blocking of CD2 and NKG2D by combining
its monoclonal antibodies further suppressed xenogeneic NK responses.
Moreover, addition of a suboptimal dose of PD98059, an extracellular sig-
nal-regulated kinase (ERK) kinase inhibitor, to those cells maximally
reduced NK cytotoxicity, suggesting that ERK plays an important role in
NK-mediated xenoreactivity. These impairments in NK cells were tightly
associated with defective intracellular calcium mobilization and the subse-
quent degranulation process. Therefore, our data demonstrate a distinct
role of CD2 and NKG2D on human NK cells in recognizing porcine grafts
and further provide a potentially efficacious combinational regimen using
anti-CD2 and anti-NKG2D monoclonal antibodies with PD98059 in a pig-
to-human transplantation model.

Keywords: extracellular signal-regulated kinase kinase inhibitor; human
natural killer cells; immunosuppression; monoclonal antibodies; xenotrans-
plantation

early hyperacute rejection and acute humoral xenograft
rejection later limit the use of these organs. These rejec-

Xenotransplantation represents a life-saving technique to
treat end-stage organ failure. Its success is largely depen-
dent on an optional immunosuppressive regimen. The
pig is among the most promising organ sources for xeno-
transplantation because of its similarities with human
counterparts. However, following xenotransplantation,

tions are mainly mediated by natural antibodies and the
complement system directed at terminal carbohydrate
Galx1-3Galf1-4GlcNAc.' In this context, natural killer
(NK) cells along with macrophages and neutrophils can
destroy the xenogeneic tissue by antibody-dependent cell
cytotoxicity, which is mediated by CD16 (FcyRIIla and

Abbreviations: APC, allophycocyanin; ERK, extracellular signal-regulated kinase; FITC, fluorescein isothiocyanate; IFN,
interferon; IL-2, interleukin-2; mAb, monoclonal antibody; MEK, mitogen-activated protein kinase/extracellular signal-regulated
kinase; MHC, major histocompatibility complex; NK, natural killer; PAEC, porcine aortic endothelial cells; PCEC, porcine
cornea endothelial cells; PCR, polymerase chain reaction; PE, phycoerythrin; PI3K, phosphatidyl inositol 3 kinase; PLC, porcine
liver cells; TNF, tumour necrosis factor; ULBP1, UL16-binding protein 1; VCAM, vascular cell adhesion molecule.
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FcyRIIIb), and contribute to acute rejection.””* Recent
development of strategies to deplete natural antibodies or
to produce «l,3galatosyltransferase-deficient pigs®’ may
afford longer survival of transplanted organs.

The NK cells mediate endothelial injury via direct cyto-
toxicity against surface antigens and contribute to the cel-
lular rejection process.® Although the role of cytokines and
chemokines produced by NK cells is less understood in
the context of xenotransplantation, these cells are likely to
be involved in promoting cellular rejection either directly
or indirectly by activating other cells in the immune sys-
tem. Natural killer cells recognize ‘missing self via inhibi-
tory receptors such as killer cell immunoglobulin-like
receptors in humans.>'® ‘Missing self ligands could be
down-regulated, allogeneic or xenogeneic major histocom-
patibility complex (MHC) class I molecules. Consequently,
introducing the human counterpart of MHC class I mole-
cules and their variants into pigs has provided a promising
strategy to prevent rejection of porcine grafts.'' ™’

In addition to inhibitory receptors, NK cells express
multiple activating receptors, e.g. CD2, 2B4, CD48, CD16,
NKG2D, NKp46, NKp30 and NKp44. Upon target recog-
nition and cross-linking of individual NK activating recep-
tors listed above, NK cells have been shown to transmit
intracellular signals via phosphatidyl inositol 3-kinase—
Ras-related C3 botulinum toxin substrate 1-P21 activated
kinase-mitogen-activated protein kinase/extracellular sig-
nal-regulated kinase—extracellular signal-regulated kinase
(PI3K-Racl-PAK-MEK-ERK) pathways, leading to exocy-
tosis and granule release.'®° It is therefore logical to pre-
sume that these receptors play a role in NK-mediated
xenogeneic cytotoxicity. The NK cells also express cell
adhesion receptors, CD11a, CD18, CD162 and CD49d.%!
Among these molecules, CD49d has been shown to play a
crucial role in both rolling and firm adhesion of human
NK cells to porcine endothelial cells via binding to its
ligand CD106 (vascular cell adhesion molecule 1; VCAM-
1.2 Along with VCAM-1 (CD106), porcine cardiac and
aortic endothelial cells expressed fibronectin and mucosal
vascular addressin cell adhesion molecule 1,'** providing
potential therapeutic targets for suppressing xenogeneic
NK activity. Therefore, these activating and adhesion
receptors on NK cells may potentially become important
in lysing porcine grafts depending on the level of their
cognate ligand recognition. It was shown recently that
porcine aortic endothelial cells expressed CD58 (LFA-3), a
ligand for CD2, and UL16-binding protein 1 (ULBP1), a
ligand for NKG2D, on their surface.?** Therefore, the
role of CD2 and/or NKG2D may become critical in NK-
medated xenoreactivity against porcine targets. In line
with this idea, blocking NKG2D in a pig-to-human model
has been shown to suppress NK-mediated cytotoxicity.*®
Unlike these receptors, the ligand of 2B4 is CD48, both of
which are constitutively expressed on NK cells, but not on
porcine cells, which allows homotypic NK-to-NK cell

546

interaction.”” Ligands for NKp30, NKp44 and NKp46 are
not yet known, but the role of NKp44 has been reported
in xenogeneic NK cytotoxicity.*

As the activation status of NK cells in the MHC class I-
mismatched transplant setting is determined by the
strength of NK receptor/ligand interactions, identification
of the cognate ligand/receptor pairs would be critical to
control the NK-mediated xenogeneic rejection process.
Therefore, we set up this study to dissect the role of vari-
ous NK activating and adhesion receptors in xenogeneic
responses and consequently to provide an efficient thera-
peutic regimen via evaluating combined use of NK recep-
tor-specific monoclonal antibodies (mAbs) and a small
molecule inhibitor of ERK kinases. Our data suggest that
each NK receptor, CD2 or NKG2D, plays a partial role in
lysing porcine cells freshly isolated from distinct organs
and that inhibition of relevant receptors using their spe-
cific mAbs in combination with an ERK kinase inhibitor,
PD98059, provides a promising immunosuppressive regi-
men following pig-to-human xenotransplantation.

Materials and methods

Human primary NK cell isolation and culture

Human primary NK cells were isolated from whole blood
from a total of 56 healthy volunteers as previously
described®® (CD3™ CD56" NK cells > 90%). All procedures
were approved by the Korea University Institutional
Review Board (IRB No. HU-IRB-08017-A-2) and the
donors gave informed consents. Isolated NK cells were
cultured in RPMI-1640 (Welgene, Daegu, Korea) supple-
mented with 10% fetal bovine serum (Lonza Walkersville
Inc. Walkersville, MD), 100 U/ml penicillin (Lonza Walk-
ersville Inc.), 100 U/ml streptomycin (Lonza Walkersville
Inc.) and 300 U/ml human recombinant interleukin-2
(hrIL-2; Chiron, Charlotte, NC). The IL-2-activated NK
cells at culture day 10-14 were used for assays. K562
(human Caucasian chronic myelogenous leukaemia cell
line) and P815 (mouse lymphoblast-like mastocytoma cell
line; both from American Type Culture Collection, Manas-
sas, VA) were cultured in RPMI-1640 (Welgene) supple-
mented with 10% fetal bovine serum (Lonza Walkersville
Inc.), 100 U/ml penicillin (Lonza Walkersville Inc.) and
100 U/ml streptomycin (Lonza Walkersville Inc.); referred
to as complete RPMI.

Porcine cell isolation and culture

An simian virus 40-immortalized porcine aortic endothe-
lial cell (PAEC) line, MPN3, was cultured in complete
RPML>’ Primary PAEC were isolated ex vivo from
Minnesota miniature pigs’® maintained in specific patho-
gen-free facilities in Seoul National University Hospital as
previously described.” Porcine primary liver cells (PLC)
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and porcine primary cornea endothelial cells (PCEC) were
kindly provided by Xenotransplantation Research Center
in Seoul National University Medical School (Seoul,
Korea). Cells were cultured in complete RPMI. All proce-
dures were approved by Seoul National University Hospi-
tal Institutional Animal Care and Use Committee
(SNUH-IACUC No. 06225).

Reverse transcription—polymerase chain reaction

Total RNA was isolated from MPN3 cells, and primary
PAEC using Trizol (Life Technologies, Carlsbad, CA,),
and transcribed to complementary DNA using the Molo-
ney murine leukaemia virus reverse transcriptase (Bio-
neer, Daejeon, Korea) and following the manufacturer’s
instructions. Polymerase chain reaction (PCR) was per-
formed using primers (Bioneer) for the porcine ULBP1
(forward 5'-GCGGCCTGCGATACTCACTCTCTTTGC-3'
and reverse 5'-GGAAGCTGGTCACAATCCGGTCACTCT-
CCC-3), for porcine CD58 (forward 5-CTCTTCCAGA-
GAGCCAGAACTA-3' and reverse 5-CTGCGACCAGCAC
ATATCTA-3'), and porcine glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; forward 5 GAAGGACTCATG-
ACCACAGT-3’ and reverse 5-GCTGTAGCCAAATTCA-
TTATTGT-3')>*** in 50 ul of reaction mixture containing
1 pg complementary DNA, 1-2 nm of each primer, 0-1 mm
of ANTP and 2-5 unit of Taq I DNA polymerase (Bioneer).
Reaction mixture without DNA was used as a negative
control. The PCR protocols were as follows: amplification
in a My Cycler™ (Bio-Rad, Hercules, CA) for 25-30 cycles
with a denaturing step at 94° for 45 seconds, an annealing
step at 54-57° for 30 seconds and an amplification step at
72° for 45 seconds. The PCR product was analysed by
gel electrophoresis and photographed using LaBWORK
(BioImaging Systems, UVP, Inc., Cambridge, UK).

Flow cytometry

Anti-human CD3 (Clone UCHT-1), CD56 (MEM188),
CD107a (eBio H4A3), interferon-y (IFN-y; 4S.B3) and
tumour necrosis factor-o. (TNF-o; MAb11) mAbs conju-
gated with fluorescein isothiocyanate (FITC), phycoery-
thrin (PE), or allophycocyanin (APC) and isotype
controls were purchased from eBioscience (San Diego,
CA). Isotype controls (eBioscience) were used as controls.
Flow cytometry was performed with a FACScalibur (BD
Bioscience, San Diego, CA) and the data were analysed
with CeLLQUEST software (BD Pharmingen, San Jose, CA).
Lymphocyte populations were gated by forward scatter/
side scatter and NK cells were defined as CD3~ CD56".

Cytotoxicity assays

Cytotoxic activity of IL-2-activated human NK cells
against porcine cells was tested in a standard 4-hr *'Cr-
release assay.”’ For blocking NK receptor interaction with
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their cognate ligands, a saturating dose (10 ug/ml) of
mAbs was used in each experiment. Briefly, NK cells were
pre-incubated for 30 min at 4° with 10 ug/ml of anti-
human NKG2D mAb (Clone 149810; R&D Systems,
Minneapolis, MN), anti-human CD2 mAb (RPA-2-10;
e-Bioscience), anti-human NKp44 mAb (253415; R&D
Systems) alone or in combination. Anti-2B4 (CL.7; Beck-
man Coulter, Brea, CA), anti-CD48 (TU145; BD Pharm-
ingen), anti-CD49d (44H6; Serotec), and anti-NKp46
(195314; R&D Systems) mAbs were also used at 10 pg/ml.
In some experiments, NK cells were pre-incubated with an
ERK inhibitor, PD98059 (Sigma, St Louis, MO) or ethyl-
ene glycol tetraacetic acid (EGTA), a calcium chelator
at designated concentrations at 37° for 30 min. Dim-
ethylsulphoxide and phosphate-buffered saline were used
as vehicle controls, respectively. After 4 hr of reactions,
supernatant was collected and >'Cr-release was assessed
with a gamma-counter. The percentage of specific lysis was
calculated as follows: (experimental release — spontaneous
release)/(maximum release — spontaneous release) x 100.

Measurement of intracellular calcium mobilization

Interleukin-2-activated human NK cells were pre-incu-
bated with 10 ug/ml anti-CD2 or anti-NKG2D mAb and
loaded with 5 um Fura 2-AM (Molecular Probes; Invitro-
gen, Carlsbad, CA) in Hanks’ balanced salt solution
(HBSS) supplemented with 1 mg/ml bovine serum albu-
min and 0-025% pluronic F-127. The cells were incubated
in HBSS for another 30 min. The cells were then placed
on poly-L-lysine-coated 25-mm coverslips and incubated
for 20 min. A coverslip was mounted and the slide was
placed on the stage of a Nikon Diaphot inverted epifluo-
rescence microscope (Nikon, Garden City, NJ). MPN3
and ionomycin were inoculated at time intervals and
changes of intracellular calcium concentrations were mea-
sured by fluorescence ratio, which was monitored using a
Metafluor Imaging System (Molecular Devices).

CD107a degranulation assay and intracellular cytokine
analysis

CD107a assay was performed following Alter et al.’* with
minor modifications. Briefly, IL-2-activated NK cells were
co-cultured with MPN3 cells in the presence of anti-CD2
mADb or anti-NKG2D mAb alone or in combination at an
E : T ratio of 5: 1. After 1 hr, anti-CD107a mAb conju-
gated with FITC was treated at 10 ul/well and Golgistop
(BD Pharmingen) was added to the culture for the last
5 hr. After the incubation, samples were harvested and
incubated for 20 min with CD56 conjugated with APC.
The samples were fixed and permeabilized using Cytofix/
Cytoperm Intracellular Staining kits (BD Pharmingen).
Then NK cells were intracellularly stained with anti-IFN-
y-PE or anti-TNF-o-PE mAb for an additional 30 min.
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Flow cytometry was performed with FACScalibur (BD
Pharmingen) and the data were analysed with CELLQUEST
software (BD Pharmingen).

Western blotting

Western blotting to assess phosphorylated ERK and pan-
ERK in NK cells was performed as previously described.'®
In brief, human NK cells and MPN3 target cells were
serum-starved for 15 hr. MPN3 cells were fixed in 1-6%
formaldehyde for 10 min at room temperature and
washed twice with phosphate-buffered saline. Then, IL-2-
activated NK cells and fixed MPN3 cells were co-incu-
bated at an E : T ratio of 2 : 1 for designated times and
lysed. Immunoblotting was performed with primary anti-
body for phosphorylated ERK1/2 (Cell Signaling Technol-
ogy, Danvers, MA). After stripping the blot, total ERK1/2
immunoblotting (Cell Signaling Technology) was also
performed. The band intensities were quantified using
LaBwork (Biolmaging Systems).

Statistics

For statistical analysis, Student’s f-test was per-
formed using MICROSOFT EXCEL (Microsoft, Seattle, WA).
Where P-value was < 0-05, the result was considered
significant.

Results

Immortalized porcine aortic endothelial cells retained
sensitivity to xenogeneic NK-mediated lysis

Porcine primary aortic endothelial cells freshly isolated
ex vivo from Minnesota miniature pigs were used as a
xenogeneic target to investigate NK cell-mediated

immune responses. The characteristics and comparability
of previously established PAEC were also explored as a
substitute for primary cells. The MPN3 cell line, simian
virus 40-immortalized PAEC, expresses anti-platelet endo-
thelial cell adhesion molecule 1, the von Willebrand fac-
tor, swine leucocyte antigen class I, E-selectin and
inducible swine leucocyte class II molecules, featuring
similar surface phenotypes as PAEC.” To validate the use
of MPNS3 cells as a target in this study, we first examined
whether they retained sensitivity to NK cell-mediated
lysis. Standard >'Cr-release assay using IL-2-activated
human NK cells and MPN3 or primary PAEC as their
targets demonstrated that both cells were efficiently lysed
by human NK cells to a similar level (Fig. 1a).

To evaluate the NK-specific receptors engaged in lysing
MPN3 cells, we performed a series of standard S1Cr-
release assays in the presence or absence of blocking anti-
bodies to a panel of NK surface activating receptors
(Fig 1b). Among the antibodies tested (NKp46, 2B4,
CD49d, CD48, CD2 and NKG2D), only anti-CD2 and
anti-NKG2D antibodies were found to suppress NK-
mediated lysis of MPN3 cells. Addition of anti-CD2 or
anti-NKG2D mAD inhibited lysis of MPN3 cells by
approximately 34% (P =0:032) or 51% (P = 0-038),
respectively. These data demonstrate that lysis of PAEC
by IL-2-activated human NK cells was partially mediated
by activation of CD2 and NKG2D on NK cells.

Combination of anti-CD2 and NKG2D mAbs resulted
in additive suppression of xenogeneic NK cell
responses

Our data provide the therapeutic potential of anti-CD2
or anti-NKG2D mAbs monotherapy following xenotrans-
plantation, hence we propose that a combined use of
both mAbs may provide better blockade of xenogeneic

* P=0-038
- * P=0-032
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g 60 - § 80+
é g 60+
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5 £ 40¢
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D 20t
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Figure 1. Immortalized porcine aortic endothelial cells (PAEC), MPN3 cells, retained sensitivity to xenogeneic natural killer (NK) -mediated lysis.
(a) A standard >'Cr-release assay was performed using interleukin-2 (IL-2) -activated human primary NK cells as effector cells and MPN3 cells
and primary PAEC as target cells. Specific lysis (%) was presented as mean + SD obtained from three to six replicates. The data shown are repre-
sentatives of three independent experiments. (b) A standard *'Cr-release assay was performed with IL-2-activated human primary NK cells as
effector cells and MPN3 as target cells at an effector to target (E : T) ratio of 3 : 1. NK cells were pre-incubated with 10 ug/ml designated block-
ing monoclonal antibodies (mAbs) or with their appropriate isotype control. Specific lysis (%) was presented as mean + SD of triplicates. The
data are representatives of minimum three independent experiments. Students’ ¢-test was performed. *P < 0-05.
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Figure 2. Anti-CD2 and anti-NKG2D monoclonal antibodies (mAbs) blocked natural killer (NK) cytotoxicity against MPN3. (a) A standard
3ICr-release assay was performed with interleukin-2 (IL-2) -activated human primary NK cells as effector cells and MPN3 as target cells. NK cells
were pre-incubated with 10 ug/ml of designated blocking mAbs or with their isotype control. (b) Reverse transcription—polymerase chain reaction
for porcine CD58 and ULBP1 genes was performed with RNAs isolated from MPN3 and primary porcine aortic endothelial cells (PAEC). The
expression of messenger RNA of porcine GAPDH genes was shown as an internal control for house-keeping genes. Reaction mixture without
complementary DNAs was used as negative control. (¢) CD107a assay was performed to assess degranulation events, as described in the Materials
and methods. IL-2-activated human primary NK cells were pre-incubated with designated mAbs before incubation with MPN3 cells. Six hours
later, CD107a expression was detected using anti-CD107a mAb by fluorescence-activated cell sorting. Degranulation was measured by expression
of CD107a on CD56" NK cells. The values represent the percentages of CD56" CD107a" cells, which are representatives of a minimum of three
independent experiments.

NK cytotoxicity. As expected, the addition of anti-CD2 lation events (Fig. 2c). Taken together, these data
and anti-NKG2D mAbs to the assay led to a synergistic demonstrate that combined treatment of anti-CD2 and
decrease of NK cytotoxicity against MPN3 cells at all the anti-NKG2D mAbs conferred additive suppression of
ratios tested (Fig. 2a). Anti-CD2 or anti-NKG2D mAb degranulation events and further contributed to impaired
alone at an effector to target (E : T) ratio of 10 : 1 led to cytotoxicity as seen above.

10-8% and 36-5% decrease in MPN3 lysis, respectively,
whereas a combination of the two mAbs led to more than
63% reduction in NK-mediated lysis (Fig. 2a). Accord-
ingly, MPN3 cells as well as primary PAEC expressed sig-

Production of IFN-y and TNF-a was inhibited by
anti-CD2 and anti-NKG2D mAbs

nificant levels of messenger RNA of porcine CD58 and Activated NK cells mount a dichotomous response for
ULBP1, ligands of CD2 and NKG2D, respectively their effector functions; cytolysis and cytokine production.
(Fig. 2b). However, cytokine expression by NK cells in anti-porcine

To clarify the mechanism for the inhibition of NK xenogeneic responses has not been clearly elucidated. We
cytotoxicity by anti-CD2 and/or anti-NKG2D mAbs, we therefore examined whether NK cells secreted cytokines
examined whether degranulation events, as measured by upon recognition of MPN3 cells and if so, the ability of
LAMP1 (CD107a) expression,”” were affected by antibody anti-CD2 and anti-NKG2D mAbs to inhibit the secretion
treatment. In the absence of blocking mAbs and in the of IFN-y and TNF-o was investigated. As shown in Fig. 3,
presence of isotype controls, degranulation levels were NK cells stimulated both IFN-y and TNF-o production
found to be 18-9% in this particular experiment (Fig. 2c). upon incubation with MPN3 cells. Secretion of both cyto-

Addition of anti-CD2 mAbs inhibited degranulation by kines was inhibited by addition of anti-CD2 or anti-
59% (from 18-9% to 7-7%) whereas that of anti-NKG2D NKG2D mAbs and this inhibitory effect was found to be
mAbs reduced by 53% (to 8:8%). The combination of additive. For IFN-y, approximately 38% inhibition was
both mAbs led to maximal inhibition of NK degranula- achieved by anti-CD2 or anti-NKG2D mAb alone (from
tion down to 4-0%, a total of 79% inhibition in degranu- 12-1% to 7-5% for CD2 and to 7-4% for NKG2D) while
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58% inhibition was observed for a combination of both
mAbs (from 12-1% to 5-1%). By comparison, addition of
anti-CD2 or anti-NKG2D mAbs reduced TNF-a produc-
tion by 30% or 48%, respectively, and combined treat-
ment of both mAbs reduced it by 70%. It is noteworthy
that the effects of anti-CD2 or anti-NKG2D mAbs on
cytokine secretion in activated NK cells are directly corre-
lated with the findings observed on CD107a expression as
shown in Fig. 2(c). Together, these data provide a poten-
tial benefit of combined use of anti-CD2 and anti-
NKG2D mAbs for inhibiting two arms of xenogeneic NK
effector functions; cytotoxicity and cytokine production.

Blocking CD2 and NKG2D inhibited NK cytotoxicity
against an array of porcine primary cells

We next evaluated if the inhibitory effect observed by
anti-CD2 and anti-NKG2D mAbs, alone or in combina-
tion, suppressed xenogeneic NK activity against a variety
of porcine cells isolated from distinct organs. For this,
PCEC and PLC along with PAEC were freshly isolated
from miniature pigs. As shown in Fig. 4, single mAbs
alone or the combined use of anti-CD2 and anti-NKG2D
mAbs inhibited NK cytotoxicity against PCEC (Fig. 4b)
and PLC (Fig. 4c) in a similar fashion as had been
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tive of five independent experiments.

observed with PAEC (Fig. 4a). The inhibitory effect of
these mAbs was variable among the cell types tested.
Anti-NKG2D mAb was more effective in blocking PAEC
killing whereas both mAbs were comparable in their abil-
ity to inhibit the lysis of PCEC and PLC. Nevertheless,
the combination of both mAbs resulted in the greatest
suppression of NK cytotoxicity against all targets. These
data imply that the combined treatment of anti-CD2 and
anti-NKG2D mAbs could be used to manage a rejection
process in a variety of xenogeneic organ transplantation
models.

Intracellular calcium mobilization was involved in
signal transduction by CD2 and NKG2D

Defective cytotoxicity and cytokine secretion in anti-CD2
or anti-NKG2D mAb-treated NK cells imply blockade of
signalling pathways following target cell recognition. As
calcium flux is one of the early events leading to perfo-
rin-dependent cytolysis and degranulation," intracellular
calcium mobilization was measured in NK cells treated
with isotype control, anti-CD2, or anti-NKG2D mAb
upon stimulation with MPN3 cells. As shown in Fig. 5(a),
addition of mAbs against CD2 or NKG2D inhibited the
elevation of intracellular calcium in NK cells exposed to

© 2010 Blackwell Publishing Ltd, Immunology, 130, 545-555
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Figure 4. Combined use of anti-CD2 and anti-NKG2D monoclonal antibodies (mAbs) inhibited natural killer (NK) cytotoxicity against a range

of porcine primary cells. A standard >'Cr-release assay was performed with interleukin-2 (IL-2) -activated human primary NK cells against por-

cine primary aortic endothelial cells (PAEC) (a), porcine primary cornea endothelial cells (PCEC) (b), or porcine primary liver cells (PLC) (c).

Specific lysis (%) was presented as mean + SD of triplicates. The data are representatives of minimum three independent experiments.

MPN3 cells. Impaired calcium release in anti-CD2 or
anti-NKG2D mAb-treated cells was not the result of an
intrinsic defect because these cells show normal intracellu-
lar calcium concentrations, which could be released by
the addition of the calcium ionophore, ionomycin.
Decreased intracellular calcium in NK cells was found to
be directly correlated with impaired cytotoxicity as chelat-
ing extracellular calcium with EGTA mounted dose-
dependent inhibition of NK cytotoxicity against MPN3
cells (Fig. 5b). These data suggest that blocking NK acti-
vating receptors, CD2 and NKG2D, inhibits signals lead-
ing to intracellular calcium mobilization and subsequent
degranulation of cytolytic molecules and cytokine produc-
tion.

Combination of an ERK kinase inhibitor and mAbs
to CD2 and NKG2D efficiently suppresses NK
cytotoxicity

Combined use of anti-CD2 and anti-NKG2D mAbs pro-
vided substantial, but not complete, inhibition of NK
cytotoxicity. In NK cells, ERK have been shown to play
an important role in multiple signalling pathways.'® As
shown in Fig. 6(a), we found that ERK in human NK
cells underwent time-dependent phosphorylation upon
stimulation by MPN3 cells, reaching a plateau within
10 min. This pathway has been documented to be down-
stream of both NKG2D** and CD2;** however, it remains
possible that other unidentified receptors might also use
this pathway to activate NK cells to lyse xenogeneic tar-
gets. Hence, we speculate that blocking ERK activation
may synergize with CD2 and NKG2D blockade to maxi-
mally inhibit NK cell responses. An ERK kinase inhibitor,
PD98059, has been widely used to suppress activation of
ERK downstream of various signalling receptors in NK

© 2010 Blackwell Publishing Ltd, /mmunology, 130, 545-555

cells.”>>” We found that PD98059 reduced NK cytotoxic-
ity against MPN3 in a dose-dependent manner (Fig. 6b).
At an E : T ratio of 10 : 1, 50 um PD98059 inhibited NK
cytotoxicity by 24% whereas 100 pm PD98059 inhibited it
by 46%. These results demonstrated that ERK was
involved in signalling upon stimulation by xenogeneic
porcine cells and a blockade of ERK activation by
PD98059 might provide additional NK suppression in
xenogeneic settings. As 50 um was shown to be a concen-
tration for 50% ERK inhibition (ICsy), and was often
used in experiments in vitro, this concentration was cho-
sen for further experiments. Cellular toxicity was observed
beyond 100 um PD98059 (data not shown).

We next examined whether a combinatorial regimen
including suboptimal doses of PD98059 in the presence
of anti-CD2 and anti-NKG2D mAbs could provide maxi-
mum suppression of NK cytotoxicity (Fig. 6¢). Blocking
CD2 and NKG2D in combination resulted in 36% sup-
pression of NK cytotoxicity. Addition of PD98059
increased the level of suppression by 60% (at an E: T
ratio of 5:1) under conditions where single use of a
suboptimal concentration of PD98059 reduced NK
cytotoxicity by only 17%. It should be pointed out that
there still remained residual NK cytotoxicity even after
triple treatment, suggesting that other ERK-independent
NK cell receptors might be involved in xenoreactivity of
NK cells. These data suggest that PD98059 may target
residual ERK activation following blockade of CD2 and
NKG2D signalling to lead to maximal suppression of
xenogeneic NK responses.

Discussion

Porcine xenogeneic grafts in humans that survive beyond
the period of hyperacute rejection are subject to NK cell-
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Figure 5. Intracellular calcium mobilization and extracellular signal-regulated kinase (ERK) activation events were involved in naturla killer (NK)

cell-mediated xenoreactive cytotoxicity. (a) Interleukin-2 (IL-2) -activated human primary NK cells were pre-incubated with designated monoclo-
nal antibodies (mAbs). Calcium flux was measured as described in the Materials and methods. MPN3 cells and ionomycin were inoculated at the

times indicated by arrows. Each line represents intracellular calcium concentration from a single cell in a given microscopic field. The data are
representatives of five independent experiments. (b) A standard >'Cr-release assay was performed with IL-2-activated human primary NK cells as
effector cells and MPN3 cells as target cells. EGTA at designated concentrations was added to NK cells during cytotoxicity assay. Specific lysis

(%) was presented as mean + SD of triplicates. The data are representatives of minimum three independent experiments.

mediated immune destruction. The NK cells mediate
acute rejection processes by directly recognizing and
destroying the xenogeneic graft. This study was designed
to understand the role of each NK surface receptor in lys-
ing porcine grafts and to provide a molecular basis to
develop an effective and safe combinatorial immunosup-
pressive regimen targeted at human NK cells. As expected,
human NK cells exhibited significant reactivity against
porcine cells, supporting the crucial role of NK cells as a
potent mediator of organ rejection in xenotransplanta-
tion. Adhesion of human NK cells to porcine endothelial
cells was shown to be mainly mediated by the binding
of CD49d on NK cells with CD106 on porcine cells;?!
however, our data showed that this adhesion did not
appear to be critical for NK cytotoxicity. Neither blocking
homotypic 2B4/CD48 interactions among NK cells by
anti-2B4 or anti-CD48 mAbs nor blocking NKp46 activa-
tion by anti-NKp46 mAbs affected NK cytotoxicity, sug-
gesting that these receptors were not involved in lysing
porcine cells. In contrast, CD2 and NKG2D were found
to play an important role in lysing porcine cells.
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Combined use of anti-CD2 and anti-NKG2D mAbs pro-
foundly blocked NK cytotoxicity against porcine primary
cells from various organs: aorta, cornea and liver. Inter-
estingly, the effect of anti-CD2 or anti-NKG2D mAb
alone varied depending on target cell types; for PAEC,
anti-NKG2D mAb was more effective but for PCEC and
PLC, both anti-CD2 and anti-NKG2D mAbs exhibited
comparable levels of inhibition. This difference might be
the result of varying levels of NK ligands on different cell
types, some of which could be subject to up-regulation
upon stimulation. For instance, porcine CD80 expression
was induced in mixed culture with human antigen-
presenting cells.”® Our data imply that expression of NK
ligands may be screened for each tissue and/or organ type
to be transplanted, allowing the optimal combination of
blocking mAbs to prevent the xenogeneic NK-mediated
rejection process.

An ERK kinase inhibitor, PD98059 was also a potent
inhibitor of NK cytotoxicity against PAEC. In human
NK cells, the NKG2D signal was shown to be transduced
to phospholipase Cy2 and PI3K via DAP10, an adaptor

© 2010 Blackwell Publishing Ltd, Immunology, 130, 545-555
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independent experiments.

molecule.’®*’ Phospholipase Cy2 mediates signals for cal-
cium mobilization and subsequent degranulation events'®
that were shown to be reduced by blocking NKG2D in
this study. The PI3K signalling leads to the MEK-ERK
activation pathway.'® Of note, CD2 signalling has been
shown to lead to linker for activation of T-cell (LAT)
phosphorylation in T cells, which is required for ERK
activation.”® Although it is not known whether such sig-
nalling occurs in NK cells, it is tempting to speculate that
CD2 signalling activates ERK. Taken together, the signal-
ling pathway from NKG2D and CD2 appears to employ
activation of phospholipase Cy2 and be converged at the
site of ERK activation. Considering that PD98059 had an
additive effect to the combination of anti-CD2 and anti-
NKG2D mAbs, other NK cell receptors leading to ERK
activation might also be involved in xenoreactivity of NK
cells.

At present, there have been no published reports sug-
gesting the use of an ERK kinase inhibitor as an immuno-
suppressant following xenotransplantation, although a
recent report showed that allograft survival was prolonged
by treatment of mice with PD98059.*' Because ERK is
involved in a variety of essential cellular functions, e.g.
proliferation, growth, migration, cell death,*? one of the
concerns is severe side-effects. However, a recently devel-
oped highly selective inhibitor of ERK kinases, CI-1040
(PD184352), has been shown to be well tolerated in both
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phase I and II clinical trials in cancer patients.*> Although
CI-1040 did not significantly exert sufficient anti-tumour
activity in these patients, we speculate that it might serve
as an effective immunosuppressant, especially in combina-
tion with other NK-blocking mAbs. In addition, blocking
CD2-CD58 interaction by Alefacept, a human CD58-
immunoglobulin G1 fusion protein, is already being
administered in clinics for the treatment of psoriasis.
Interestingly, Alefacept has been shown to delay rejection
in non-human primate cardiac and renal transplantation
and a phase II clinical trial is currently underway in kid-
ney transplant recipients.*** Therefore, combinational
therapy of an ERK inhibitor with Alefacept and other
blocking mAbs could certainly provide a promising and
readily applicable immunosuppressive regimen for pig-to-
human graft transplantation.

The role of cytokines produced by NK cells in a xeno-
geneic transplantation model has not been clearly eluci-
dated. The fact that blocking CD2 and/or NKG2D
signalling by their specific mAbs reduced cytokine pro-
duction suggests that NK cells might be even more
effective in preventing rejection in vivo as less cytokine,
e.g. IFN-y, could inefficiently stimulate other cell types,
for example dendritic cells (DCs) and T cells. NK cells
can kill immature DCs to promote cross-presentation of
antigens by mature DCs.*® Although the role of DCs in
xenotransplantation is poorly investigated, T cells were
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shown to play an important role in the rejection of por-
cine pancreatic islet xenotransplantation in primates.*”*®
Because NK cells could influence T-cell activation and
differentiation processes via cytokine production and
activating DCs, blocking NK cell activation would lead
to dampening T-cell responses and, if any, possibly
preventing Thl immune responses. Inhibition of ERK
has also been shown to promote Th2 differentiation by
up-regulating IL-4 in a cardiac allograft model.*' In this
context, in vivo administration of an ERK inhibitor in
the presence of anti-CD2 and anti-NKG2D mAbs may
not only inhibit antigen-specific T-cell activation but
also diminish Thl responses by promoting Th2
responses.

Recently combination of anti-NKG2D and anti-NKp44
mAbs has been shown to offer a great therapeutic regi-
men for NK suppression in xenotransplantation.”® We
also found that anti-NKp44 mAbs suppressed IL-2-acti-
vated NK cell cytotoxicity against porcine cells (Supple-
mentary Fig. S1). However, resting NK cells do not
express NKp44, whose expression undergoes up-regula-
tion upon activation.*” Therefore, blocking NKp44 signal-
ling at the beginning of transplantation may not be
relevant for inhibiting activation of resting NK cells. In
contrast, both CD2 and NKG2D are expressed on all rest-
ing NK cells, so blocking CD2 and NKG2D may provide
better outcome in transplantation. It is important to
point out that CD2 and NKG2D are also expressed in
other cell types, notably in T cells, so the effect of these
mAbs can be extended to inhibit T-cell activation as well.
In conclusion, our data reveal the critical role of CD2
and NKG2D on human NK cells reacting against porcine
cells. Therefore, combinatorial treatment with anti-CD2
mADb, anti-NKG2D mAb and an ERK inhibitor is likely to
provide a potent and safe immunosuppressive regimen to
prevent acute and cellular xenogeneic graft rejection
in vivo by blocking NK cell functions and their subse-
quent cellular interactions.
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Additional Supporting Information may be found in the
online version of this article:

Figure S1. Combined use of anti-CD2, anti-NKG2D,
and anti-NKp46 mAbs in the presence of suboptimal
concentration of PD98059 efficiently suppressed NK cyto-
toxicity. IL-2-activated human primary NK cells were
pre-incubated with 50 mM PD98059 and/or 10 mg/ml
designated blocking mAb(s) as shown in the right for 30
min before assays. A standard Cr release assay was per-
formed with the cells against MPN3. Specific lysis (%) was
presented as mean + SD of triplicates. The data are repre-
sentatives of minimum three independent experiments.

Figure S2. PD98059 reduced natural cytotoxicity. IL-2
activated human primary NK cells were pre-incubated
with designated concentrations of PD98059 or ethanol as
vehicle control. A standard Cr release assay was
performed with K562 (human caucasian chronic myelo-
genous leukaemia cell line; ATCC, Manassas, VA) as
target cells at an E:T ratio of 3:1. Specific Lysis (%) was
presented as mean + SD of triplicates. The data are repre-
sentatives of minimum three independent experiments.
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