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Introduction

Summary

al,3-Galactosyltransferase gene-knockout pigs transgenic for porcine cyto-
toxic T-lymphocyte antigen 4 immunoglobulin (pCTLA4-Ig) have been
produced to reduce T-cell-mediated rejection following xenotransplanta-
tion. The level of soluble pCTLA4-Ig in their blood was greatly in excess
of the therapeutic level in patients, rendering the pigs immune-incompe-
tent. Soluble pCTLA4-Ig produced by these transgenic pigs was evaluated
for binding to porcine and human (h) B7 molecules, and for its inhibitory
effect on allogeneic and xenogeneic human T-cell responses. Porcine
CTLA4-Ig-expressing peripheral blood mononuclear cells (PBMCs) and
aortic endothelial cells (AECs) were evaluated for their direct inhibitory
effect on hCD4" T-cell responses. Soluble pCTLA4-Ig and purified
hCTLA4-Ig showed similar binding to pB7 molecules, but pCTLA4-Ig
showed significantly less binding to hB7 molecules. The pCTLA4-Ig and
hCTLA4-Ig inhibited the response of hCD4" T cells to pAECs equally,
but pCTLA4-Ig was less successful in inhibiting the human allogeneic
response. The hCD4" T-cell response to PBMCs from pCTLA4-Ig pigs
was significantly lower than that of non-pCTLA4-Ig pigs. Although
pCTLA4-Ig was detected in the cytoplasm of pCTLA4-Ig-expressing pAE-
Cs, only a minimal level of soluble pCTLA4-Ig was detected in the super-
natant during culture, and pCTLA4-Ig-expressing pAECs did not inhibit
the xenogeneic direct human T-cell response. High-level tissue-specific
production of pCTLA4-Ig may be required for sufficient immunosuppres-
sion for organ or cell (e.g. islets) transplantation.

Keywords: co-stimulatory molecules; human CD4+ T cells; porcine
CTLA4-Ig; xenotransplantation

In pig-to-primate xenoTx, both direct and indirect
T-cell immune responses are involved in xenograft

Since the production of «l,3-galactosyltransferase gene-
knockout (GTKO) pigs," hyperacute rejection related to the
presence of anti-Gala1,3Gal antibodies in the host has been
largely prevented.” However, there are several immunologi-
cal barriers that must be overcome before long-term sur-
vival of such grafts can be achieved in pig-to-primate
xenotransplantation (xenoTx).” Cell-mediated rejection
(previously obscured by antibody-mediated rejection) is
incompletely understood, and its control will be necessary.*

rejection.™ Tt is notable that whereas a short course of
cytotoxic  T-lymphocyte antigen  4-immunoglobulin
(CTLA4-Ig) frequently induced indefinite survival of
human (h) islet xenografts in mice, anti-hB7 antibody
was also effective, indicating that much of the immune
response was initiated against donor-type antigen-present-
ing cells (APCs).” Dendritic cells are potent APCs.
Donor-derived dendritic cells migrate into host lymphoid
organs after xenograft placement and may be responsible

Abbreviations: AEC, aortic endothelial cell; APC, antigen-presenting cell; ECs, endothelial cells; GTKO, «1,3-galactosyltransferase
gene-knockout; h, human; p, porcine; SLA, swine leucocyte antigen; Tx, transplantation.
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for initiating graft rejection through the direct pathway
(as in allograft rejection).?®

For instance, the immunogenicity of xenogeneic pan-
creatic islets is enhanced by passenger leucocytes and
endothelial cells (ECs) that are capable of providing
co-stimulation.”'® In addition, direct xeno-specific T-cell
responses were inhibited by donor-specific co-stimulation
blocking antibody.'"”'* Porcine aortic ECs (pAECs),
unlike hAECs, constitutively express CD80/86, and are
fully capable of stimulating a human T-cell response
through the direct pathway,">™"” providing the potential
for full human T-cell activation at the donor EC surface.
Hence, intensive suppression of the direct human T-cell
response to pig organs/cells will be required. The current
standard clinical immunosuppressive protocols used to
prevent allograft rejection do not uniformly prevent xeno-
graft rejection, and high-dose and/or additional immuno-
suppressive agents are required because the human T-cell
xenoresponse to pig cells is greater than to allo human
cells.'®"”

Purified pCTLA4-Ig from pCTLA4-Ig-transfected Chi-
nese hamster ovary K1 cells exhibits a clearly preferential
binding to pB7 molecules in comparison to hB7 mole-
cules in vitro.?® This is associated with the substitution of
methionine for leucine in the B7 binding motif of
hCTLA4-Ig.*>** Accordingly, in mixed lymphocyte reac-
tion (MLR) assay, purified pCTLA4-Ig and hCTLA4-Ig
equivalently inhibit the direct xenogeneic response of
human T cells, but pCTLA4-Ig does not inhibit the indi-
rect xenogeneic response.”’ These results indicated a low
binding of purified pCTLA4-Ig for hB7 molecules. Never-
theless, intraperitoneal injection of purified pCTLA4-Ig
delays rejection of pig islet xenografts in a diabetic mur-
ine model of xenoTx."

In xenoTx, there is the possibility of modulating the
anti-graft immune responses by genetic modification of
the pig organ and tissues/cells. GTKO pigs transgenic
for pCTLA4-Ig (GTKO/pCTLA4-Ig pigs) have been pro-
duced as potential sources of organs for xenoTx.** Over-
expression of the porcine form of CTLA4-Ig (versus
hCTLA4-Ig) in these transgenic pigs provides the poten-
tial to inhibit only the direct hCD4" T-cell-mediated
xenogeneic response, hence providing local immune pro-
tection in the donor tissue without systemic immuno-
suppression of the recipient. These pigs exhibited
marked expression of pCTLA4-Ig in each organ studied,
with high levels of soluble pCTLA4-Ig in the serum.
However, they proved to have impaired immunity,
which was associated with a susceptibility to infection,
necessitating euthanasia. The detailed immunological
profile of these pigs has not been reported. For example,
it is not fully understood whether soluble pCTLA4-Ig
from these pigs is effective in suppressing the human
T-cell responses to APCs (allogeneic/xenogeneic) or
whether organ-specific or tissue/cell-specific expression

T-cell xenoresponse and porcine CTLA4-Ig

of pCTLA4-Ig protects donor tissues from recipient T-
cell-mediated rejection.

To address these issues, we first evaluated whether
soluble pCTLA4-Ig from pCTLA4-Ig transgenic pigs
could bind to B7 molecules (CD80/CD86) on pAECs,
and inhibit the xenogeneic direct response of hCD4" T
cells to pAECs. The results were compared with the
effects of hCTLA4-Ig. We also explored the potential of
pPBMCs and pAECs expressing pCTLA4-Ig to protect
themselves from the hCD4" T-cell-mediated xenogeneic
response.

Materials and methods

Reagents

Abatacept (Orencia®/Bristol Myers Squibb, Princeton, NJ)
and hCTLA4-Ig (R&D Systems, Minneapolis, MN) were
obtained commercially. Each product (500 pg/ml) was
prepared with sterile saline for abatacept or sterile saline
containing 0-1% bovine serum albumin for hCTLA4-Ig,
and stored at —80° until use.

Sources of soluble pCTLA4-Ig

Sera from GTKO/CTLA4-Ig pigs as a source of soluble
pCTLA4-Ig were collected as previously described,** and
were stored at —80° until use. Sera from GTKO pigs were
also stored as a negative control.

Cell culture

Thoracic aortas were excised from GTKO and GTKO/
pCTLA4-Ig pigs, all provided by Revivicor, Inc. (Blacks-
burg, VA). Human AECs were purchased from Cambrex
(Walkersville, MD). Porcine AECs and hAECs were cul-
tured as previously described.”” Activation of sub-conflu-
ent pAECs and hAECs was carried out by culture for
48 hr in recombinant porcine interferon-y (IFN-y; 40 ng/
ml, Serotec, Raleigh, NC) and hIFN-y (50 ng/ml, Serotec),
respectively.

Isolation of hPBMCs and hCD4" T cells

The PBMCs were isolated from buffy coats from multi-
ple human donors (Institute for Transfusion Medicine,
Pittsburgh, PA) as previously described.'”*® Human
CD4" T cells were isolated from PBMCs by negative
selection with the CD4" T-cell isolation kit II (Miltenyi
Biotec, Auburn, CA) as previously described.'” CD4"
T-cell purity was > 98% by flow cytometric analysis.
To activate hPBMCs, hPBMCs were incubated in
culture medium supplemented with lipopolysaccha-
ride (LPS; 10 pg/ml; Sigma-Aldrich, St Louis, MO) for
24 hr.
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RT-PCR

RNA was extracted from unstimulated and pIFN-y-stimu-
lated GTKO pAECs using Trizol (Invitrogen, Carlsbad,
CA). Messenger RNA was then reverse transcribed into
c¢DNA, and followed by a PCR. The pCD80, pCD86 and
PGAPDH c¢DNA were amplified by 35 cycles of PCR,
using the primer pairs (Table 1). The PCR products were
then run on 2% UltraPure™ agarose (Invitrogen) gels
and visualized under ultraviolet light by ethidium bro-
mide (Invitrogen) staining.

Quantification of soluble pCTLA4-Ig by ELISA

Soluble pCTLA4-Ig in either serum or supernatant of cul-
tured AECs from GTKO/pCTLA4-Ig pigs was quantified
by ELISA as previously described.** Briefly, multiple dilu-
tions of serum or supernatant from cultured AECs from
GTKO/pCTLA4-Ig or GTKO (as negative control) pigs
were loaded in triplicate on plates coated with goat anti-
hIgG1 antibodies (The Binding Site, San Diego, CA) at
5 pg/ml and incubated for 1 hr at room temperature. In
addition, PBS (Invitrogen) was loaded as negative back-
ground. A standard curve was obtained using hCTLA4-Ig
(R&D Systems). A goat anti-hIgGl conjugated with
horseradish peroxidase (The Binding Site) was added and
incubated for 1 hr at room temperature. Peroxidase sub-
strate 3,3,5,5-tetramethylbenzidine (Sigma) was added for
colour development, which was stopped by adding sul-
phuric acid. The optical density for each sample was read
with a Victor 3 Multilabel Plate Reader (Perkin Elmer,
Waltham, MA) at 450 nm.

Flow cytometry

Surface expressions of swine leucocyte antigen (SLA) class
I and II antigens was detected by BD™ LSR II flow
cytometer (Beckton Dickinson, Franklin Lakes, NJ), as
previously described.”>*” The expression of B7 molecules
on the pAECs, hAECs and hPBMCs was determined using
a hamster anti-mouse CD80 monoclonal antibody (clone
16-10A1, BD), which has been reported to cross-react

Table 1. Target-specific nucleotide sequences of oligonucleotide
primers for reverse transcription-PCR

Target gene Primer sequence

pCD80 Forward 5-TCTGTTCAGGCATCGTTCAG-3'
Reverse 5'-CTCATACTTGGGCCACACCT-3'

pCD86 Forward 5'-TTTGGCAGGACCAGGATAAC-3'
Reverse 5'-GCCCTTGTCCTTGATTTGAA-3

pGAPDH Forward 5-GGGCATGAACCATGAGAAGT-3
Reverse 5'-TGTGGTCATGAGTCCTTCCA -3’

with pCD80 '® and hCTLA4-Ig (R&D Systems), followed
by FITC-labelled goat anti-hIgG-Fc polyclonal antibody
(Bethyl Laboratories, Montgomery, TX). The expressions
of CD80 and CD86 on hAECs and hPBMCs were also
tested using mouse anti-hCD80 (clone L307.4, BD) or
CD86 (clone FUN-1, BD) monoclonal antibody. The
expressions of CD80/86 on hPBMCs were gated with
anti-hCD14 monoclonal antibodies (clone TUK4; Milte-
nyi Biotec, Auburn, CA and clone RMO52; Beckman
Coulter, Miami, FL).

Binding of (i) hCTLA4-Ig, (ii) abatacept, (iii) serum
from a GTKO/pCTLA4-Ig pig, or (iv) GTKO pig serum
to pAECs and hPBMCs was detected by indirect staining.
These cells were incubated with either no antibody, sec-
ondary antibody alone, or multiple concentrations of
CTLA4-Ig (each at doses ranging from 0-02 to 1250 ng/
1 x 10° cells for PAECs, 1 X 10° cells for human mono-
cytes), followed by the addition of FITC-conjugated sec-
ondary antibody.

Mixed lymphocyte reaction

The MLRs were carried out as previously described.'*?”*®

Briefly, isolated hCD4" T cells as responders (2 X 10°
cells/well) were co-cultured with irradiated (2500 cGy)
PAECs (2 x 10* cells/well) with/without activation by
pIEN-y or hPBMCs 5 x 10° cells/well with or without
activation by LPS. All assays were performed in 96-well
round-bottom plates (Corning, Lowell, MA) with AIM V
Medium (Invitrogen). The cells were cultured at 37° in
5% CO, for 6 days (pAECs stimulator) and 5 days
(PBMCs stimulator), and [3H]thymidine (1 pCi/well)
(NEN Life Science, Boston, MA) was added to each well
during the last 15 hr of incubation. Cells were harvested
on glass-fibre filters (Perkin Elmer) with a cell harvester,
and were analysed by beta-scintillation counting on a
liquid scintillation counter (TopCount NXT; Perkin
Elmer). The mean of triplicate results was expressed as
[*H]thymidine uptake.

For suppression MLR, pAECs or hPBMCs were resus-
pended with staining buffer containing PBS, 0-5% BSA
(Sigma) and 2 mm EDTA (Sigma). Stimulator cells were
incubated with several concentrations (from 500 to
0-008 pg/ml) of hCTLA4-Ig, abatacept, GTKO/pCTLA4-Ig
serum, or GTKO pig serum for 1 hr. Cells were washed
twice with staining buffer and were resuspended with
serum-free medium, AIM V medium (Invitrogen). These
stimulator cells were irradiated and co-cultured with
responder hCD4" T cells as addressed above.

Western blot analysis

Cells were homogenized in the presence of protease
inhibitors (Thermo Scientific, Rockford, IL), followed by
the addition of SDS at 1% as a final concentration.
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Thereafter, cell lysates were centrifuged to remove any
residual debris. Protein concentrations were determined
using a bicinchoninic acid protein assay kit (Pierce, Rock-
ford, IL). Heat-denatured and f-mercaptoethanol-reduced
samples (20 pg protein/lane) were electrophoresed on 4—
20% BisTris—SDS gradient gels (Invitrogen). A recombi-
nant hCTLA4-Ig fusion protein (R&D Systems) was
employed as a positive control protein. After electropho-
resis, proteins were then transferred into a polyvinylidene
fluoride membrane and blocked with casein-blocking buf-
fer (Sigma). The blocked membrane was incubated in
goat anti-hIgG-horseradish peroxidase (Invitrogen). Posi-
tive signals were detected with Pierce ECL Western Blot-
ting Substrate (Thermo Scientific) and photographic
imaging.

Statistical methods

All results are expressed as mean + SEM. The statistical
significance of differences was determined by Student’s
t-test or non-parametric tests, as appropriate, using
GrapHPAD PrisM version 4 (Graphpad Software, San
Diego, CA). A P-value of < 0-05 was considered to be sta-
tistically significant.

(@) (i) CD8O

64

Events
————

Figure 1. Constitutive expression of B7 mole- .
cules (CD80/86) on porcine aortic endothelial
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Results

Expression of B7 molecules on pAECs and hAECs

Differences in expression of co-stimulatory molecules
CD80/86 on both inactivated and activated AECs between
pigs and humans were assessed by flow cytometry. The
PAECs constitutively expressed CD80 (Fig. la). Although
there was no difference in CD80 expression on quiescent
or activated pAECs (Fig. la-i), binding of hCTLA4-Ig to
pCD80/86 on pAECs was up-regulated when cells were
activated (Fig. la-ii), indicating that CD86 expression on
PAECs might be up-regulated after activation. [In a preli-
minary study, we could not find a significant further
increase of pCD80 on pAECs even at concentrations up
to 400 ng/ml of pIFN-y (data not shown)]. In contrast to
PAECs, there was no expression of CD80 and CD86 on
either quiescent or activated hAECs (Fig. 1b).

As there are no commercially available specific antibod-
ies against pCD86, we alternatively evaluated pCD80/86
mRNA levels using RT-PCR. Both CD80 and CD86
mRNA in quiescent pAECs were detected (Fig. 1c). The
expression of CD80 mRNA was up-regulated in activated
PAECs although surface expression of pCD80 did not
change after activation. The expression of pCD86 mRNA
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in activated pAECs was similar to that of quiescent pAE-
Cs (Fig. lc).

These results indicated that, unlike hAECs, which lack
expression of B7 molecules, pAECs constitutively express
both CD80 and CD86.

Comparison of binding of soluble pCTLA4-1g and
purified hCTLA4-Ig to pAECs

To compare the binding of soluble pCTLA4-Ig for pB7
molecules with that of commercially available hCTLA4-Ig
and abatacept, several concentrations (ranging from 500
to 0-008 pg/ml) of these CTLA4-Ig products were incu-
bated with inactivated or pIFN-y-activated GTKO pAECs.
In ELISA, the original concentration of pCTLA4-Ig in fro-
zen-stored serum of a GTKO/pCTLA4-Ig pig was 400 pg/
ml (data not shown). With diluting concentrations of
these CTLA4-Ig products, binding of soluble pCTLA4-Ig
to both inactivated (Fig. 2a) and activated (Fig. 2b)
GTKO pAECs was similar to those of hCTLA4-Ig and
abatacept. Binding of soluble pCTLA-Ig, hCTLA4-Ig and
abatacept to activated pAECs was higher than to inacti-
vated pAECs, suggesting that the expression of pCD80/86
on pAECs was up-regulated after activation. The maximal
positive percentage binding to pAECs was identical
between each CTLA4-Ig. These results indicated that solu-
ble pCTLA4-Ig and hCTLA4-Ig have similar binding for
pCD80/86.

Comparison of inhibitory effect of soluble pCTLA4-Ig
and purified hCTLA4-Ig on the hCD4" T-cell response
to pAECs

To evaluate the effect of soluble pCTLA4-Ig on the
response of hCD4" T cells to activated pAECs, MLRs

were carried out in the presence of soluble pCTLA4-Ig or
hCTLA4-Ig (Fig. 3). The response of hCD4" T cells to
GTKO pAECs treated with GTKO pig serum was equiva-
lent to that in an untreated control group (data not
shown); serum from a GTKO pig had no inhibitory effect
on xenogeneic CD4" T-cell responses. Soluble pCTLA4-Ig
in the serum from pCTLA4-Ig/GTKO pigs significantly
inhibited the response of hCD4" T cells to activated
GTKO pAECs at a concentration of 20 pg/ml (Fig. 3).
Both hCTLA4-Ig and abatacept also significantly inhibited
the xenogeneic hCD4" T-cell response at a concentration
of 20 pg/ml (Fig. 3). There was no statistically significant
difference in inhibition between each type of CTLA4-Ig at
concentrations of 20 and 125 pg/ml. These results indi-
cated that pCTLA4-Ig was capable of inhibiting the
hCD4" T-cell direct response to pAECs as efficiently as
hCTLA4-Ig.

Comparison of binding of soluble pCTLA4-Ig and
purified hCTLA4-Ig to hB7 molecules

As hAECs do not express CD80/86 molecules even after
activation (Fig. 1b), hPBMGCs, including APCs (e.g.
monocytes), were used to evaluate the differences in bind-
ing between pCTLA4-Ig and hCTLA4-Ig for hB7 mole-
cules. Human PBMCs were activated with LPS to up-
regulate HLA class II and co-stimulatory molecules.
Human CDI14" monocytes constitutively expressed HLA
class II (Fig. 4a-i) and CD86 (Fig. 4a-iii), but weakly
expressed CD80 (Fig. 4a-ii). Although there was increased
expression of HLA-class Il on CD14" monocytes after
activation with LPS, there was minimal difference in
CD80 and CD86 expression on these cells; confirmed by
specific markers for CD80 or CD86 (Fig. 4a-ii and a-iii)
and hCTLA4-Ig (Fig. 4b).
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0-031 0-008 expressed as mean + SEM obtained from three

independent experiments.
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Figure 3. Porcine cytotoxic T-lymphocyte antigen 4 immunoglobulin (pCTLA4-Ig) is capable of inhibiting the hCD4" T-cell response to o1,3-

galactosyltransferase gene-knockout (GTKO) porcine aortic endothelial cells (pAECs) co-stimulated by pB7 molecules. Human (h) CD4" T cells
were co-cultured with activated GTKO pAECs treated with serial concentrations (125, 20 and 0-008 pg/ml) of (i) soluble pCTLA4-Ig, (ii) purified
hCTLA4-Ig, or (iii) abatacept (1 = 6). As a negative control, hCD4" T cells were cultured alone (spon). As a control for soluble pCTLA4-Ig
derived from a GTKO/pCTLA4-Ig pig, GTKO pig serum was used at a high concentration (125 pg/ml). (*P< 0-05 versus GTKO pig serum).

Binding assays on monocytes in hPBMCs were carried
out using multiple dilutions of pCTLA4-Ig, and compared
with the binding of hCTLA4-Ig and abatacept (Fig. 4c).
Although soluble pCTLA4-Ig significantly bound to
human monocytes at the highest concentration (500 pg/
ml), soluble pCTLA4-Ig displayed significantly less bind-
ing to hB7 molecules (mainly hCD86) than either
hCTLA4-Ig or abatacept at or below a concentration of
31-3 pg/ml (Fig. 4c). Whereas both hCTLA4-Ig and
abatacept showed approximately 40-50% binding at con-
centrations ranging from 500 to 7-8 pug/ml, soluble
pCTLA4-Ig showed only 13-4% and 3-4% binding at 31-3
and 7-8 pg/ml, respectively. As anticipated, at pCTLA4-Ig
concentrations of 500 to 31-3 pg/ml, there were signifi-
cant differences (P< 0-05) in binding in comparison to
binding of serum from GTKO pigs (Fig. 4¢c). These results
indicated that species differences (known DNA sequence
changes) between porcine and human CTLA4 influence
binding to hB7 molecules.

Comparison of the inhibitory effect of soluble pCTLA4-Ig
and purified hCTLA4-Ig on the response of hCD4" T
cells to hAPCs

To determine whether the differences in binding between
pCTLA4-Ig and hCTLA4-Ig for hB7 molecules resulted in
functional differences in the T-cell response, we compared
hCD4" T-cell direct allo-immune responses to hAPCs
(LPS-activated hPBMCs) treated with pCTLA4-Ig or
hCTLA4-Ig. As expected, GTKO pig serum failed to inhi-
bit hCD4" T-cell allo responses compared with untreated
controls (data not shown). The pCTLA4-Ig significantly
inhibited the hCD4" T-cell allo response compared with
that of GTKO serum (Fig. 5). However, compared with

hCTLA4-Ig, an inhibitory effect by pCTLA4-Ig was seen
only at the highest concentration used (125 pg/ml), and
no suppression of the response to hAPCs was seen at
lower concentrations (e.g. 20 pg/ml). In contrast, both
hCTLA4-Ig and abatacept significantly inhibited hCD4" T
cells responses to hAPCs even at 20 pug/ml (Fig. 5)
(P< 0-05 versus pCTLA4-Ig at 20 pg/ml). These and pre-
vious results indicated that, although pCTLA4-Ig is capa-
ble of inhibiting hCD4" T-cell responses co-stimulated by
pB7 molecules, pCTLA4-Ig only weakly inhibits similar
responses co-stimulated by hB7 molecules (associated
with lower binding of pCTLA4-Ig for the hB7 molecules).
Furthermore, these experiments provide indirect evidence
that soluble pCTLA4-Ig will be efficiently capable of
inhibiting the hCD4" T-cell direct immune response to
pAPCs, but not the hCD4" T-cell indirect immune
response to pig antigens presented by hAPCs, which also
express hB7 molecules.

Direct suppression of hCD4" T cells by pCTLA4-Ig
transgenic pig cells

To investigate the direct effect of pCTLA4-Ig-expression
on the cells, PBMCs from pCTLA4-Ig transgenic pigs (on
both wild-type and GTKO backgrounds), previously
shown to produce and secrete significant levels of soluble
pCTLA4-Ig into the serum, were co-cultured with hCD4*
T cells in the absence of previous treatment with
pCTLA4-Ig. Human CD4" T-cell responses to pCTLA4-Ig
PBMCs were significantly lower than to PBMCs from
control non-transgenic pigs (Fig. 6).

To confirm the results obtained by pCTLA4-Ig trans-
genic PBMC stimulators, we also evaluated the potential
of GTKO pAECs expressing pCTLA4-Ig to inhibit the
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response of hCD4" T cells to these cells. Western blot
analysis showed a specific positive band in lysates of
GTKO/pCTLA4-Ig pAECs, but not in lysates of control
GTKO pAECs (Fig. 7a). In contrast, only a minimal level
of soluble pCTLA4-Ig protein (< 3pg/ml) was detected by
ELISA in the supernatant obtained from GTKO/pCTLA4-
Ig pAECs during culture (Fig. 7b).

To eliminate the possibility that soluble pCTLA4-Ig was
being produced by cultured GTKO/pCTLA4-Ig pAECs,
but immediately binding to pB7 molecules on the same
cells during culture, the intensity of pCTLA4-Ig expres-
sion on GTKO/pCTLA4-Ig cells was investigated by flow

64 =-=== Anti-human IgG-Fc

— GTKO pig serum
pCTLA4-Ig

mm hCTLA4-Ig

-o- hCTLA4-Ig
—& Abatacept
—— pCTLA4-Ig
—— GTKO pig serum

0-031 0-008

Figure 4. Lower binding of porcine cytotoxic
T-lymphocyte antigen 4 immunoglobulin
(pCTLA4-Ig) for human (h) B7 molecules
compared with hCTLA4-Ig and abatacept. (a)
Expression of (i) HLA class II, (ii) hCD80, and
(ili) hCD86 on CDI14" human monocytes
when inactivated or after activation with lipo-
polysaccharide (LPS; 10 pg/ml) for 24 hr was
investigated by flow cytometry. Results are rep-
resentative of three independent experiments.
Isotype control (dotted line), inactivated (grey
line), and activated (solid line) cells. (b and c)
Binding of pCTLA4-Ig to hB7 molecules on
CD14" human monocytes with/without activa-
tion by LPS was compared with that of
hCTLA4-Ig at several concentrations. (b) Inac-
tivated and activated human peripheral blood
mononuclear cells (PBMCs) were incubated
with soluble pCTLA4-Ig (125 pg/ml) (grey
line) or hCTLA4-Ig (125 pg/ml) (solid line)
followed by FITC-conjugated anti-human IgG-
Fc. The PBMCs were further stained with
anti-human CD14-PE antibody. Binding of
CTLA4-Ig to monocytes was investigated by
gating on CD14" cells. «1,3-Galactosyltransfer-
ase gene-knockout (GTKO) pig serum (dotted
line), instead of pCTLA4-Ig and secondary
antibodies only (black thin line), was tested as
a negative control. Results are representative of
three independent experiments. (c) Binding of
serially diluted soluble pCTLA4-Ig, purified
hCTLA4-Ig, and abatacept to activated
hPBMCs was compared by flow cytometry.
Binding of CTLA4-Ig to monocytes was inves-
tigated by gating on CD14" cells. Sera from
GTKO pigs (with the same volume as for
GTKO/pCTLA4-Ig serum) were used as a neg-
ative control. Dilution of these CTLA4-Ig
preparations ranged from 500 to 0-008 pg/ml.
Data are expressed as mean + SEM obtained
from  three  independent  experiments.
(*P< 0-05, ** P< 0-01 versus soluble pCTLA4-
Ig serum).

cytometry by adding anti-human IgG-Fc secondary anti-
bodies, and compared with the absence of secondary anti-
bodies. There was no difference in fluorescence intensity
between GTKO/pCTLA4-Ig and GTKO pAECs, suggesting
that cultured GTKO/pCTLA4-Ig pAECs did not bind sol-
uble pCTLA4-Ig during culture (Fig. 7c). To further con-
firm these results, the expression of pB7 molecules was
also compared between GTKO/pCTLA4-Ig and GTKO
pAECs by adding exogenous soluble pCTLA4-Ig. There
was similar expression of pB7 molecules between GTKO/
pCTLA4-Ig and GTKO pAECs (Fig. 7c). These results
indicated that GTKO/pCTLA4-Ig pAECs, unlike GTKO/
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Figure 6. Direct suppression of the human (h) CD4" T-cell response
to pig peripheral blood mononuclear cells (PBMCs) expressing por-
cine cytotoxic T-lymphocyte antigen 4 immunoglobulin (pCTLA4-
Ig). Human CD4" T cells (2 x 10> cells/well) were co-cultured with
irradiated (2500 cGy) PBMCs (5 X 10° cells/well) either from
pCTLA4-Ig-transgenic pigs or wild-type (WT) or «l,3-galactosyl-
transferase gene-knockout (GTKO) non-transgenic pigs for 5 days
(n = 3). (*P< 0-05, ** P< 0-01).

pCTLA4-Ig PBMCs, did not produce higher concentra-
tions of soluble pCTLA4-Ig during culture, although
intracellular expression of pCTLA4-Ig was confirmed.
Therefore, we hypothesized that pAECs from GTKO/
pCTLA4-Ig pigs would not inhibit the xenogeneic
response of hCD4" T cells directly. To address this,
hCD4" T cells were co-cultured with GTKO/pCTLA4-Ig
and GTKO pAECs with or without exogenous pCTLA4-Ig
at a concentration of 125 pg/ml. There was no direct
inhibitory effect on the response of hCD4" T cells to
GTKO/pCTLA4-Ig pAECs compared with that of GTKO
PAECs (Fig. 7d). The addition of soluble pCTLA4-Ig at
125 pg/ml inhibited this xenoresponse by approximately

60%, which was a similar result to that obtained from the
MLR assay (consisting of hCD4" T responder cells to
GTKO pAEC stimulator cells in the presence of soluble
pCTLA4-Ig) (Fig. 7d). These results indicated that cul-
tured pAECs from GTKO/pCTLA4-Ig pigs did not have a
direct suppressive effect on the hCD4" T-cell response
(because of only a minimal level of production of exoge-
nous pCTLA4-Ig).

Discussion

Over the past decade, many advances have been made in
the development of selective immunomodulatory agents.
In particular, co-stimulatory blockade has provided a
novel therapeutic approach for autoimmune disease and
Tx.*>' CTLA4-Ig has been shown to successfully inhibit
CD4" T-cell proliferation by blocking co-stimulatory
CD28/B7 activation of allo and xeno CD4" T cells both
in vitro and in vivo in rodent”'**** and non-human pri-
mate®*™® alloTx models. In addition, CTLA4-Ig can sup-
press the T-cell-dependent humoral response.**?”**
Specific blockade of pig-derived B7 molecules is
required to maintain effective inhibition of the xenore-
sponse as pB7 molecules expressed on pAECs are crucial
for mediating the response of recipient T cells to xenoge-
neic donor cells. It would be predicted that treatment
with hCTLA4-Ig or the Tx of an organ from an hCTLA4-
Ig transgenic pig would prevent both direct and indirect
T-cell responses following pig organ xenoTx into a pri-
mate. However, in such situations, long-term treatment
with hCTLA4-Ig would not be desirable, particularly as it
would increase susceptibility to infectious pathogens. In
comparison, treatment with soluble pCTLA4-Ig or the
presence of an organ from a pCTLA4-Ig-transgenic pig
would be safer as it would preferentially prevent the
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direct response without inhibiting the host cellular
response to pathogens.

In the present study, two types of commercially avail-
able hCTLA4-Ig were used to compare with pCTLA4-Ig.
One (obtained from R&D Systems) does not have muta-
tions in the immunoglobulin tail, and can be used only
for in vitro studies. The other, abatacept (a CTLA4-Ig
fusion protein comprising the extracellular domain of
hCTLA4 fused to a mutated IgG1 Fc tail domain) repre-
sents a new therapeutic approach in rheumatoid arthri-
tis.*>*® The therapeutic blood level of abatacept in
patients with rheumatoid arthritis has been reported to
be approximately 20 pg/ml.*"** In an allogeneic pancre-
atic islet Tx model in non-human primates, a serum level
of hCTLA4-Ig of approximately 50-100 pg/ml was associ-

Figure 7. Absence of a direct suppressive effect on the human (h)
CD4" T-cell response to porcine aortic endothelial cells (AECs)
expressing porcine cytotoxic T-lymphocyte antigen 4 immunoglobu-
lin (pCTLA4-Ig) was associated with weak of production of soluble
pCTLA4-Ig during culture. (a) Detection of pCTLA4-Ig protein in
PAECs from «l,3-galactosyltransferase ~gene-knockout (GTKO)/
pCTLA4-Ig pigs by Western blot analysis. A specifically positive band
(56 000 molecular weight) was observed in lysates of GTKO/
pCTLA4-Ig pAECs, but not in lysates of GTKO pAECs. Purified
hCTLA4-Ig (125 pg/ml) was loaded as a positive control. (b) Detec-
tion by ELISA of pCTLA4-Ig in the supernatant from cultured pAE-
Cs expressing pCTLA4-Ig. GTKO/pCTLA4-Ig and GTKO pAECs
(1 x 10° cells) were cultured in a 75T flask from 3 days to 6 days
without changing the culture medium. Approximately 500 ul super-
natant was collected from the cultured cells at 3, 4, 5 and 6 days
after culture. Levels of pCTLA4-Ig were measured by ELISA with
serial dilution. (c) Detection by flow cytometry of pCTLA4-Ig bound
to pAECs. GTKO/pCTLA4-Ig and GTKO pAECs were cultured in
75T flasks until confluence. The pAECs were harvested and tested to
determine whether soluble pCTLA4-Ig produced by GTKO/pCTLA4-
Ig pAECs bound to these pAECs in an autocrine fashion during
culture. Porcine AECs were stained with/without FITC-conjugated
anti-human IgG-Fc antibodies, and fluorescence intensity in pAECs
was compared between unstained (solid line) and stained (with
FITC-conjugated anti-human IgG-Fc antibodies) (grey line), and
between GTKO pAECs and GTKO/pCTLA4-Ig pAECs. The expres-
sion of pB7 molecules on GTKO and GTKO/pCTLA4-Ig pAECs was
also compared by staining with pCTLA4-Ig (500 pg/ml) followed by
FITC-conjugated anti-human IgG-Fc antibodies (solid thick line).
Results are representative of three independent experiments. (d) The
direct effect of pAECs expressing pCTLA4-Ig on the hCD4" T-cell
xenogeneic response was investigated by mixed lymphocyte reaction.
The hCD4" T cells were co-cultured with GTKO and GTKO/
pCTLA4-Ig pAECs untreated or treated with either GTKO serum or
soluble pCTLA4-Ig (500 pg/ml) (n = 5). Results were compared with
hCD4" T-cell responses to GTKO pAECs and GTKO serum-treated
stimulators. ('P< 0-05 versus GTKO serum-treated).

ated with prolonged graft survival.”* Furthermore, Larsen
et al. > carried out renal alloTx in rhesus monkeys using
belatacept (a modified version of abatacept that binds
with two- to four-fold higher avidity to CD80/86) at a
serum level of > 20 pg/ml. This group also used belata-
cept in a phase III clinical study of kidney Tx,*>** in
which they administered a dose of belatacept that had
been successful in a non-human primate study; blood lev-
els were not reported. Belatacept binds to pCD80/86 and
suppresses T-cell responses in vitro.*>

For the first time, our results demonstrate that soluble
pCTLA4-Ig derived from pCTLA4-Ig-transgenic pigs is
effective in terms of both binding and functionality
against pB7 molecules on pAECs, and is equivalent to
hCTLA4-Ig (Figs. 2 and 3). As expected, soluble pCTLA4-
Ig showed significantly weaker binding to hB7 molecules
on APCs (e.g., monocytes) compared with hCTLA4-Ig
(Fig. 4c). Soluble pCTLA4-Ig preferentially inhibited the
xenogeneic direct response of hCD4" T cells to pAECs,
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whereas hCTLA4-Ig broadly inhibited both xenogeneic
(pB7 molecules) and allogeneic (hB7 molecules) T-cell
responses (Figs. 3 and 5). Although similar findings have
previously been reported by Vaughan et al.,”> who dem-
onstrated that pCTLA4-Ig has low binding for hB7 mole-
cules, these authors employed purified pCTLA4-Ig from a
transfected cell line, but not soluble pCTLA4-Ig produced
by pCTLA4-Ig-transgenic pigs. Our results suggest that, if
only the T-cell direct immune response to pig organ/cells
needs to be suppressed after xenoTx, the serum trough
level of pCTLA4-Ig in the recipient should be maintained
at approximately 20 pg/ml. A higher trough level of
pCTLA4-Ig (> 125 pg/ml) would suppress both direct
(Fig. 3) and indirect (Fig. 5) pathways, resulting in a
greater risk of infection.

The result demonstrating that hCTLA4-Ig had a similar
binding/inhibitory capacity to pB7 molecules as pCTLA4-
Ig suggests that leucine at position 97 is not crucial for
CTLA4 species-specific interaction between hB7 and pB7
molecules. A full investigation of the possible role of the
amino acid substitution in abrogating hCTLA4-Ig binding
to pB7 molecules, and of the regions important for inter-
action with pB7 molecules, will require mutational analy-
sis of the main residues in the human amino acid
sequences and the production of mutant hCTLA4-Ig and
hB7 molecules for binding studies.

For the GTKO/pCTLA4-Ig pigs used in this study, a
strong constitutive expression system, consisting of a
cytomegalovirus enhancer, a chicken f-actin promoter,
and rabbit globin splice site (CAG), resulted in high-level
systemic expression of pCTLA4-Ig. A high incidence of
infection was observed in this line of transgenic pigs, pos-
sibly related to impaired development of B cells, resulting
in a marked decrease in serum levels of both IgG and
IgM.>* The serum concentration of pCTLA4-Ig observed
in these pigs ranged from 380 to 1600 pg/ml, which
greatly exceeds the level of hCTLA4-Ig considered clini-
cally therapeutic (approximately 20-100 pg/ml). However,
whether a single transplanted pCTLA4-Ig-transgenic pig
organ will produce a level of pCTLA4-Ig in the blood
after Tx high enough to be significantly immunosuppres-
sive remains unknown. For instance, for an appropriate
pCTLA4-Ig (20 pg/ml) level to be detected in the blood
of the recipient after organ Tx, the source pig is likely to
have a very high level of pCTLA4-Ig in the blood (e.g.
> 200 pg/ml), and so may not remain healthy until Tx.
GTKO/pCTLA4-Ig transgenic pigs which use an endothe-
lial cell-specific expression system, where pCTLA4-Ig
expression is localized to blood vessel endothelium in the
organ, rather than constitutive expression, may overcome
this issue.

We used one clinically applicable agent, abatacept, in
this study. Abatacept has a similar binding for pB7 mole-
cules on pAECs as does pCTLA4-Ig. This suggests that
abatacept could be used for co-stimulatory blockade in a

T-cell xenoresponse and porcine CTLA4-Ig

pig alloTx model. In fact, abatacept suppresses the pig-to-
pig T-cell response in vitro in MLR (H. Hara et al,
unpublished data). Pre-treatment with hCTLA4-Ig (e.g.,
abatacept, belatacept) in donor pigs before the organ is
transplanted could be an alternative approach to reduce
the early direct primate CD4" T-cell response to a pig
organ in the pig-to-primate xenoTx model (as the pig
vascular endothelium constitutively expresses both CD80
and CD86).

To investigate the direct effect of pCTLA4-Ig-transgenic
pig cells, we tested the hCD4" T-cell response to cells
from these pigs. The hCD4" T-cell response to PBMCs
from pCTLA4-Ig pigs was significantly reduced compared
with the response to control pig PBMC stimulators. How-
ever, several factors must be considered with regard to
this result.

First, the population of APCs in the stimulator cells
may influence the MLR result. Unfortunately, we did not
measure the populations of APCs (e.g. B cells, mono-
cytes) in the PBMCs from pCTLA4-Ig pigs before having
to kill these pigs. Serum levels of immunoglobulin, espe-
cially IgG, were significantly reduced in pCTLA4-Ig pigs
compared with non-transgenic pigs,”* suggesting that the
population of B cells (APCs) in the pCTLA4-Ig pigs
might have been reduced, possibly resulting in a weaker
hCD4" T-cell response in MLR.

Second, B7 molecules on freshly isolated PBMCs from
pCTLA4-Ig pigs might have been coated with pCTLA4-Ig
in vivo (because of the high level of soluble pCTLA4-Ig in
the blood), resulting in weaker hCD4" T-cell responses.
The PBMCs from pCTLA4-Ig pigs might therefore not be
appropriate as stimulators for MLR. Therefore, pAECs
were also tested as stimulators. Although high levels of
soluble pCTLA4-Ig were detected in the sera of pCTLA4-
Ig pigs,”* ELISA could only detect a minimal level of
pCTLA4-Ig (< 3 pg/ml) in the culture supernatant of
GTKO/pCTLA4-Ig pAECs (Fig. 7b). A comparison of the
level of pCTLA4-Ig in the culture supernatant between
AECs and PBMCs from GTKO/pCTLA4-Ig pigs was not
possible because these pigs were no longer available. In
contrast, Western blot analysis showed that the pCTLA4-
Ig protein was positively detected in the cell lysates from
GTKO/CTLA4-Ig pAECs (Fig. 7a). These data suggest
that the cultured GTKO/pCTLA4-Ig pAECs produced
only a minimal level of soluble pCTLA4-Ig, which would
not be able to suppress the hCD4" T-cell response.
Indeed, there was no significant difference observed
between the hCD4" T-cell response to GTKO/pCTLA4-
Ig-pAECs and to GTKO/pAECs (Fig. 6b). When soluble
pCTLA4-Ig was administered exogenously, the direct
T-cell xenoresponse was significantly inhibited, again sug-
gesting that little or no pCTLA4-Ig was being produced
by the pAECs constitutively expressing pCTLA4-Ig.

Potential explanations for this discrepancy between the
clearly high production of pCTLA4-Ig in the pig and the
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low/minimum production of pCTLA4-Ig in the cultured
pAECs can be considered. (i) The production of
pCTLA4-Ig from cultured pig cells was very limited
because of the small number of cells compared with those
in an organ or tissues, and may have been diluted in the
supernatant. (ii) Culturing of isolated pAEC over time
could inhibit the secretory function of these cells. (iii)
The particular integration site of the CAG-pCTLA4-Ig
vector in the genome of this line of pigs, while resulting
in high pCTLA4-Ig expression/secretion in most cells and
tissues, did not support high-level expression specifically
in the aortic endothelium. Nevertheless, the discrepancy
between the high levels in the blood of living pigs and the
minimum production of pCTLA4-Ig after EC culture
remains an unresolved question, because vascular ECs
would be anticipated to be one of the sources of the solu-
ble CTLA4-Ig measured in the serum of the transgenic
pigs.

Several groups have shown that site-specific delivery of
immunosuppressive molecules can provide an alternative
immunosuppressive  strategy.**™*  Agents such  as
hCTLA4-Ig inhibit T-cell reactivity in the periphery, but
may not be active in immune-privileged sites (e.g. brain,
cornea) because of low permeability across the blood—
brain and/or blood—aqueous barriers. Therefore, cells/tis-
sue from CTLA4-Ig pigs could prove a good approach to
local immune protection after neuronal cell®™”!
neal’>> xenoTx.

In the present study, a constitutive CAG vector was
used for the systemic expression of pCTLA4-Ig. However,
pCTLA4-Ig pigs were at high risk from infection. To
reduce the risk of infection, transgenic pigs in which islet-
specific expression of pCTLA4-Ig by an insulin promoter
have been produced.”® These insulin-specific-expressing
pCTLA4-Ig pigs are healthy, with no increased incidence

or cor-

of infection (C. Phelps, personal communication), and
could provide islets for xenoTx into primates. Likewise,
as discussed above, the production of GTKO/pCTLA4-Ig
pigs with a promoter/vector expression system designed
for endothelium-specific expression of pCTLA4-Ig could
alleviate not only the infection risks to the donor animals,
but also ensure that expression of the pCTLA4-Ig mole-
cule was indeed present locally and specifically in the
donor organ’s vascular ECs where inhibition of the direct
CD4" T-cell immune response is desired.

Taken together, our study indicates the following
points. (i) Soluble pCTLA4-Ig derived from GTKO/
pCTLAA4-Ig pigs is effective in terms of binding and func-
tionality. Porcine CTLA4-Ig (20 pg/ml) only inhibits the
human direct T-cell xenogeneic response, and this is
probably associated with low binding for hB7 molecules.
Porcine CTLA4-Ig might be a useful therapeutic agent in
clinical xenotransplantation. (ii) As AECs from the cur-
rent pCTLA4-Ig pigs show no direct effect on suppression
of the human T-cell response because of minimal produc-

tion of pCTLA4-Ig during culture, cells/tissue/organs
from future GTKO/CTLA4-Ig pigs will need to produce a
sufficient concentration of pCTLA4-Ig (at least 20 pg/ml)
to suppress the direct T-cell response after Tx. (iii)
Human CTLA4-Ig or other like-acting immunosuppres-
sants will need to be administered simultaneously to the
recipient to suppress the indirect immune response,
though this can be discontinued if the risk of infection is
considered high.
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