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Abstract

Background—Lack of Gal expression on pig cells is associated with a reduced primate humoral
immune response as well as a reduction in cytokine production by human cells in vitro. We
investigated whether lack of Gal expression is associated with reduced human T-cell response in
vitro.

Methods—~Peripheral blood mononuclear cells (PBMCs) were obtained from healthy humans
and naive baboons. Human CD4* and CD8" T cells were isolated. Porcine aortic endothelial cells
(pAECs) were isolated from wild-type (WT) and al,3-galactosyltransferase gene-knockout
(GTKO) pigs. WT pAECs were treated with a-galactosidase, reducing Gal expression. Swine
leukocyte antigen (SLA) class I and Il expression on pAECs was measured, as was T-cell
proliferation and cytokine production in response to pAECS.

Results—Reduced Gal expression on WT pAECs after a-galactosidase treatment was associated
with reduced human PBMC proliferation (P < 0.005). SLA class | and Il expression on WT and
GTKO pAECs was comparable. Human CD4* and CD8" T-cell proliferation was less against
GTKO pAECs before (P < 0.001) and after (P < 0.01 and P < 0.05, respectively) activation.
Human and baboon PBMC proliferation was less against GTKO pAECs before (P < 0.05) and
after (P < 0.01 and P < 0.05, respectively) activation. Human PBMCs produced a comparable
cytokine/chemokine response to WT and GTKO pAECs. However, there was less production of
IFN-y/TNF-a by CD4* and IFN-y/granzyme B/IP-10 by CD8* T cells in response to GTKO
pAECs.

Conclusions—The absence of Gal on pig cells is associated with reduced human T-cell
proliferation (and possibly selected cytokine production). Adaptive primate T-cell responses are
likely to be reduced in GTKO xenograft recipients.
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Introduction

Pig-to-human xenotransplantation provides a possible solution to the shortage of human
donor organs available for transplantation. Until recently, pig xenografts were subject to
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hyperacute rejection because of the binding of primate antibodies directed toward the
galactose-al,3-galactose (Gal) oligosaccharide antigen, which is expressed on wild-type
(WT) porcine tissues [1-4]. However, the development of genetically engineered pigs
deficient in al,3-galactosyltransferase (GTKO), which consequently do not express Gal
antigens [5,6], has provided a source of xenografts that largely evade primate antibody-
mediated hyperacute rejection [7,8]. However, other means of graft injury, such as the
cellular responses, continue to provide barriers to successful xenotransplantation [9].

It has been shown that the human T-cell responses to xenogeneic pig cells and allogeneic
human cells are comparable [10]. In addition, calcineurin inhibitors have been demonstrated
to suppress these in vitro proliferative responses similarly [11,12].

Immunosuppressive therapy aimed at reducing primate T-cell activity can therefore help
achieve prolonged xenograft survival in vivo [13-15]. Accordingly, reduced T-cell
responses in pig xenograft recipients would curtail the need for intense immunosuppression
and allow the use of more clinically applicable regimens.

Previous data from our group have suggested that the human T-cell response is stronger to
WT than GTKO cells [16-18]. It has been shown that different cytokine profiles are
produced in human whole blood in response to WT and GTKO pAECs in vitro, which were
Gal dependent [19]. Others have hypothesized that Gal reduction is associated with reduced
primate cellular proliferation [20]. In this study, we sought to explore the correlation
between Gal expression and the human T-cell response to pig cells in vitro. We observed
less human T-cell proliferation and selected cytokine production in response to cells lacking
the Gal oligosaccharide.

Materials and methods

Reagents

Cells

Porcine interferon gamma (pIFN-y) and mouse anti-SLA-1:FITC were purchased from
AbD-Serotec (Raleigh, NC, USA), mouse anti-SLA-DR and FITC anti-mouse 1gGoa/2p
antibodies from BD-Pharmingen (San Diego, CA, USA). Lipopolysaccharide (LPS) and
FITC-conjugated isolectin B4 (BSI-B,4) were obtained from Sigma-Aldrich (St Louis, MO,
USA).

Human peripheral blood mononuclear cells (PBMCs) were isolated from buffy coats of
blood type O (Institute for Transfusion Medicine, Pittsburgh, PA, USA). CD4* and CD8* T
cells were isolated using T Cell Isolation kits (Miltenyi Biotec, Auburn, CA, USA). Baboon
PBMCs were obtained from healthy baboons (Oklahoma University Health Sciences Center,
Oklahoma City, OK, USA). WT (n = 5) and GTKO (n = 6) pigs were unique individuals of
the same genetic background, obtained from Revivicor, Inc. (Blacksburg, VA, USA), and
were not necessarily MHC identical. Porcine aortic endothelial cells (pAECs) were collected
from freshly harvested porcine aortas and were used from passages two to eight.

Human blood samples were collected after informed consent under University of Pittsburgh
IRB approval. All animal care was in accordance with the Principles of Laboratory Animal
Care formulated by the National Society for Medical Research and the Guide for the Care
and Use of Laboratory Animals.
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Reducing Gal expression

Gal expression on WT pAECs was reduced by incubation with green coffee bean a-
galactosidase (Sigma-Aldrich). PAECs (2.5 x 10) were washed, reconstituted in warm
PBS, and incubated with either 10 or 20 pl of a-galactosidase (i.e., concentrations of 4 and 8
ul/108 cells) for 1 h at 37 °C.

Mixed lymphocyte reaction

Co-cultures were carried out in round-bottom, 96-well plates with serum-free AIM-V
medium (Invitrogen, Carlsbad, CA, USA). Human PBMCs, CD4* and CD8* T cells, and
baboon PBMCs were used as responders at 0.2 x 10° cells/well. Irradiated pAECs (with or
without activation) were used as stimulators at stimulator-responder ratios of 1 : 10. To
induce activation, pAECs were stimulated with pIFN-y (500 U/ml for 24 h). Dead cells were
excluded from counting by staining with trypan blue. Similar numbers of washed viable
cells were used in all MLR co-cultures. Co-cultures were carried out for 4 to 6 days in all
MLR assays. 3H-thymidine (1 pCi/well) was added to each well during the last 16 h of
incubation. Cells were harvested on glass-fiber filter mats. Next, they were analyzed by
beta-scintillation counting on a liquid scintillation counter (PerkinElmer, Waltham, MA,
USA). The mean of triplicate results was expressed as 3H-thymidine incorporation values.
These were presented either in units of counts per minute (CPM) or as stimulation index
(SI). SI was calculated by dividing the magnitude of the xenogeneic proliferative response
by the magnitude of the autologous proliferative response.

Luminex multiplex immunoassays

Using a custom, LEGENDplex Luminex kit (Bio-Legend, San Diego, CA, USA), human
cytokines/chemokines were tested. Supernatants were collected from previous MLR on day
3 for analysis (PBMC n =7; CD4* n = 2; CD8" n = 2). Additionally, supernatants from
quiescent and LPS-activated (10 pg/ml) WT and GTKO pAECs (n = 2 for each) were used
as controls for pig cytokine production.

Flow cytometry

Using LSR 11 flow, pAECs were assessed for Gal expression and SLA class | and 11
expression. All data were analyzed using WinMDI software.

Statistical analyses

Significance was determined by paired, two-tailed Student's £#tests. Analyses were carried
out using GraphPad Prism version 4 (GraphPad Software, San Diego, CA, USA). P < 0.05
was considered significant.

Results

Human T-cell proliferative response to WT pAECs treated with a-galactosidase

Initially, we needed to confirm previous observations that reduction in Gal expression on
WT pAECs is associated with reduced human cellular proliferation in MLR [20]. WT
pAECs were incubated with a-galactosidase to reduce Gal expression. For flow cytometry,
pAECs were stained for Gal expression with GSI-B4. After a-galactosidase treatment at 4
and 8 pl, Gal expression on WT pAECs was reduced in a dose-dependent manner. Mean
fluorescence (MFI) was reduced from 670 (untreated pAECS) to 480 and 373 (Fig. 1A). In
MLR, the proliferation of human PBMCs was significantly reduced in response to WT
pAECs treated with a-galactosidase at 4 and 8 pl by 61 and 77%, respectively (P < 0.005
and P < 0.001), in comparison with untreated cells (Fig. 1B).
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SLA expression on non-activated and plFN-y-activated WT and GTKO pAECs

Before activation, MFI for SLA class I1-DR expression on WT (5.8 + 1.0) and GTKO (5.6 +
1.3) pAECs (n =7 in each group) was comparable (not shown). After activation with pIFN-
Y, there was a marked rise in SLA class 11-DR expression on both WT (MFI = 689 + 228)
and GTKO (MFI = 624 + 208) pAECs; with comparable percentage increases (99% for WT
vs. 98% for GTKO). Quiescent SLA class | expression on WT pAECs (MFI = 288 £ 18)
was also not significantly different from that on GTKO pAECs (MFI =253 £ 35) (n =4 in
each group; not shown). After pIFN-y activation, there remained no significant difference in
the level of expression (WT 333 + 29 vs. GTKO 357 + 50) nor in the percentage increases
(WT 11% vs. GTKO 27%).

Human CD4* and CD8* T-cell proliferative responses to non-activated and pIFN-y-
activated WT and GTKO pAECs

In MLR, human CD4* T-cell (n = 3) proliferation in response to WT pAECs was
significantly greater than to GTKO pAECs, before (P < 0.001) and after (P < 0.01)
activation by pIFN-y (Fig. 2A left). Likewise, isolated human CD8* T-cell (n = 3)
proliferation in response to WT pAECs was significantly greater than to GTKO pAECs,
before (P < 0.001) and after (P < 0.05) activation (Fig. 2B left). To further assess the pattern
of T-cell proliferation over time, MLRs were performed on three consecutive days (4, 5 and
6). The proliferation of CD4" (Fig. 2A right) and CD8" (Fig. 2B right) T cells was
consistently higher in response to WT pAECs than GTKO pAECs, before and after
activation at all three time points.

Human PBMC proliferative response to non-activated and pIFN-y-activated WT and GTKO

pAECs

In a larger human sample size (n = 15), we further tested the cellular response to WT and
GTKO pAECs, before and after pIFN-y activation. Although there was some variability in
the proliferative response of human PBMCs to pAECs in MLR, GTKO pAECs consistently
induced significantly less human PBMC proliferation than WT pAECs before (P < 0.05) and
after (P < 0.01) activation (Fig. 3A).

Baboon PBMC proliferative response to non-activated and plFN-y-activated WT and GTKO

pAECs

As pig-to-baboon xenotransplantation is a common experimental model, we studied the
proliferative response in MLR of naive, healthy baboon PBMCs (n = 4) to WT and GTKO
pAECs. Similar to that of human PBMCs, the proliferation of baboon PBMCs was
significantly greater to WT than GTKO pAECs both before (P < 0.05) and after (P < 0.05)
activation (Fig. 3B).

Human cytokine/chemokine production in response to WT and GTKO pAECs

Supernatants from MLRs using human PBMCs, CD4* T cells, or CD8* T cells as
responders were analyzed for cytokine/chemokine production. Very little or no cytokines
(<1 pg/ml) were detected in supernatants obtained from pAECs cultured alone, with or
without LPS activation, suggesting no cross-reactivity with pig cytokines (not shown). There
was a tendency towards a higher production of IFN-y, TNF-a and I1L-13 by human PBMCs
in response to WT than to GTKO pAECs. In contrast, human PBMCs produced nearly
equivalent concentrations of I1L-6, IL-8, IP-10, MIP-1a, MIP-1f, and RANTES in response
to WT and GTKO pAECs (Fig. 4A). CD4* T cells produced less IFN-y, TNF-a, and IL-17A
in response to GTKO pAECs (Fig. 4B) and nearly equivalent concentrations of IL-4. CD8*
T cells appeared to produce less IFN-y, granzyme B, and IP-10 to GTKO pAECs (Fig. 4C),
while granzyme A and perforin production revealed no clear trend.
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Discussion

It has been reported previously that WT pAECs treated with a-galactosidase induce less
human PBMC proliferation than untreated cells in vitro [20,21]. Prior observations by our
group suggest that the human cellular proliferative response is reduced against GTKO as
compared with WT cells [16,17]. Seethre et al. [19] have demonstrated that the immune
responses of human whole blood to WT and GTKO pAECs result in different cytokine
production. In the present study, we aimed to explore the correlation between Gal expression
and the primate cellular response.

First, to determine whether Gal expression correlates with the magnitude of human cellular
proliferation to pig cells, we treated WT pAECs with a-galactosidase. The human PBMC
response to treated cells was reduced in correlation with Gal expression in a dose-dependent
manner. Also, both human CD4* and CD8* T cells proliferated less against GTKO than WT
pAECs. The cellular responses of 15 different humans against GTKO and WT pAECs
confirm this reduced proliferation. In addition, baboon PBMCs proliferate less to GTKO
pAECs than WT, and we observed a similar trend against GTKO PBMCs (not shown).
Unlike humans, both baboons and pigs express N-glycolylneuraminic acid (the
Hanganutziu-Deicher antigen), suggesting that the increased human cellular response to Gal-
expressing cells is not related to the expression of A-glycolylneuraminic acid on pig cells.
Collectively, these data suggest that recognition of the Gal oligosaccharide on pig cells
might induce an amplification of the primate direct T-cell response to pig antigens. We
believe that in MLR, the direct pathway of antigen recognition is the major and initial
response, although the indirect pathway might be playing a role in the later phase of the T-
cell response. Whether the reduced cellular response in the absence of Gal expression is
associated with a Gal-specific memory T-cell response remains unknown.

The first cells of a vascularized xenograft encountered by recipient T cells are those of the
vascular endothelium. In MLR, pAECs obtained from WT and GTKO pigs were used as
stimulators. Although the WT and GTKO pigs were not MHC identical, they were from the
same genetic background. On pAECs, it is known that there is cross-species recognition of
SLA class Il by human CD4* T cells [22] and SLA class | by human CD8* T cells [23], as
well as porcine CD86 by human T cells [24]. We assessed SLA class | and Il expression on
both WT and GTKO pAECs before and after IFN-y activation prior to their use as
stimulators in MLR. While SLA class | was constitutively expressed, SLA class Il was
minimally expressed, each in a comparable amount on both WT and GTKO pAECs before
activation. After activation, SLA class | was slightly upregulated, while SLA class 11 was
strongly upregulated, also comparably on both WT and GTKO pAECs. This suggests that
the reduced response of human T cells to GTKO pAECs in comparison with WT pAECs
was not related to different levels of SLA class | and Il expression.

Together with T-cell receptors, cytokines influence T-cell responses, T-cell survival, and
proliferation [25]. In correlation with human T-cell proliferation, we assessed cytokine
production by PBMCs and T cells in response to WT and GTKO pAECs. Human PBMCs
produced nearly equivalent levels of cytokines/chemokines in response to WT and GTKO
pAECs. Although T cells from only two humans were tested, there was a tendency towards
discrepant production of selected cytokines by T cells. CD4* T cells tended to produce less
IFN-y, TNF-a, and IL-17A in response to GTKO pAECs, and CD8" T cells tended to
produce less IFN-y, granzyme B, and IP-10 to GTKO pAECs. The response of human
PBMCs is more likely to reflect a combined innate and adaptive cellular response.

In rodents, it has been shown that IP-10, MIP-1a, and MIP-1 were upregulated in rejected
islet xenografts [26]. In light of this, our results suggest the production of such
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chemoattractants by innate immune cells might not be affected by the lack of Gal expression
on pig cells. In contrast to data by Sethre et al., we detected no significant difference in
human chemokine or IL-6 production by PBMCs against WT and GTKO cells. Their data
showed reduced human IL-6 and chemokine production (e.g., IL-8, MIP-1a, MIP-1f, and
RANTES) from human whole blood against GTKO pAECs as opposed to WT pAECs [19].
It is important to note, however, that our results were obtained from incubations of pAECs
with human PBMCs rather than whole blood and therefore were obtained in the absence of
antibody binding and complement activation.

Even if primate cellular migration to WT and GTKO xenografts is comparable, our data
suggest reduced T-cell proliferation and cytokine production to the GTKO because of lack
of Gal. It is already known that Gal expression plays a role in the interaction between other
cell types (e.g., monocytes and pAECs). Galectin-3 confers an affinity for Gal to monocytes,
but it is only minimally expressed on lymphocytes [27]. In addition, it is possible the
interaction between human T cells and porcine oligosaccharides may not be restricted to
Gal. Unidentified non-Gal antigens also almost certainly play roles in xenograft rejection
[28-32]. However, it is unknown whether they, like Gal, amplify the primate T-cell
response.

In summary, our data indicate that the absence of, or reduced, Gal expression on pig cells is
associated with a significantly reduced primate cellular response in vitro. This effect is
evidenced by observed differences in T-cell proliferation (and perhaps also by reduced
production of selected cytokines). Prior studies achieving prolonged survival of organs from
GTKO pigs in non-human primates have attributed that success primarily to reduced
antibody binding is because of a lack of Gal expression [7,8]. However, in light of our
results, it seems that a reduced human T-cell response against GTKO xenografts may also be
contributing to their survival. The specific mechanisms by which the absence of Gal
downregulates the T-cell response remain uncertain.
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Fig. 1.

(A) Gal expression on untreated and a-galactosidase-treated WT porcine aortic endothelial
cells (pAECs) was measured by flow cytometry. The mean fluorescence (MFI) was reduced
from 670 (untreated) by 28% to 480 by a treatment of 4 pl/10° cells a-galactosidase and by
44% to 373 at 8 ul/10° cells. For reference, the average MFI from all GTKO pAECs was
five (not shown), and the MFI of unstained cells was four. (B) Human peripheral blood
mononuclear cell (PBMC) proliferation was reduced following treatments of WT pAECs
with a-galactosidase. In MLR, WT pAECs treated with a-galactosidase at 4 and 8 pl/10°
reduced Gal expression by 28 and 44% and stimulated 61 and 77% less human PBMC
proliferation, respectively, than those untreated. PAEC viability was confirmed before MLR
and equal numbers of stimulators and responders were used in each study. 3H incorporation
values are presented as counts per minute. Data represent the mean plus or minus standard
error of the mean (+SEM) and are representative of three different experiments.
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Fig. 2.

(A) The proliferative response of human CD4* T cells (n = 3) to WT and GTKO porcine
aortic endothelial cells (pbAECs) before and after activation by pIFN-y (left), where the
response was significantly less to GTKO pAECs before (P < 0.001) and after (P < 0.01)
activation. Additionally, MLRs were harvested on three consecutive days (4, 5, and 6) where
CD4* T-cell proliferation was consistently lower in response to GTKO pAECs. 3H
incorporation values are presented as counts per minute (CPM). Data represent the mean
(xSEM) and are representative of three different experiments. (B) The proliferative response
of human CD8* T cells (n = 3) to WT and GTKO pAECs before and after activation by
pIFN-y (left), where the response was significantly less to GTKO pAECs before (P < 0.001)
and after (P < 0.05) activation. Additionally, MLRs were harvested on three consecutive
days (4, 5, and 6) where CD8" T-cell proliferation was consistently lower in response to
GTKO pAECs. 3H incorporation values are presented as CPM. Data represent the mean
(xSEM) and are representative of three different experiments.
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Fig. 3.

(A) The proliferative response of human peripheral blood mononuclear cells (PBMCs) (n =
15) to WT and GTKO porcine aortic endothelial cells (pAECs) before and after activation
by pIFN-y. This response was significantly less to GTKO pAECs before (P < 0.05) and after
(P < 0.01) activation. PBMC proliferation is presented as counts per minute (CPM) for 3H
incorporation (left) and in units of Sl (right). Data represent the mean (xSEM) and are
shown. (B) The proliferative response of baboon PBMCs (n = 4) to WT and GTKO pAECs
before and after activation by pIFN-y. The response to GTKO pAECs was significantly less
before (P < 0.05) and after (P < 0.05) activation. 3H incorporation values are presented as
CPM. Data represent the mean (xSEM) and are representative of three different
experiments.
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Cytokine production by human peripheral blood mononuclear cells (n = 7) (A), human
CD4* T cells (n = 3) (B), and human CD8* T cells (n = 2) (C) in response to either WT or
GTKO porcine aortic endothelial cells (pAECs) in MLR. Supernatants were collected on
day 3. Each value represents the average of duplicate. Cytokine concentrations are presented
as pg/ml. It is noted that a log scale has been implemented in some graphs for clarity. Very
little or no cytokines (<1 pg/ml) were detected in supernatants obtained from pAECs
cultured alone, with or without LPS activation, suggesting that there was no Luminex bead
cross-reactivity with pig cytokines (not shown).
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