1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Xenotransplantation. Author manuscript; available in PMC 2017 March 14.

-, HHS Public Access
«

Published in final edited form as:
Xenotransplantation. 2016 March ; 23(2): 137-150. doi:10.1111/xen.12229.

INITIAL IN VITRO STUDIES ON TISSUES AND CELLS FROM
GTKO/CD46/NeuGcKO PIGS

Whayoung Leel, Hidetaka Haral, Mohamed B. Ezzelarab?!, Hayato Iwasel, Rita Bottino?,
Cassandra Long?!, Jagdeece Ramsoondar3, David Ayares3, and David K.C. Cooper?

1 Thomas E. Starzl Transplantation Institute, University of Pittsburgh, Pittsburgh, PA
2 Institute of Cellular Therapeutics, Allegheny-Singer Research Institute, Pittsburgh, PA

3 Revivicor, Blacksburg, VA, USA

Abstract

Background—The impact that the absence of expression of NeuGc in pigs might have on pig
organ or cell transplantation in humans has been studied /n vitro, but only using red blood cells
(pRBCs) and peripheral blood mononuclear cells ()PBMCs) as the target cells for immune assays.
We have extended this work in various /7 vitro models and now report our initial results.

Methods—The models we have used involve GTKO/hCD46 and GTKO/hCD46/NeuGcKO pig
aortas and corneas, and pRBCs, pPBMCs, aortic endothelial cells (pAECs), corneal endothelial
cells (pCECs), and isolated pancreatic islets. We have investigated the effect of the absence of
NeuGc expression on (i) human IgM and 1gG binding, (ii) the T cell proliferative response, (iii)
human platelet aggregation, and (iv) in an /n vitro assay of the instant blood-mediated
inflammatory reaction (IBMIR) following exposure of pig islets to human blood/serum.

Results—The lack of expression of NeuGc on some pig tissues (aortas, corneas) and cells
(RBCs, PBMCs, AECs) significantly reduces the extent of human antibody binding. In contrast,
the absence of NeuGc expression on some pig tissues (CECs, isolated islet cells) does not reduce
human antibody binding, possibly due to their relatively low NeuGc expression level. The strength
of the human T cell proliferative response may also be marginally reduced, but is already weak to
GTKO/hCD46 pAECs and islet cells. We also demonstrate that the absence of NeuGc expression
on GTKO/hCD46 pAECs does not reduce human platelet aggregation, and nor does it significantly
modify the IBMIR to pig islets.

Conclusion—The absence of NeuGc on some solid organs from GTKO/hCD46/NeuGcKO pigs
should reduce the human antibody response after clinical transplantation when compared to
GTKO/hCD46 pig organs. However, the clinical benefit of using certain tissue (e.g., cornea, islets)
from GTKO/hCD46/NeuGcKO pigs is questionable.
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INTRODUCTION

For approximately 20 years it has been known that humans, who do not express galactose-
al,3-galactose (Gal) or N-glycolylneuraminic acid (NeuGc), develop natural antibodies
directed to these two oligosaccharide antigens that are expressed on wild-type (i.e.,
genetically-unmodified) pig cells (1-5). Apes and Old World nonhuman primates also lack
Gal expression and so represent an experimental surrogate for humans in this respect (6, 7),
but they do express NeuGc and so do not provide a model for studying the role of anti-
NeuGc antibodies in xenotransplantation (5). Several studies have investigated the potential
deleterious role of anti-NeuGc antibody, but these have been carried out in NeuGcKO mice
(8,9).

It has been well-documented that the binding of human or nonhuman primate anti-Gal
antibodies to Gal antigens on pig cells initiates complement activation, resulting in
hyperacute or early pig graft destruction (10-12). The production of a1,3-
galactosyltransferase gene-knockout (GTKO) pigs has overcome this immune barrier
(13-16), particularly when combined with transgenic expression of a human complement-
regulatory protein, e.g., human CD46 (hCD46) or human CD55 (hCD55) (17, 18).

More recently, the gene for the enzyme cytidine monophospho-N-acetylneuraminic acid
hydroxylase (CMAH) has been knocked out, resulting in the generation of pigs that do not
express NeuGc (which we here term “NeuGcKO pigs’) (19). Studies have been reported
showing that WT porcine tissue (e.g., skin, ligament) or cells (e.g., leukocytes) elicited a
significant anti-nonGal or anti-NeuGc antibody response in human recipients (20-22).
However, organs or cells from these pigs have not been tested in an /n7 vivo model, although
this may now become possible as it has been reported that New World monkeys (that express
Gal) do not express NeuGc, and, therefore, should produce anti-NeuGc antibodies (23).

The impact that the absence of expression of NeuGc in pigs might have on pig organ or cell
transplantation in humans has been studied previously /n vitro, but only using red blood
cells (pPRBCs) and peripheral blood mononuclear cells (pPBMCs) as the target cells for
immune assays (24-26). We have extended this work in various /7 vitro models and now
report our initial results.

The models we have used involve NeuGcKO pig aortas and corneas, and RBCs, PBMCs,
aortic endothelial cells (AECs), corneal endothelial cells (CECs), and isolated pancreatic
islet cells. We have investigated the effect of the absence of NeuGc expression on human
IgM and IgG binding, the T cell proliferative response, and on human platelet aggregation.
There is evidence that preexisting and elicited nonGal antibodies contribute to the
development of thrombotic microangiopathy through activation of vascular endothelial cells
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(27). Genetic modification (e.g., GTKO/CD46) of pAECs significantly reduces human
platelet aggregation /n vitro compared to WT pAECs (28), and deletion of an additional
carbohydrate antigen might prove beneficial.

Finally, as early islet loss secondary to the instant blood-mediated inflammatory reaction
(IBMIR) is a major obstacle to successful engraftment of pig islets following
xenotransplantation, we have investigated this response in an established /in7 vitro model
(29-31).

MATERIALS AND METHODS

Ethics

All animal procedures used in this study conformed to the University of Pittsburgh
Institutional Animal Care and Use Committee guidance for laboratory animals
(IACUC13082323), and the animals were humanely euthanized. In addition, all in vitro
studies using human serum or blood were approved by the Research Ethics Committee at the
University of Pittsburgh. The samples were obtained in accordance with the Declaration of
Helsinki. Participants gave informed consent per the guidelines of the Institutional Review
Board of the University of Pittsburgh (IRB0608179).

Generation of NeuGcKO pigs

Cell sources

A programmable meganuclease (zinc finger nucleases, ZFNs) gene-targeting strategy
together with somatic cell nuclear transfer (SCNT) cloning was used to generate male and
female homozygous NeuGcKO pigs. The mRNAs for the ZFNs [designed to target and
cleave the pig CMAH gene sequence
AAACTCCTGAACTACaaggcTCGGCTGGTGAAGGA, beginning at position 1,341 of
Ensembl transcript ENSSSCT0000-0001195] were purchased from Sigma-Aldrich (St.
Louis, MO). Semi-confluent porcine fetal fibroblasts (~ 1x10° cells/transfection) were
harvested and mixed with a pair of ZFN mRNAS, 2ug each and electroporated at 500V,
1msec, 3 pulses. Cells were then cultured in DMEM with 20% FBS (Hyclone, UT) in a 6-
well tissue culture plate at 32°C for 24h, as a cold shock treatment, then cultured for a
further 24h at 38°C for recovery. Single-cell limiting dilutions were then carried out in 96-
well tissue culture plates in DMEM supplemented with 20% FBS and media changed every
3-4 days. Confluent colonies were trypsinized and half the cells from each colony used for
PCR analysis for indels (insertions/deletions). The other half of each colony was transferred
to 24-well plates for freezing for SCNT cloning and further analysis of indels as needed.
Biallelic NeuGcKO pigs were produced from frozen-thawed colonies pooled for SCNT
cloning. The background genetics of the cells used to generate these NeuGcKO were
GTKO/hCD46.

Adult pig (p) AECs were collected from wild-type (WT) pigs and from two different
genetically-modified pigs provided by Revivicor, Blacksburg, VA - (i) GTKO pigs
expressing the human complement-regulatory protein CD46 (32) (GTKO/hCDA46 pigs) and
(if) GTKO/hCD46 pigs with additional knockout of NeuGc (GTKO/hCD46/NeuGcKO
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pigs). Expression of hCD46 was constitutive via an endogenous or CAG promoter system.
All pigs were of blood type O (non-A) and of Large White/Landrace/Duroc cross-breed (but
were not from identical clones).

pAECs were isolated from fresh aortas and cultured in collagen I-coated 25- or 75-cm?
tissue culture flasks (BD Biosciences, San Jose, CA) in pAEC culture medium (10% heat-
inactivated FBS [Sigma, St. Louis, MQ], antibiotic—antimycotic [Invitrogen, Carlsband, CA]
and endothelial growth factor [30 pg/ml, BD Biosciences (BD), San Jose, CA]) at 37°C ina
humidified atmosphere of 5% CO, as previously described (33). Cell aliquots were frozen
and stored at —80°C until used for /n vitro assays.

Human aortic endothelial cells (hAECs) (as an allograft control), were purchased from
Lonza (Walkersville, MD), and cultured to monolayers in EBM-2 medium (which included
endothelial growth medium-2), under the same conditions. Confluent cultures of both
pAECs and hAECs were characterized by their cobblestone morphology and were used
before passage 7 in all experiments.

Preparation of various tissues

Small pieces of heart, lung, kidney, liver, spleen, and lymph nodes were collected from
GTKO/hCD46/NeuGcKO pigs (n=2) to confirm the lack of NeuGc expression. The same
samples from a GTKO/hCD46 pig (n=1) were used as controls. Each piece of tissue was
embedded in optimal cutting temperature compound (Tissue-Tek, Miles Laboratories,
Naperville, IL), frozen, and sectioned for immunofluorescence staining.

Preparation of red blood cells (RBCs), peripheral blood mononuclear cells (PBMCs), and
cultured pig islet cells

Pig blood from WT (n=2), GTKO/hCD46 (n=2), GTKO/hCD46/NeuGcKO (n=2) pigs was
provided by Revivicor, and human blood was drawn from healthy volunteers (AB blood
type. RBCs and PBMCs were isolated as previously described (Hara, 2008 #397)(34).
Pancreatic islets from one-month-old GTKO/hCD46 (n=1) and GTKO/hCD46/NeuGcKO
(n=2) pigs were isolated and cultured, as previously described (35, 36).

Preparation of corneas and cultured corneal endothelial cells (CECs)

Eyes from 6 month-old WT pigs (n=3) were obtained from a local slaughterhouse. Eyes
from GTKO/hCD46 (n=3) and GTKO/hCD46/NeuGcKO (n=6) pigs were provided by
Revivicor. Corneas (that were not suitable for clinical allotransplantation) were obtained
from deceased humans (blood type O) from the Pittsburgh Center for Organ Recovery and
Education (CORE) with the approval of the University of Pittsburgh Committee for
Oversight of Research Involving the Dead, and in accordance with the guidelines of the
Declaration of Helsinki for research involving the use of human tissues. Tissue sections for
immunofluorescence staining and isolation of CECs for all /n vitro assays were as
previously described (37, 38).
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Flow cytometric analysis of expression of Gal, NeuGc, and hCD46 on RBCs, PBMCs,
AECs, CECs and cultured pig islets

Surface expression of Gal, NeuGc, and hCD46 was investigated by flow cytometry, as
previously described (33, 34, 38). Cultured porcine islet cells were dissociated into single-
cell suspensions by gentle agitation in 0.25% trypsin-EDTA (Invitrogen) for flow cytometric
analysis, as previously described (36).

Flow cytometric analysis for human IgM/IgG binding to RBCs, PBMCs, AECs, CECs and
cultured pig islets

IgM and 1gG binding assays using human sera (n=6, including all ABO blood types) were
carried out as previously described (33, 34, 38, 39). FITC-conjugated goat-derived anti-
human IgM (u chain—specific) or 1gG (y chain—specific) polyclonal antibodies
(concentration 1:100; Invitrogen) were used as secondary antibodies. Since these secondary
antibodies bind to human B cells, this could possibly result in false positivity and so human
PBMCs were not used in this assay.

Immunofluorescence staining for Gal and NeuGc expression on various tissues

Staining for expression of Gal and NeuGc was carried out as previously described (38).

Mixed cell culture to determine the human proliferative lymphocyte response

Human PBMC proliferation in response to pAECs or islet cells was evaluated in a mixed
lymphocyte reaction (MLR)-based assay (40). Human PBMC were labeled with
carboxyfluorescein succinimidyl ester (CFSE) before coculture. Stimulators were pAECs
obtained from either GTKO/hCD46 or GTKO/hCD46/NeuGcKO pigs (responder stimulator
ratio was 1:10), or isolated islet cells obtained from either GTKO/hCD46 or GTKO/hCD46/
NeuGcKO pigs (responder stimulator ratio 1:1). Responders and stimulators were co-
cultured for 5 days. PHA activation of human PBMC (1ug/mL) was used as a positive
control. The strength of proliferation was determined by CFSE dilution using flow
cytometry.

Human platelet aggregation assay

After the cells had grown to confluence in their respective media, 3.2% trisodium citrated
fresh whole blood (1ml) drawn from a healthy human volunteer was added to the adherent
monolayers of pAECs and hAECs and incubated for 2h at 37°C. Supernatant fluid (500ul)
from co-incubation of blood and AECs was collected, mixed with saline (500ul) in a plastic
cuvette, and used in the platelet aggregation assay by platelet aggregometry (two-sample,
four-channel, model 592 Whole Blood Aggregometer, Chrono-log, Havertown, PA), as
previously described (28). Calcium (15pl, 9.3 mg Ca™ per ml) was added in each assay, and
no aggregation occurred in the absence of calcium. We compared human platelet
aggregation to WT, GTKO/hCD46, and GTKO/hCD46/NeuGcKO pAECs with that to
hAECs.
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In vitro IBMIR assay

Following short-term culture, isolated islets from pancreases from juvenile GTKO/hCD46/
NeuGcKO pigs (n=2) were exposed in vitro to blood or plasma from three blood type-
matched human donors, as previously described (30, 31). Time to clotting was recorded.
Thirty and 60min after exposure of the islets to blood, release of C-peptide (by ELISA,
Mercodia, Uppsala, Sweden) was determined. Following 3h exposure to human plasma, the
viability of islets was evaluated using a dual fluorescence dye (calcein-AM, propidium
iodide, 1mg/ml; Molecular Probes, Eugene, Oregon, USA) and quantification of viable/dead
cells was measured using Image J software (National Institutes of Health, Bethesda, MD).
As controls, islets from a GTKO/hCD46 pig were similarly tested.

Statistical methods

The statistical significance of differences was determined by paired Student's t-test for two
groups or nonparametric analysis of variance by Kruskal-Wallis test for multiple
comparisons. Statistical analysis was performed using GraphPad Prism version 4 (GraphPad
Software, San Diego, CA). Values are presented as mean + SEM value. Differences were
considered to be significant at p<0.05.

RESULTS

Expression of Gal and NeuGc on various tissues of GTKO/hCD46 and GTKO/hCD46/
NeuGcKO pigs

It is well-established that WT pig tissue expresses both Gal and NeuGc, as previously
described [(41), data not shown]. NeuGc was expressed on all tissues from GTKO/hCD46
pigs, but neither Gal nor NeuGc expression was detected on any of the tissues from GTKO/
hCD46/NeuGcKO pigs (Figure 1).

Expression of Gal, NeuGc, and hCD46 on pig and human RBCs and PBMCs by flow
cytometry

WT pig RBCs (Figure 2A) and PBMCs (Figure 2B) expressed Gal and NeuGc. GTKO/
CD46 pig RBCs (Figure 2A), PBMCs (Figure 2B), and cultured islet cells (Figure 3A)
were negative for Gal expression but positive for NeuGc. GTKO/hCD46/NeuGcKO pig
RBCs (Figure 2A), PBMCs (Figure 2B), and cultured islet cells (Figure 3A) did not
express either Gal or NeuGc, as was the case for human RBCs and PBMCs (Figure 2A,B).
Although no RBCs expressed hCD46, significant levels of hCD46 were expressed on
PBMCs and cultured islet cells from GTKO/hCD46 and GTKO/hCD46/NeuGcKO pigs
(Figure 2A,B, and Figure 3A).

Human IgM and IgG antibody binding to RBCs, PBMCs, and cultured pig islet cells by flow
cytometry
Binding of human IgM and 1gG to GTKO/hCD46 pRBCs was greatly reduced compared to
that to WT pRBCs (Figure 2C,D), and there was significantly further reduction of binding
to GTKO/CD46/NeuGcKO pRBCs (Figure 2C,D). There was a significant difference in
human IgM/1gG binding between GTKO/hCD46 and GTKO/hCD46/NeuGcKO pRBCs
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(both p<0.05). There was no significant difference in IgM/1gG binding between GTKO/
CD46/NeuGcKO pig and human RBCs.

Binding of human IgM and IgG to GTKO/hCD46 pPBMCs was greatly reduced compared
to that to WT pPBMCs (Figure 2E,F), and there was further reduction of binding to GTKO/
CD46/NeuGcKO pPBMCs (Figure 2E,F). Both IgM and 1gG showed significant reduction
in human IgM/IgG binding to pPBMCs of GTKO/hCD46/NeuGcKO pigs compared to those
of GTKO/hCD46 pigs (both p<0.05).

In contrast to pig RBCs and PBMCs, there was less human IgM antibody binding, and no
IgG antibody binding to either GTKO/hCD46 or GTKO/hCD46/NeuGcKO cultured pig islet
cells (Figure 3B). There was no significant difference in human IgM antibody binding to the
cultured islet cells from GTKO/hCD46 and GTKO/hCD46/NeuGcKO pigs.

Expression of Gal and NeuGc on aortas and corneas by immunofluorescence and on
AECs and CECs by flow cytometry

The results relating to CECs have been detailed elsewhere (38). In summary, the tissue
structure and cell morphology of corneas from genetically-engineered pigs, including
GTKO/hCD46/NeuGcKO pigs, were not different from those of WT pigs (38). WT pig
aortas (Figure 4A) and corneas [Figure 4B, detailed in (38)] expressed Gal and NeuGc as
did corresponding cultured pAECs and pCECs (Figure 4C,D). GTKO/hCD46 pig aortas and
corneas were negative for Gal expression, but positive for NeuGc, as were GTKO/hCD46
AECs and CECs. GTKO/hCD46/NeuGcKO pig aortas and corneas (Figure 4A,B), and
cultured pAECs and pCECs (Figures 4C,D) did not express either Gal or NeuGc, as was the
case for human corneas and CECs (38).

Human IgM and IgG antibody binding to aortas and corneas by immunofluorescence and
to AECs and CECs by flow cytometry

Human IgM and IgG binding to the aortic and corneal tissues have been detailed elsewhere
(38). In summary, human IgM and IgG bound primarily to the endothelium of pig aortas and
to all layers of the corneas, which appeared to be related to Gal and NeuGc expression (not
shown). Compared to binding to both WT pig aortas and corneas, human IgM and IgG
binding to GTKO/hCD46 pig tissues was greatly decreased, and it was further decreased to
GTKO/hCD46/NeuGcKO pig tissues (38).

Binding of human IgM and 1gG to GTKO/CD46 pAECs was greatly reduced compared to
that to WT pAECs, and there was significant further reduction of human IgM/IgG binding to
GTKO/hCD46/NeuGcKO pAECs (Figure 5A,B). In contrast to pAECs, there was no
obvious difference in human IgM and IgG binding to the CECs from GTKO/hCD46 and
GTKO/hCD46/NeuGcKO pigs (Figure 5C,D) (38).

Mixed cell culture to determine the human proliferative lymphocyte response

Following 5 days culture, proliferation of human PBMC to GTKO/hCD46 and GTKO/
hCD46/NeuGcKO pAECs was comparable and markedly lower compared to positive
control, i.e., PHA activation (Figure 6). Similarly, human PBMC proliferation to both
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GTKO/hCD46 and GTKO/hCD46/NeuGcKO islet cells was comparable and weaker than to
the positive control (Figure 6).

Effect of genetic modification of pAECs on human platelet aggregation

Human whole blood co-incubated with WT pAECs resulted in a prompt aggregation of
platelets (54%) (Figure 7). In contrast, hAECs induced minimal platelet aggregation (4%).
The difference in platelet aggregation between WT pAECs and hAECs was statistically
significant (p<0.001). GTKO/hCD46 (42%) and GTKO/hCD46/NeuGcKO (39%) pAECs
induced significantly less aggregation than WT pAECs (both p<0.05). However, there was
no significant difference in platelet aggregation between GTKO/hCD46 and GTKO/hCD46/
NeuGcKO pAECs, and platelet aggregation around both types of cells remained statistically
greater than around hAECs (both p<0.01).

Effect of NeuGcKO on the in vitro IBMIR assay

Regardless of their genetic background, all porcine islets triggered coagulation of human
blood within 6min. When blood was exposed to GTKO/hCD46 islets, clotting occurred
between 5min 05sec and 5min 55sec (mean 315+16 sec). When exposed to GTKO/hCD46/
NeuGcKO pig islets, clotting occurred between 3min 19sec and 4min 48sec (mean 23340
sec) (p>0.05). A non-physiologic increase in C-peptide is typically an indication of islet cell
leakage/damage. In 5 of 6 combinations of human blood and GTKO/hCDA46 islets (after 30
or 60 min incubation) C-peptide increased over control (autologous combination) by
5,177+2,639pmol/L (mean+STD). In contrast, C-peptide increased in only 3 of the 12
combinations when GTKO/hCD46/NeuGcKO islets were employed (mean+STD increase
6,263+6,230 pmol/L) (p>0.05). During the first 3h following exposure of islets to human
plasma, the number of dead cells in GTKO/hCDA46 islets increased 23% (23+13%, n=6) over
control (autologous combination), whereas for GTKO/hCD46/NeuGcKO islets the increase
was significantly lower (15x£11%, n=12, p<0.05).

DISCUSSION

Three carbohydrate antigens have been identified on WT pig vascular endothelial cells to
which humans develop natural (or preformed) antibodies — (i) Gal (1), (ii) NeuGc (3), and
(iii) p4GaINT2 (through the activity of 1,4 N-acetylgalactosaminyl transferase) (42).
Searches for other pig carbohydrate targets for human anti-pig antibodies have been
otherwise unsuccessful (43). Anti-Gal antibodies develop during the first few months of
infancy (44-46) probably as a response to colonization of the gastrointestinal tract by
microorganisms and viruses that express Gal (47), and it is likely that antibodies to the other
two antigens develop similarly. Several years ago Tangvoranuntakul et al., reported that
consumption of red meat (that contains NeuGc) may result in intestinal absorption of NeuGc
and could therefore increase production of anti-NeuGc antibodies (48, 49). Whether
absorption of NeuGc from meat will sensitize subjects to a pig organ or cell transplant needs
more investigation (49).

Xenotransplantation. Author manuscript; available in PMC 2017 March 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 9

To extend pig graft survival, knockout of the gene responsible for producing the enzyme that
attaches the oligosaccharide to the underlying structures was suggested (50) and has
subsequently been carried out in all three cases (13, 14, 19, 26).

The results of our initial studies reported here add to the observations of the previous
studies (24-26), and demonstrate that the lack of expression of NeuGc on some pig tissues
and cells (RBCs, PBMCs, AECs) reduced the extent of human antibody binding, but not
significantly to other cells (CECs, isolated islet cells) to which antibody binding was already
very low. The strength of the human T cell proliferative response may also be weaker to cells
that do not express NeuGc, but again the response to GTKO/hCD46 cells was already very
weak. It appears that the reduction in human IgM and IgG binding is largely dependent on
the tissue or cell type, possibly due to different carbohydrate expression levels.

For example, Lutz et al. reported that the median MFI of human IgM and 1gG binding to
GTKO/NeuGcKO pPBMCs decreased by 65% and 70% respectively, compared to GTKO
pPBMCs (19). In the present study, we observed similar reductions in binding to PBMCs,
pAECs, and pRBCs. In contrast, we could detect no statistical difference of antibody binding
to GTKO/hCD46 and GTKO/hCD46/NeuGcKO pCECs or pig islet cells. The reason why
can be explained by the relatively lower NeuGc expression level of pCECs (38) or pig islets
(rMFI of NeuGc expression on PBMCs = 76.8, RBCs = 93.6, and AECs =111.7 vs. rMFI of
NeuGc expression on CECs = 5.1 and islets = 6.2; representative data from one GTKO/
CD46 pig).

We also demonstrate that the absence of NeuGc expression on GTKO/hCD46 pAECs does
not reduce human platelet aggregation, and nor does it reduce the rapidity or strength of the
IBMIR to pig islets. We would suggest that each organ/tissue expresses different levels/
structures of carbohydrate antigens (51), and so needs to be investigated separately.
Although there was a significant reduction in platelet aggregation using GTKO/
hCD46+NeuGcKO pAECs compared to WT pAECs, a significant difference remained when
compared to hAECs. As microvascular thrombosis is closely related to xenograft rejection,
additional genetic modification (e.g., expression of human thrombomodulin and/or
endothelial protein C receptor) and/or the administration of a thrombin inhibitory agent (e.qg.,
hirudin) will almost certainly be necessary.

In respect to IBMIR, our previous studies have indicated that islets from GTKO pigs
transgenic for one or more human complement-regulatory proteins have improved islet
performance /n vivo (36), but /n vitro exposure of these islets to human blood demonstrated
no evident protection against early islet loss (30, 31). Our results using GTKO/hCD46/
NeuGcKaO islets are inconclusive.

There are some limitations to our studies. Although human IgM and IgG antibody binding
should not be affected by the expression of hCD46 on the pig cells, the human T cell
proliferative response is reduced by expression of hCD46 (52). Expression of hCD46 also
affects human platelet aggregation (28), and this may be the reason why we could not detect
any significant difference in aggregation between GTKO/hCD46 and GTKO/hCDA46/
NeuGcKO pAECs. Therefore, it may have been preferable to carry out the studies on GTKO
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and GTKO/NeuGcKO cells (in the absence of hCD46 expression), but these latter cells were
not available to us.

Furthermore, the T cell proliferative response to allogeneic (human) cells or to WT pig cells
was not measured. However, there are data in the literature that throw light on this point. The
human T cell response to a WT pig xenograft is generally accepted as being stronger than to
an allograft (53). Recently, Ezzelarab and his colleagues have demonstrated that the absence
of Gal expression and/or the expression of hCD46 significantly reduces the proliferative T
cell response when compared to that of WT pig cells (40, 52). The present study suggests
that the T cell proliferative response to cells from GTKO/hCD46/NeuGcKO pigs is weak,
which encourages us that clinical trials of pig organ, and particularly islet,
xenotransplantation will be successful without the need for excessive or intensive
immunosuppressive therapy. The low level of human antibody binding and weak T cell
proliferative response to GKO/hCD46/NeuGcKO cells have considerable clinical relevance.

In contrast to their results using human serum, Estrada et al. demonstrated more antibody
binding to PBMCs from GTKO/NeuGcKO pigs when exposed to baboon or rhesus monkey
serum (when compared to binding to cells from GTKO pigs) (26). Similarly, there was
greater hemagglutination and hemolysis of erythrocytes from GTKO/NeuGcKO pigs when
exposed to baboon serum, but hemagglutination and hemolysis of GTKO/NeuGcKO
erythrocytes were dramatically decreasedwhen exposed to Auman serum (24). As baboons
and rhesus monkeys do not produce anti-NeuGc antibodies (as they express NeuGc on their
tissues), these interesting observations would suggest that the deletion of NeuGc from the
pig cells resulted in an increased expression of other (or newly-exposed) antigens on the pig
cells against which these nonhuman primate species have antibodies. Old World nonhuman
primate species are therefore not suitable for preclinical transplantation studies designed to
investigate lack of expression on NeuGc in pigs.

Nevertheless, the previous studies by Tector and his colleagues and from the present report
strongly suggest that when pig solid organs are transplanted clinically, the absence of NeuGc
expression should reduce the human antibody response. In this respect, Burlak et al. reported
that human antibody binding to GTKO/NeuGcKO pig PBMCs was less than to chimpanzee
PBMC:s in four of five human serum samples tested, regardless their blood type (25). This
encouraging observation suggests that the antigenicity of GTKO/NeuGcKO pig tissues may
now be no stronger than that of concordant nonhuman primate species. Nevertheless, there
are many more biologic differences between pig and human than between nonhuman
primate and human that may adversely influence the outcome.

We would suggest that the next step in investigation of the role that anti-NeuGc antibodies
may play in pig xenograft rejection is the transplantation of tissues or organs from GTKO/
hCD46 pigs (as controls) and GKO/hCD46/NeuGcKO pigs into New World monkeys (23).
The artery patch model would appear ideal to monitor and compare the elicited antibody and
T cell proliferative responses (54, 55).
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ABBREVIATIONS
AEC aortic endothelial cell
CEC corneal endothelial cell
CMAH cytidine monophospho-N-acetylneuraminic acid hydroxylase
Gal galactose-al1,3-galactose
GTKO al,3-galactosyltransferase gene-knockout
IBMIR instant blood-mediated inflammatory reaction
NeuGc N-glycolylneuraminic acid
NeuGcKO cytidine monophospho-N-acetylneuraminic acid hydroxylase gene-knockout
SCNT somatic cell nuclear transfer
WT wild-type
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Figure 1.
Expression of Gal and NeuGc on heart, lung, kidney, liver, spleen, and lymph nodes of

GTKO/hCD46 and GTKO/CD46/NeuGcKO pigs. All tissues from GTKO/hCDA46 pigs were
negative for Gal, but strongly positive for NeuGc, whereas tissues from two GTKO/hCD46/
NeuGcKO pigs were negative for both antigens. (Magnification x200; nuclei, blue; Gal,
green; NeuGc, red)
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Figure 2.
Expression of Gal, NeuGc, and hCD46 on WT, GTKO/hCD46, and GTKO/hCD46/

NeuGcKO pig cells and on human cells - (A) RBCs, (B) PBMCs. Human IgM (C) and 1gG
(D) binding to WT, GTKO/hCD46, and GTKO/hCD46/NeuGcKO pig and human RBCs.
Human IgM (E) and 1gG (F) binding to WT, GTKO/hCD46, and GTKO/hCD46/NeuGcKO
pig PBMCs. (To prevent a false positive result from alloantibody binding, human PBMC
were not tested for IgM/IgG binding.) (A, B) Gal was detected only on WT RBCs and
PBMCs. NeuGc was detected on RBCs and PBMCs from WT and GTKO/hCD46 pigs.
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RBCs and PBMCs from GTKO/hCD46/NeuGcKO pigs and humans were negative for both
Gal and NeuGc. The hCD46 molecule is not expressed on the surface of RBCs, but it is
detected on the PBMCs from GTKO/hCD46 and GTKO/hCD46/NeuGcKO pigs and from
humans. (C, D) There was a significant difference in human IgM and 1gG binding between
WT vs. GTKO/hCD46, GTKO/hCD46/NeuGcKO pRBCs, and human RBCs (*p<0.05,
**n<0.01). There was also a significant difference in binding between GTKO/hCD46 and
GTKO/hCD46/NeuGcKO pRBCs (3p<0.05). There was no IgM/1gG binding to GTKO/
CD46/NeuGcKO pig and human RBCs (a relative MFI<1 indicates no significant binding of
IgM or IgG). (E,F) There were significant differences in human IgM and 1gG binding
between WT and GTKO/hCD46 pPBMCs (*p<0.05) and GTKO/hCD46 and GTKO/hCD46/
NeuGcKO pPBMCs (1p<0.05).
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(A) Expression of Gal, NeuGc, and hCD46 on GTKO/hCD46, and two GTKO/hCD46/
NeuGcKO pigs islet cells. GTKO/hCD46 pig islets were negative for Gal, but positive for
NeuGc and hCD46. GTKO/hCD46/NeuGcKO pig islets were negative for both Gal and
NeuGc expression, and positive for hCD46. (B) Human IgM and IgG binding to GTKO/
hCD46, and GTKO/hCD46/NeuGcKO pig islet cells. There was no statistical significance in

IgM and 1gG binding to islets between the two groups.
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Figure 4.
Expression of Gal and NeuGc on pig and human aortas (A) and corneas (B) by

immunofluorescence, and on cultured AECs (C) and CECs (D) by flow cytometry. (A, B)
Gal was detected on the endothelium of WT pig aortas (red arrows) and epithelium and
stroma of WT pig corneas. NeuGc was strongly detected on aortas and corneas from WT
and GTKO/hCD46 pigs (Magnification x200; nuclei, blue; Gal, green; NeuGc, red). (C, D)
Gal was detected on AECs and CECs of WT pigs, whereas NeuGc was detected on AECs
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from WT and GTKO/hCD46 pigs. Cells from GTKO/hCD46/NeuGcKO pigs and humans
were negative for both Gal and NeuGc antigens.
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Figure 5.

HSman IgM and IgG antibody binding to pig and human AECs (A, B) and CECs (C, D) by
flow cytometry. (A, B) Human IgM and IgG binding to GTKO/hCD46 pAECs was
significantly decreased compared to WT pAECs (*p<0.05), and was further decreased to
GTKO/hCD46/NeuGcKO pAECs (*p<0.05). Also, there was a significant difference in IgM
and 1gG binding to GTKO/hCD46 and GTKO/hCD46/NeuGcKO pAECs (£p<0.05). There
was significantly greater IgM binding to GTKO/hCD46/NeuGcKO pAECSs than human
AECs ($p<0.05), but there was no statistical significance in the extent of 1gG binding
between them. (C, D) Human IgM and IgG binding to WT pCECs was significantly greater
than to CECs from the other pigs (*p<0.05), but there was no significant difference in
binding between these other pigs.
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Figure 6.
Human PBMC proliferative response to GTKO/hCD46 and GTKO/hCD46/NeuGcKO

pAECs and islet cells. CFSE-labeled human PBMC were cocultured with either GTKO/
hCD46 or GTKO/hCD46/NeuGcKO pAECs at 1:10 ratio for 5 days. Similarly, human
PBMC were cocultured with islet cells at 1:1 ratio. The proliferative response to pAECs and
islet cells was weak. The response to GTKO/hCD46/NeuGcKO AECs was slightly weaker
than to GTKO/hCD46 AECs, as was the response to the respective isolated islet cells.
(Representative data from experiments using PBMCs from two different humans)
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Figure 7.
The effect of genetic modification on pAEC-induced human platelet aggregation. When

human platelet aggregation associated with WT pAEC (54%) was compared with that to
hAEC (4%), a significant difference was observed (***p<0.001). GTKO/hCD46 (42%) and
GTKO/hCD46/NeuGcKO (39%) pAEC significantly reduced the aggregation compared to
WT pAEC (*p<0.05), but aggregation remained significantly greater than to hAEC
(**p<0.01). There was no significant difference in platelet aggregation between GTKO/
hCD46 and GTKO/hCD46/NeuGcKO.
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