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Abstract

Clinical xenotransplantations have been hampered by human preformed antibody-mediated damage of the
xenografts. To overcome biological incompatibility between pigs and humans, one strategy is to remove the major
antigens [Gal, Neu5Ge, and Sd(a)] present on pig cells and tissues. Triple gene (GGTAI, CMAH, and f4GalNT2)
knockout (TKO) pigs were produced in our laboratory by CRISPR-Cas9 targeting. To investigate the antigenicity
reduction in the TKO pigs, the expression levels of these three xenoantigens in the cornea, heart, liver, spleen,
lung, kidney, and pancreas tissues were examined. The level of human IgG/IgM binding to those tissues was also
investigated, with wildtype pig tissues as control. The results showed that aGal, NeuSGc, and Sd(a) were
markedly positive in all the examined tissues in wildtype pigs but barely detected in TKO pigs. Compared to
wildtype pigs, the liver, spleen, and pancreas of TKO pigs showed comparable levels of human IgG and IgM
binding, whereas corneas, heart, lung, and kidney of TKO pigs exhibited significantly reduced human IgG and
IgM binding. These results indicate that the antigenicity of TKO pig is significantly reduced and the remaining
xenoantigens on porcine tissues can be eliminated via a gene targeting approach.
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Introduction

Clinical transplantation has been improved
enormously in recent decades; however, there is a
major disparity between the number of patients
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awaiting transplantations and the available donor
organs and tissues such as the hearts!!], livers(2-3],
kidneys!*-¢l, lungst’8], islets®-!9, and corneas!!!-12],
Xenotransplantation using pig tissues/organs has been
considered as a potential solution to alleviate the
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shortage of donor tissues/organs!!3-14l. A key barrier to
xenotransplantation is the destruction of porcine
xenografts that occurs when preformed human
antibodies activate the complement system after
binding to the xenogeneic antigens on the surface of
pig cellst!s-1el, Galactose-al,3-galactose (aGal), the
most abundant immunogenic glycan in pigs to which
the human immune system is highly responsive, has
long been known as the causative xenoantigen
associated with hyperacute rejection of a xenograft.
Disrupting porcine oaGal antigen expression via
inactivating the al,3-galactosyltransferase (GGTAI)
gene conveys protection against hyperacute rejec-
tionl!7-8], However, antibody-mediated rejection is not
eliminated even in GGTAl-deficient porcine tissues
harboring complement inhibitory receptor transgenes,
revealing the significance of non-Gal antigens
expressed on pig tissues!!®2!. Continued pursuit of
xenoantigens in pigs has led to the identification of
other glycans associated with xenograft injury induced
by highly specific circulating human antibodies,
including  N-glycolylneuraminic acid (Neu5Gc)
encoded by the cytidine monophospho-N-acetylneura-
minic acid hydroxylase (CMAH) gene and DBA-
reactive glycans (also named Sd(a) antigen) produced
by  B-1,4-N-acetylgalactosaminyl transferase 2
(P4GalNT2)22-2], To transplant porcine grafts into
patients, eliminating xenoantigens responsible for
antibody-mediated rejection must be achieved.
Genetically modified pigs lacking aGal and Neu5Gc
carbohydrate modifications have subsequently been
produced, including GTKO/CMAH knockout (KO)
pigs?+2l,  GTKO/CD46/CMAH KO pigs®, and
GGTAI/CMAH/ASGRI KO pigs29], in which human
antibody binding is dramatically reduced.

More recently, GGTAI/CMAH/f4GalNT2 triple
gene knockout (TKO) pigs have been established by
Estrada et all?”l and Zhang et al?8) for further lowering
their tissue xenoantigenicity. Compared to wild-type
pigs, human IgG/IgM binding to peripheral blood
mononuclear cells (PBMCs) and red blood cells from
TKO pigs is significantly reduced?’?]l. How-
ever, the expressions of aGal, Sd(a) and Neu5Gc in
other tissues/organs of TKO pigs and related human
antibody binding have not been determined. Thus, the
aim of this study was to broaden the antigenicity
investigation into corneal tissues and solid organs
including the liver, lung, spleen, heart, and kidney
from TKO pigs.

Materials and methods

Animals

The GGTA1/p4GalNT2/CMAH triple gene knock-

out pigs were generated by Zhang et a/l28] from our
group. The sgRNAs for porcine GGTAI, f4GalNT2,
and CMAH gene targeting are 5'-GAAAATAAT
GAATGTCAA-3', 5-GGTAGTACTCACGAACAC
TC-3', and 5-GAGTAAGGTACGTGATCTGT-3',
respectively. The genotypes of TKO pigs in the
present study are GGTAI: + 1 bp; CMAH: + 1 bp;
P4GalNT2: —10 bp. Tissue samples of the heart, lung,
kidney, liver, spleen, pancreas and cornea were
collected from TKO pigs and age-matched wild type
pigs. Corneas from GTKO/ CD46 porcine were kindly
gifted by Dr. Dengke Pan. All animal experiments
were carried out in accordance with the guidelines
approved by the Institutional Animal Care and Use
Committee of Nanjing Medical University, Nanjing,
China.

Histologic analyses

Tissue samples were fixed in 4% paraformalde-
hyde. Five micrometer paraffin sections of heart, lung,
kidney, liver, spleen, pancreas and cornea tissues were
prepared after being dewaxed in xylene and
rehydrated in gradient alcohol. The sections were
stained with hematoxylin and eosin (H&E) and
mounted with neutral balsam, and the images were
captured using a microscope (Nikon, Elgin, IL).

Immunofluorescence microscopy

To investigate the distribution of aGal and Sd(a)
antigens in porcine tissues, sections were prepared
after being dewaxed in xylene, rehydrated in gradient
alcohol, and antigens unmasked in citrate solution.
After wash with PBS, the slides were incubated with
diluted GS-IB4 (concentration 1 : 1000; Invitrogen,
Waltham, MA, USA) or DBA (concentration 1 : 400;
Vector Laboratories) in each for 60 minutes at room
temperature in the dark. For Neu5Gc detection in
tissues, a chicken anti-Neu5Gc antibody kit (BioLe-
gend, San Diego, CA, USA) and goat anti-chicken
IgY Alexa Fluord488 (Invitrogen) as a secondary
antibody were successively used to stain the antigen
unmasked slides. After PBS wash, 4,6-diamidino-2-
phenylindole (DAPI; Invitrogen) was used for nuclear
staining in all cases. The distribution of glycans was
detected under a fluorescence microscope (Nikon).

To determine human antibody binding, antigen
unmasked slides were incubated with diluted,
heatinactivated human serum for 30 minutes (diluted
to 20% for IgM and to 5% for IgG binding). PBS was
used as a negative control. After wash in PBS, the
slides were blocked with 10% goat serum for 30
minutes at room temperature. Goat anti-human IgG
Alexa Fluor 488 or donkey anti-human IgM Alexa
Fluor 488 (concentration 1 : 1000; Invitrogen) was
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applied for 30 minutes at room temperature in the dark
for detection of IgM or IgG binding. DAPI was
applied for nuclear staining, and the slides were
examined by a fluorescence microscope (Nikon).

Results

Expression of aGal, Sd(a), and Neu5Ge glycans on
corneas

The corneal structure and cell morphology from
TKO pigs and GTKO/CD46 pigs were not signi-
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ficantly different from those of WT pigs (Fig. 1A4).
The expression of aGal, Sd(a), and Neu5Gc antigens
was examined using BSI-B4 lectin (to detect aGal),
DBA lectin [to detect-Sd(a)], as well as chicken anti-
Neu5Gce antibody (to detect Neu5Gce). The overall
staining of aGal epitopes was low in the cornea with
weak signals distributed in several keratocytes in the
anterior-most part of the corneal stroma of WT pigs,
whereas GTKO and TKO porcine keratocytes did not
show any expression of the aGal epitopes (Fig. 1B).
The expression of Sd(a) (Fig. IC) and Neu5Gce

GTKO/CD4 TKO

GTKO/CD46 TKO

Fig. 1 Representative images of histology and antigen expression of wildtype (WT) and triple gene knockout (TKO) corneal
sections. A: Tissue structures in different corneas were examined by H&E staining. B—D: Expression of aGal, Sd(a), and Neu5Gc antigens
in WT, GTKO/ CD46, and TKO pig corneas were detected by immunofluorescence staining. The control group consisted of unstained tis-
sues [for aGal and Sd (a)] or isotype control (chicken IgY for Neu5Gc), but were stained with DAPI. In WT porcine corneas, weak aGal-
positive keratocytes were located at the anterior region of the corneal stroma (white arrows). In contrast, there was no expression of aGal in
GTKO/CDA46 and TKO corneas. In WT and GTKO/CD46 pig corneas, Sd(a) and NeuSGc antigens were detected in the anterior cells of the
epithelium (white arrows). In TKO pigs, Sd(a) and Neu5Gc antigens were seen in the cornea (Nuclei, blue; aGal, Neu5Gc, and Sd(a) anti-

gens, green). Scale bar = 100 pm.
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antigens (Fig. 1D) was detected in keratocytes of the
anterior stroma in WT pig corneas with weak diffuse
expression in the stroma, which is consistent with a
previous report30. The posterior corneal stroma and
endothelium showed no expression of aGal (data not
shown). As expected, there was no aGal expression in
TKO or GTKO pigs, nor were Sd(a) antigen or
Neu5Ge detected in TKO pigs (Fig. 1B-D).

Human IgG/IgM binding to porcine corneas

To investigate the immunoreactivity of porcine
corneas, the binding of human serum IgM and IgG to
corneas was examined by immunofluorescence
staining. Binding of IgG and IgM was mainly present
in the corneal stroma from WT, GTKO/CD46 and
TKO pigs. Compared to WT pig corneas, human IgM
and IgG binding to TKO and GTKO/CD46 porcine
corneas was significantly decreased (Fig. 24 & B).
Surprisingly, the binding of IgG and IgM did not
decrease in TKO pig corneas compared to GTKO pig
corneas.

Expression of aGal, Sd(a), and Neu5Gc glycans in
the heart, liver, spleen, lung, kidney and pancreas

As with corneas, the tissue structure and cell
morphology of the heart, liver, spleen, lung, kidney
and pancreas did not show significant difference
between genetically modified pigs and WT pigs
(Fig. 34). The distributions of aGal, Neu5Gc, and
Sd(a) antigens were then examined in those tissues
from WT and TKO pigs by immunofluorescence. The
results showed that all WT pig tissues had aGal

A WT

1gG

(Fig. 3B), Sd (a) (Fig. 3C) and Neu5Gc antigens
expressed (Fig. 3D). Tissue-specific distributions of
these three glycans were clearly observed in different
organs and tissues as revealed by relevant lectins or
antibody staining. aGal, Sd(a) antigen, and Neu5Gc
were expressed strongly in capillary endothelia and
myolemma of the cardiac muscle. In livers, aGal was
extensively distributed in hepatocytes and endothelia
of vessels, and Sd(a) antigen and Neu5Gc were
expressed strongly in the endothelia of capillaries and
vessels. In spleen tissues, aGal and Sd(a) antigens
were significant in lymphonoduli and the endothelia
of trabecular arteries, while Neu5Gc was mainly
found in the endothelia of trabecular arteries. In lung
tissues, aGal, Sd(a) antigen, and Neu5Gc were
noticeably expressed in pulmonary alveoli and
endothelia of bronchioles. In kidney tissues, aGal was
obvious in renal capsules and convoluted tubules,
while Sd(a) antigen was strongly present in the renal
mesenchyme. In pancreas tissues, aGal, Sd(a) antigen,
and Neu5Gc were mainly scattered in the endothelia
of capillaries and vessels. As expected, aGal, Neu5Gec,
and Sd(a) glycans were not detected in the heart, liver,
spleen, lung, kidney, and pancreas from TKO pigs.

Human IgG/IgM binding in the heart, liver, spleen,
lung, kidney, and pancreas

Human serum IgG (Fig. 44) and IgM (Fig. 4B)
binding assays were performed for the heart, liver,
spleen, lung, kidney and pancreas of TKO and WT
pigs. Binding of IgM and IgG significantly decreased
in TKO heart compared to WT heart (Fig. 44 & B).

GTKO/CD46 TKO

Fig. 2 1gM and IgG binding to WT and TKO corneas incubated with human serum. Human IgG (A) and IgM (B) antibody binding to
WT, GTKO/CD46 and TKO pig corneal sections were examined. Binding of IgG was present in all corneas but the binding level was great-
er in WT pig corneas. Human IgM binding to genetically engineered pig corneas was significantly lower compared to extensive binding in

the stromal layer of WT pigs. Scale bar = 100 pm.
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Fig. 3 Representative images of histology and xenoantigen expression of WT and TKO heart, liver, spleen, lung, kidney, and pan-
creas tissue sections. A: H&E staining of the heart, liver, spleen, lung, kidney and pancreas tissues from WT and TKO pigs. B-D: Expres-
sion of aGal, Neu5Gc, and Sd(a) antigen were widespread in WT pig tissues. TKO pig tissues had negative aGal, except aGal was slightly
positive in TKO liver tissue (white arrow). As expected, TKO pig tissues were negative for Sd(a) and Neu5Gce antigens compared with WT
pig tissues (Nuclei, blue; aGal, Neu5Gc, and Sd(a) antigens, green). Scale bar = 100 pum.

(Continued)
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Fig. 3 Representative images of histology and xenoantigen expression of WT and TKO heart, liver, spleen, lung, kidney, and pan-

creas tissue sections.

More IgG binding to WT heart was observed than
IgM binding, but there was no significant difference
between IgG and IgM binding in TKO heart (Fig. 4
A & B). There was also significantly less IgM and IgG
binding to TKO porcine lung and kidney tissues when
incubated withhuman sera in parallel with WT porcine
lung and kidney tissues (Fig. 44 & B). There was
slightly greater IgG binding than IgM binding to WT
porcine lung and kidney tissues; however, TKO
porcine lung and kidney tissues did not show
significant difference between IgG and IgM bin-
ding (Fig. 44 & B). Surprisingly, human serum IgG

(Fig. 44) and IgM (Fig. 4B) binding to TKO pig liver
tissues slightly increased compared to WT controls.
There was no significant difference in the pancreas
and spleen between WT and TKO pig (Fig. 44 & B).

Discussion

Organs/tissues from non-human mammals are a
potential solution to the shortage of human donor
organs worldwide. Due to its similarity with humans,
the pig has been studied as a donor for
xenotransplantation. However, the most profound
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barrier in using pig organs/tissues for xenotrans-
plantation is the destruction of xenografts by the host
immunological system!!32930]. Three identified pig
antigens that can cause rejection to xenografts are
aGal, Neu5Gc and Sd(a)?. To reduce human
antibody response to pig tissues, these xenoantigens
can be eliminated through genetic modification. Using
the highly efficient CRISPR/Cas9 gene targeting
system, GGTAI/CMAH/ p4GalNT2 triple gene
knockout (TKO) pigs have been generated recently

Heart

Liver

Spleen

Lung

Kidney

Fig. 4 Human IgM and IgG binding to the heart, liver, spleen, lung, kidney, and pancreas from WT and TKO pigs. A-B: Human
serum IgG and IgM binding assays revealed obviously greater binding to WT pig heart, spleen, lung, and kidney. Human serum bound less
strongly to WT than TKO pig liver tissues, and there was no significant difference in the pancreas between WT and TKO pigs. Scale bar =
100 pm.

Pancreas

human IgM

WT TKO

and shown significantly reduced human IgM and IgG
binding to pericardium tissuesi28l. In the present study,
the expressions of aGal, Neu5Ge, and Sd(a) antigens
in the TKO corneal tissues and solid organs (liver,
lung, spleen, heart, and kidney) were determined by
immunohistochemistry. The results indicate that the
aGal, Neu5Gce and Sd(a) antigens are negative in the
tissues and organs from TKO pigs. The human
IgG/IgM binding to organs or tissues were also
significantly reduced.
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As the cornea is an avascular tissue, it seems to be
an ideal material for xenografts. Hara et a/ reported
that human IgG/IgM binding was significantly
decreased in the pig corneal endothelial cells (pCEC)
from GTKO/CD46 pigs compared to WT pCECs[311.
Surprisingly, transplantation of full-thickness GTKO/
CD46 pig corneas into rhesus monkeys neither
prolonged graft survival nor reduced antibody
response compared with WT pig corneal’?l. In the
present study, we found that the expression of Sd(a)
antigen in the corneal tissue was stronger than that of
aGal and Nue5Gc, indicating that Sd(a) might be a
major antigen present on corneas. Therefore, this
result might partly explain the failure of GTKO/CD46
porcine corneal xenotransplantation into non-human
primates. Moreover, binding of human IgG and IgM
did not decrease in TKO porcine corneas compared to
GTKO/CD46 porcine corneas, suggesting that besides
Sd(a) antigen, there still exist some major antigens in
pig corneas.

Using relevant lectins or antibodies, we detected the
expression of aGal, Neu5Ge, and Sd(a) antigens in
different organs and tissues, such as heart, liver, lung,
kidney, spleen, and pancreas. Immunofluorescence
staining indicated that these three carbohydrate
antigens were mostly found in WT porcine vascular
endothelial cells of the tested organs. Tissue-specific
distributions of these antigens were observed as aGal
was strongly expressed in the kidney, and so was
Sd(a) in the pancreas, and Neu5Gc in the heart. As
anticipated, the expressions of aGal, Neu5Ge, and
Sd(a) were absent in TKO pig tissues/organs (heart,
liver, lung, kidney, spleen, and pancreas). Human
serum IgG and IgM binding decreased in some TKO
porcine tissues of heart, lung, and kidney, showing
that eliminating the reactivity of preformed human
antibodies with those tissues can be achieved by gene
targeting. However, comparable levels of IgG and
IgM binding were observed in the liver, spleen, and
pancreas of TKO and WT pig, suggesting that other
immunoreactive xenoanigens such as swine leukocyte
antigens (SLA) maybe the dominant xenoantigens in
those organs.
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