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Abstract
Antibodies directed at non-gal xenoantigens are responsible for acute humoral xenograft rejection
when gal knockout (GalTKO) pig organs are transplanted into non-human primates. We generated
IgM and IgG gene libraries using peripheral blood lymphocytes of rhesus monkeys initiating
active xenoantibody responses after immunization with GalTKO pig endothelial cells and used
these libraries to identify IgVH genes that encode antibody responses to non-gal pig xenoantigens.
Immunoglobulin genes derived from the IGHV3-21 germline progenitor encode xenoantibodies
directed at non-gal xenoantigens. Transduction of GalTKO cells with lentiviral vectors expressing
the porcine α1,3 galactosyltransferase gene responsible for gal carbohydrate expression results in
a higher level of binding of “anti-non-gal” xenoantibodies to transduced GalTKO cells expressing
the gal carbohydrate, suggesting that anti-non-gal xenoantibodies crossreact with carbohydrate
xenoantigens. The galactosyltransferase 2 gene encoding isoglobotriaosylceramide synthase (iGb3
synthase) is not expressed in GalTKO pig cells. Our results demonstrate that anti-non-gal
xenoantibodies in primates are encoded by IgVH genes that are restricted to IGHV3-21 and bind to
an epitope that is structurally related to but distinct from the Gal carbohydrate.
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Introduction
Pigs are considered to have potential as a supply of donor organs for transplantation into
humans, but an aggressive humoral immune response prevents graft acceptance. Wild type
pig organs are rejected by natural xenoantibodies that bind to the gal α1,3 gal carbohydrate
xenoantigen1–7 and initiate complement-mediated cytotoxicity. Transgenic pigs expressing
complement regulatory proteins such as human decay accelerating factor (hDAF) are not
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hyperacutely rejected but undergo acute humoral xenograft rejection8–10. Xenoreactive
antibodies that initiate the rejection of xenografts from wild type pig donors and hDAF
transgenic pig organs are encoded by a restricted number of germline progenitors11–15. The
IgVH genes encoding these xenoantibodies in primates are closely related alleles of
IGHV3-11, the germline progenitor encoding induced xenoantibodies in humans following
placement on a bioartificial liver13–15.

The most recent advance in this field was the development of GalTKO pigs in which the
porcine α1,3 galactosyltransferase gene was functionally inactivated16–18. GalTKO pig
kidneys and hearts undergo acute humoral xenograft rejection (AHXR) and thrombosis at 3–
6 months post-transplantation in primates despite extensive immunosuppression19–20. The
nature of the anti-non-gal xenoantibodies responsible for delayed rejection and the target
xenoantigens that initiate this response have not yet been characterized. It has been
hypothesized that carbohydrate xenoantigens may be important targets of induced antibodies
to GalTKO organs, but the issue is highly controversial21–25. Inactivation of the porcine
α1,3 galactosyltransferase gene is not sufficient to prevent low-level expression of the gal
carbohydrate in at least some lines of GalTKO pig cells26. The controversy arises over the
fact that the IB4 lectin does not detect this residual gal carbohydrate whereas select anti-gal
monoclonal antibodies do bind to cells from gal knockout donors22,23. It has been proposed
that iGb3 synthase, a member of the ABO blood group glycosyltransferase family22 which is
expressed in GalTKO mice, may be expressed in GalTKO pigs, resulting in low-level Gal
carbohydrate expression on these cells. In this manuscript, we show that although anti-non-
gal xenoantibodies can bind to carbohydrate xenoantigens, iGb3 synthase is not expressed in
GalTKO pig cells. The restricted group of anti-non-gal xenoantibodies that are induced in
response to GalTKO xenoantigens in vivo is closely related in structure, but distinct from
the anti-gal xenoantibodies that reject wild type pig organ xenografts.

Materials and Methods
Animals

Three juvenile captive-bred rhesus monkeys (Macaca mulatta) 2–3 years of age (3.3–3.6 Kg
in weight) were obtained from the California National Primate Research Center primate
colony. The animals were housed and all surgical and sampling procedures were conducted
at the California National Primate Research Center (CNPRC). These studies were reviewed
and approved by the Animal Care and Use Committee of the CNPRC at the University of
California, Davis.

Flow cytometry to identify binding to GalTKO and wild type pig cells
The GalTKO fetal pig fibroblasts and GalTKO endothelial cells (PEGK042) were kindly
provided by Dr. David Sachs at Massachusetts General Hospital. Wild type minipig kidney
cells (MPK cells) were obtained from the ATCC (Manassas, VA). Binding of anti-non-gal
xenoantibodies present in the serum of rhesus monkeys at day 0, 8 and 21 post-
immunization was analyzed by flow cytometry that was performed on a FACSCalibur
cytometer. Each serum sample was diluted 1:10 for labeling. The secondary anti IgM-FITC
antibody was obtained from Jackson Immunoresearch (West Grove, PA, #109096129) and
the anti-IgG antibody used for these studies was purchased from BDPharmingen (San
Diego, CA, #555787). Aquisition was done using CellQuest software and the analysis was
done using FloJo (BectonDickinson, San Jose, CA). Labeled cells were identified by setting
the gates to exclude non-specific binding that was determined using appropriate isotype-
matched antibody controls (BDPharmingen). Background labeling was subtracted in the
determination of the percentage of labeled cells.
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ELISA for detection of carbohydrate binding
Binding of xenoantibodies to purified carbohydrates was examined by ELISA. Briefly, 96-
well plates were coated with Gal α 1-3Gal β 1-4Glc-BSA (V-Labs Inc, Covington, LA,
#NGP0330), Gal α 1-3Gal β 1-4GlcNAc-BSA (V-Labs Inc #NGP0334), or N-
Acetyllactosamine-BSA (V-Labs Inc #NGP0201), at 5μg/ml in PBS and incubated
overnight at 4°C. After washing with PBS, 0.1% Tween, the plates were then blocked with
PBS, 1% BSA, 0.5% Tween for 1–3 hours. Serum samples were diluted 1:20 in assay buffer
(PBS, 0.5% Tween), added in duplicate, and incubated at room temperature for 1 hour. The
plates were then washed. To detect the bound antibodies, peroxidase-conjugated anti- human
IgM and IgG (Sigma, St. Louis, MO) were added at 1:1600 and 1:400, respectively, and
incubated for 1 hour at room temperature. Following additional washes, the reaction was
developed with SureBlue™ TMB Peroxidase Substrate (KPL, Gaithersburg, MA) and
stopped with 1N HCl. The OD was read at 450nm.

Blocking with soluble carbohydrates to inhibit binding of xenoantibodies to GalT−/− pig
cells

The ability of soluble carbohydrates to block the binding of anti-non-gal antibodies found in
serum to ELISA plates coated with PEGK042 GalT−/− pig endothelial cells was assessed by
inhibition ELISA27,32,34. Soluble carbohydrates Gal α 1–3Gal β 1-4Glc-BSA (V-Labs Inc
#NGP0330) or Gal α 1-3Gal β 1-4GlcNAc-BSA (V-Labs Inc #NGP0334), both at a
concentration of 4.45mM, were incubated overnight with induced xenoantibodies obtained
from the serum of monkeys immunized with GalTKO pig endothelial cells. Serum incubated
with PBS overnight was used as a control. The serum was used at a 1:50 dilution and
overnight incubation was done at 4°C. The primary antibodies were then incubated with
GalTKO endothelial cells on blocked, precoated plates for 1 hour at room temperature
before washing 3 times with PBS, 0.05% Tween. Antibody binding was detected using
peroxidase conjugated anti-human IgG (Sigma, A2290) at 1:400 and incubated for 1 hour.
Following another wash as above, the reaction was developed with SureBlue™ TMB
Peroxidase Substrate (KPL, Gaithersburg, MA) and stopped with 1N HCl. The OD was read
at 450nm.

Preparation of cDNA libraries
Peripheral blood leukocytes (PBLs) were Ficoll-separated from the whole blood of rhesus
monkeys at days 0, 8 and 21 post-immunization with 60 million pig GalTKO endothelial
cells iv. The induction of a strong anti-non-gal xenoantibody response was confirmed by
flow cytometry and cDNA libraries were prepared from peripheral blood B cells that were
isolated at each timepoint. RNA was prepared using the RNeasy Kit, (Qiagen, Valencia,
CA) followed by synthesis of cDNA using Sensicript reverse transcriptase (Qiagen). The
cDNA libraries of genes encoding xenoantibodies were constructed and PCR amplifications
were performed as previously described14–15. Briefly, the PCR was performed in a Perkin-
Elmer 9600 GeneAmp PCR System Thermocycler for 1 cycle of 94°C 5 min. followed by
28 cycles of 94°C for 30 seconds, 53°C for 30 seconds, 72°C for 60 seconds, and one cycle
of 72° C for 7 minutes. The nested PCR amplification was done using Cγ, Cμ and upstream
primers under conditions that were previously established by our laboratory for isolation and
cloning of Ig genes in rhesus monkeys14–15. The PCR products were verified by size on a
2% agarose gel, cloned into the TA 2.1 vector (Invitrogen, Carlsbad, CA) and transformed
into competent cells. We grew and sequenced a minimum of 40 cDNA clones from each
individual cDNA library and compared day 0 with post-immunization libraries for the
frequency of expression of IgVH genes encoded by specific germline progenitors.
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DNA sequence analysis
The DNA was prepared using the QIAPrep Spin MiniPrep Kit (Qiagen) and was sequenced
using the ALFexpress™ automated DNA sequencer and AutoRead™ Sequencing Kit
(Pharmacia Biotech, Piscataway, NJ).

Expression of the cDNA clone encoding porcine α1,3 galactosyltransferase in GalTKO pig
endothelial cells

In order to determine whether induced anti-non-gal xenoantibodies can bind to carbohydrate
xenoantigens, we transduced GalTKO pig cells with lentiviral vectors expressing porcine
α1,3 galactosyltransferase (pCSO-rre-cppt-MCU3-α1,3gal-WPRE) or a control lentivector
(αGT in reverse orientation)30. The GalTKO pig cells were plated at 1×105 cells per well
and were transduced in 0.5 ml of Medium 199 (Invitrogen, Carlsbad, CA). Expression of the
gal carbohydrate on transduced cells was verified by flow cytometry 72 hours post-infection.
Experiments were repeated twice and transductions were performed in triplicate.

PCR for analysis of iGb3 expression
Four different primers from iGb3 exon 5, used in three primer pair sets, were used to detect
iGb3 expression. The forward iGb3 primers used were 5'
CTGGAGAAGTACCTGGAACACTTC 3' and 5' GGCGCTGGCAGGAC 3'. The reverse
primers were 5' CGGCCAGCGGTAGTG 3' and 5' CAGTGCGCCGTCAG 3'. The primers
identify a region of the cDNA and/or genomic DNA for iGb3 that is identical in various
species (Genbank accession numbers NM_001009819, AF248543, NM_001080438 and
references 28,29 for the pig genomic sequence). The PCR conditions used were 94°C for 5
min., 35 cycles of 94°C for 30 sec., 48°C, 51°C or 53°C for 30 sec., 72°C for 30 sec.,
followed by one cycle of 72°C for 7 min. The primers used to detect GAPDH as a control
were 5' AGTATGACAACAGCCTCAAGATCA 3' and 5'
ACAGTCTTCTGGGTGGCAGTGATG 3' for the pig, and 5'
TGCACCACCAACTGCTTAGCC 3' and 5' GGCATGGACTGTGGTCATGAG 3' for the
mouse. The PCR conditions used for GAPDH were 94°C from 5 min., 35 cycles of 94°C for
30 sec., 55°C for 30 sec., 72°C for 30 sec., followed by one cycle of 72°C for 7 min. All
PCR products were visualized on a 2% agarose gel.

Statistics
Data is presented as the mean +/− standard deviation.

Results
Anti-non-gal xenoantibodies pre-exist at low to moderate levels prior to exposure to pig
cells

The levels of pre-formed xenoantibodies directed at non-gal xenoantigens expressed on
GalTKO pig endothelial cells in 2–3 year old rhesus monkeys ranged from 6–14% (Figure
1). The mean channel shift (MCS) ranged between 14 and 23. The levels of pre-existing
xenoantibodies that bind to GalTKO pig cells were considerably lower when compared with
pre-existing natural antibody binding to wild type pig cells (Figure 1). Pre-existing IgM
xenoantibodies bound to 8% (Mean channel shift of 35) of GalTKO pig cells and to 78–99%
(MCS of 69–80) of wild type pig cells (Figures 1 and 2). Natural antibodies that may
prevent acceptance of GalTKO xenografts are present but at very low levels in rhesus
monkeys.
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Germline IgVH progenitors encoding anti-non-gal xenoantibodies in monkeys immunized
with GalTKO pig cells are restricted

The cDNA libraries were produced from peripheral blood lymphocytes of three monkeys
that demonstrated high levels of IgM and IgG xenoantibodies at days 8 and 21, as shown by
flow cytometry (Figure 2). The generation of IgM and IgG cDNA libraries from each
timepoint (n=3) allowed us to determine the relative percentage of IgVH gene usage prior to
and following exposure to pig cells. IgVH gene usage in untreated control monkeys was
comparable to established frequencies reported in the literature31. The data obtained from
monkey samples post-xenoantigen exposure showed that immunoglobulin genes encoded by
the IGHV3-21 germline progenitor were increased in frequency from 1–3% at day 0 to 72–
84% of VH3 gene usage at day 8. The frequency of Ig gene usage was based on sequencing
a minimum of 40 genes in each individual cDNA library. The nucleotide and amino acid
sequence of the genes encoding anti-non-gal xenoantibodies is shown in Figures 3 and 4.
The IGHV3-11*01 gene that encodes anti-gal xenoantibodies to wild type pig xenografts
was the second closest germline by a difference of only 0.5%. The V3-21 germline gene is
also 91% similar to the IGHV3-11*03 allele that encodes anti-non-gal xenoantibodies to
hDAF transgenic pig hearts in monkeys treated with GAS914, a reagent that removes anti-
gal xenoantibodies before transplantation9,29. The IGHV3-11*01,V3-11*03 and V3-21
germline genes are evolutionarily and structurally-related and they all have the ability to
bind to carbohydrate xenoantigens13,15,29,30 (Figure 5). The amino acid substitutions
identified in the sequence of the genes encoding IgM anti-non-gal xenoantibodies could be
detected prior to xenoantigen exposure, indicating that these natural antibodies pre-exist at
low levels and are expanded during the course of an immune response to GalTKO pig cells.
The xenoantibody response was not a polyclonal activation of genes encoded by several
germline progenitors, but demonstrated a restricted usage of VH genes encoded by
IGHV3-21. This germline gene encodes xenoantibodies with a 1–3 canonical structure
similar to the structure of the Ig genes encoding xenoantibodies to the gal carbohydrate.

The CDR3 usage in IgVH genes encoding anti-non-gal xenoantibodies is unique and
restricted

In order to further understand the unique features of these closely related xenoantibodies, we
carefully examined the sequence and structure of the CDR3, a region that often contributes
to binding specificity. The VH genes encoding IgM xenoantibodies utilized J4*02 at day 8
but did not demonstrate preferential use of a single D gene. The IgG xenoantibodies directed
at non-gal xenoantigens demonstrated a selective expansion of antibodies that utilize
D6-19*01 and J4*02 (Figure 3C). The CDR3 sequence of xenoantibodies induced in
response to wild type pig xenografts, hDAF transgenic xenografts and GalTKO
xenoantigens differ from each other significantly13–15, 32. The contribution of the CDR3
region to the specificity and affinity of non-gal xenoantibodies for antigens expressed on
GalTKO cells remains to be determined.

Induced anti-non-gal xenoantibodies bind to a carbohydrate xenoantigen
PEGK042 GalTKO pig endothelial cells were transduced with the gene encoding porcine
α1,3 galactosyltransferase that was cloned into a lentiviral vector to determine whether anti-
non-gal xenoantibodies have the ability to bind to carbohydrate xenoantigens. We reasoned
that if the induced xenoantibodies were structurally unrelated to the gal carbohydrate
xenoantigen, we would expect to see no change in binding of these antibodies when
comparing transduced and non-transduced GalTKO cells. Our results showed a substantial
increase in binding to GalTKO cells to which the gal carbohydrate had been re-introduced
(Figure 6). Xenoantibodies induced after immunization also showed an increase in binding
to purified gal carbohydrate Gal α 1-3Gal β 1-4GlcNAc, but not to Gal α 1-3Gal β 1-4Glc
or to N-Acetyllactosamine when examined directly by ELISA (Figure 7). Soluble gal
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carbohydrate was not effective, however, in inhibiting the functional interaction of induced
xenoantibodies with GalTKO endothelial cells. These data demonstrate that anti-non-gal
xenoantibodies induced in vivo have the ability to bind to a carbohydrate xenoantigen that is
structurally similar to, but distinct from, the gal carbohydrate.

Galactosyltransferase 2 (iGb3) is not expressed in GalTKO pig endothelial cells or fetal
fibroblasts

We next sought to directly determine whether iGb3 synthase, the enzyme responsible for the
expression of residual Gal carbohydrate on GalTKO mouse cells, might be expressed in
GalTKO pig cells. We designed a series of primers based on conserved regions in the
galactosyltransferase 2 gene (A3galt2 or iGb3 synthase) in humans, rats, and mice (Figure
8). The primer sequences that we selected identified a gene segment within exon 5 of the
genomic iGb3 sequence in the pig28,29 that is conserved across species (Figure 8). Our data
confirms that expression of the gene encoding this transferase is detected in both GalTKO
mice and wild type mice by PCR. We cloned and sequenced the gene segments that were
amplified using each set of our primer pairs in mice and confirmed that the sequenced gene
was identical to the sequence for mouse iGb3 synthase (accession number NM_001009819),
indicating that our primers were designed correctly. We did not detect expression of this
gene in GalTKO pig cells, GalTKO fetal pig fibroblasts or in minipig kidney cells (MPK)
from wild type pigs (Figure 8). These data suggest that iGb3 synthase is not expressed in
GalTKO pig cells and the relevant xenoantigen is similar in structure to but distinct from the
gal carbohydrate.

Discussion
The major obstacle in xenotransplantation is the antibody-mediated destruction of the
xenograft. Genetically modified porcine organ donors that lack the gal α1,3 gal
carbohydrate xenoantigen do not undergo hyperacute rejection in non-human primates, but
acute humoral rejection occurs after three to six months despite intense immunosuppressive
treatments19–20. In this study, we have identified the previously uncharacterized antibodies
and the germline progenitors that are induced in response to GalTKO pig cells in rhesus
monkeys. The xenoantibody response is restricted and is encoded by V3-21 germline
progenitors in the VH3 family. Induced anti-non-gal xenoantibodies bind to a carbohydrate
xenoantigen that is structurally similar to but distinct from the Gal carbohydrate and is not
the produced by iGb3 synthase.

The novel finding that the germline progenitors encoding xenoantibodies to GalTKO, hDAF
transgenic and wild type pig xenoantigens differ in sequence by less than 5% suggests that
the structure of the target xenoantigens is similar despite genetic modification. The germline
progenitors IGHV3-11*01, IGHV3-11*03 and V3-21 encoding induced antibody responses
to wild type, hDAF-expressing and GalTKO pig cells are distinguishable by specific amino
acid substitutions at positions 31, 33, 50 and 58. Our laboratory and others have recently
identified these sites as relevant for the specificity of xenoantigen/carbohydrate interaction
using computer-simulated models23,34. The ability of anti-non-gal xenoantibodies to show
enhanced binding to GalTKO cells induced to express high levels of the gal carbohydrate
further suggests that carbohydrate xenoantigens play a key role in the xenoantibody
response to GalTKO cells. Anti-carbohydrate antibodies are evolutionarily conserved in
humans and non-human primates as a consequence of their function in innate immune
responses35–37. Our studies support the concept that the canonical structure of anti-
carbohydrate antibodies has been conserved and determines the selection of VH3 genes in
the induced antibody repertoire after xenotransplantation13–15,35,37–41. Further selection for
antibodies with an optimal fit for relevant carbohydrate xenoantigens results in restricted
usage of specific germline progenitors in combination with a unique CDR3. Pig cells whose
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surface antigenicity has been altered as a consequence of remodeling after genetic
modification may induce selection of structurally-related but distinct xenoantibodies.

The V3-21 germline progenitor is an optimal fit for xenoantigens expressed on GalTKO
cells but is not expressed at high levels in the natural antibody repertoire of untreated
monkeys and/or humans. The most-closely related genes that we were able to identify in
Genebank encode antibodies to glycolipids35 and human antibodies to the Gal/GalNAc
lectin expressed on the intestinal parasite Entamoeba histolytica33. Anti-non-gal
xenoantibodies are similar to the antibodies that encode anti-glycolipid responses in humans,
but differ in D–J usage35. The unique contribution of the CDR3 to the specificity of the
xenoantibody responses has previously been reported from studies done in our laboratory in
which we defined IgVH genes encoding xenoantibody responses in monkeys after
transplantation of wild type and genetically modified hDAF transgenic pig organs14–15,32.
The CDR3 region of xenoantibodies appears to play a role in the fine specificity of
xenoantibody/xenoantigen interaction. Our data supports the concept that “signature”
antibody repertoires of clonally expanded Ig genes can be used to identify antibodies with
unique specificities35. Importantly, based on information available in the literature on the
pattern of Ig gene usage for specific types of responses, it appears that elimination of
xenoantibodies to promote xenograft survival may be feasible without significant
interference with the majority of innate immune responses that protect humans from
commonly occurring infectious agents35.

Our structural and functional data is entirely consistent with the hypothesis that anti-non-gal
xenoantibodies are specific for a xenoantigen that is expressed on a glycolipid such as
iGb322, and we were therefore surprised to find that iGb3 synthase could not be detected in
the GalTKO pig cells examined in our study. We designed several sets of primers using
conserved segments of the iGb3 gene that are identical in other species and present in the
genomic pig sequence, but could not detect iGb3 sythase expression in the GalTKO pig cells
that we used in this study. A similar conclusion, however, was recently reported by two
other laboratories using different experimental designs43–44. Breimer's laboratory showed
that gal α1,3 gal glycolipids are not expressed on GalTKO pig tissues and they detected no
new compensatory glycolipid compounds that bind to xenoantibodies after genetic
manipulation43. Since we do detect iGb3 synthase in GalT knockout mice, it appears that
this is yet another example documenting specific differences that limit the utility of small
animal models in xenotransplantation. These findings emphasize the need to validate
information provided from rodents in higher species, which represent more relevant
preclinical models.

Although there is still no information on the target xenoantigen(s) that initiate rejection of
GalTKO cells, the relevant antigens appear to be xenoreactive carbohydrates21,24,44. The
similarity in the structure of the xenoantibodies that initiate rejection of porcine xenografts
provides new opportunities for the design of novel approaches to limit xenoantibody-
mediated rejection. Structure-based drug design or the elimination of B cells producing
xenoantibodies may be useful as adjunct therapeutics to prolong xenograft survival45.
Specific elimination of anti-gal B cells using alpha-gal linked toxins in mice has been
performed without toxicity to the mice and without affecting production of antibodies with
other specificities46. Similar techniques could be developed and applied to suppress the
population of B cells producing anti-non-gal antibodies in primates. Pre-existing anti-non-
gal xenoantibodies to GalTKO donors are present in significantly lower levels when
compared with antibodies directed at the gal carbohydrate47,48. This will be important in
efforts to keep these antibodies at low levels to induce a state of accommodation49 and/or in
attempts to achieve tolerance by the induction of chimerism prior to transplantation50. The
comorbid conditions, drug toxicities, and adverse effects that are associated with the use of
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extensive immunosuppression could then be minimized, improving patient and graft
survival.
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Figure 1. Levels of antibody binding to wild type and GalTKO endothelial cells
(A) Percent binding of IgM xenoantibodies pre and post-immunization was determined by
flow cytometry at Day 0 and Day 8 (n=3). (B) Binding of IgM xenoantibodies shown as
mean channel shift at Day 0 and Day 8 (n=3).
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Figure 2. Levels of IgM and IgG xenoantibody binding to wild type and GalTKO pig cells at
days 0, 8, and 21 as demonstrated by flow cytometry
The tracing that is not shaded indicates background binding of secondary antibody alone.
Dark gray, black, and light gray filled areas indicate binding at days 0, 8, and 21,
respectively. IgM xenoantibody binding to MPK cells (wild type minipig kidney cells) and
to PEGKO42 (GalTKO endothelial cells) (A); IgG xenoantibody binding to MPK and to
GalTKO endothelial cells (B) and binding of IgM and IgG xenoantibodies to GalTKO fetal
fibroblasts (FF, section C) are shown.
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Figure 3. Comparison of nucleotide sequence of the gene encoding IgG and IgM xenoantibodies
to GalTKO xenoantigens
(A) IgM sequence comparison. (B) IgG sequence comparison. (−) Identical residues to
initial line which is the human germline gene. CDR1 and CDR2 are complementarity
determining regions. FR1, FR2, and FR3 are framework regions. (C) the CDR3 region of
anti-non-gal IgG xenoantibodies.
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Figure 4. Amino acid sequence of the genes encoding IgM and IgG anti-non-gal xenoantibodies
in rhesus monkeys
(−) Identical residues when compared with the closest human germline gene. CDR1 and
CDR2 are complementarity determining regions. FR1, FR2, and FR3 are framework
regions.
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Figure 5.
Comparison of the amino acid sequences of IgVH germline progenitors that encode anti-gal
and anti-non-gal xenoantibodies in primates.
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Figure 6. Anti-non-gal xenoantibodies bind to a carbohydrate xenoantigen that is structurally
similar to the gal carbohydrate
GalTKO cells that are genetically modified to express the gal carbohydrate after
transduction with viral vectors expressing the gene encoding porcine α 1,3
galactosyltransferase show higher levels of binding of anti-non-gal xenoantibodies when
compared with non-tranduced GalTKO cells. Positive binding was evaluated by mean
channel shift. PEGKO42 cells are GalTKO pig endothelial cells. Data shown is
representative of three independent transductions +/− standard deviation.
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Figure 7. Binding of non-gal xenoantibodies to carbohydrates
Binding activity to carbohydrate antigens was examined in three monkeys (E, F and H) by
ELISA. IgM and IgG xenoantibodies induced after immunization with GalTKO endothelial
cells show an increase in binding to Gal α 1–3Gal β 1–4GlcNAc (A) but not Gal α 1–3Gal
β 1–4Glc (B) or N-Acetyllactosamine (C). Binding of xenoantibodies in normal human
serum was included as a positive control. Data are presented +/− standard deviation.
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Figure 8. Expression of galactosyltransferase 2 (iGb3 synthase) is not detected in GalTKO pig
cells but is detected in GalT-KO mouse cells
A series of primers were generated that anneal within exon 5 of galactosyltransferase 2 (A).
The primers identify a region of the cDNA and/or genomic DNA for iGb3 that is identical in
various species (Genbank accession numbers NM_001009819, AF248543, NM_001080438
and reference xx for the pig genomic sequence. (B) iGb3 synthase expression was confirmed
by PCR in GalT-KO mouse cells as reported in earlier studies22 but was not detected in
GalTKO pig endothelial cells or GalTKO fetal fibroblasts.
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