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Abstract
Type 1 diabetes (T1D) is an autoimmune disease whe
rein the pancreas does not produce enough insulin due 
to islet beta cell destruction. Despite improvements in 
delivering exogenous insulin to T1D patients, pancreas 

or islet transplantation remains the best way to regulate 
their glycaemia. Results from experimental islet 
transplantation have improved dramatically in the last 
15 years, to the point where it can be comparable to 
pancreas transplantation, but without the accompanying 
morbidity associated with this procedure. As with other 
transplants, the limiting factor in islet allotransplantation 
is the relatively small number of organs made available 
by deceased human donors throughout the world. A 
strong case can be made for islet xenotransplantation 
to fill the gap between supply and demand; however, 
transplantation across species presents challenges that 
are unique to that setting. In the search for the most 
suitable animal for human xenotransplantation, the pig 
has many advantages that make it the likely animal of 
choice. Potentially one of the most beneficial advantages 
is the ability to genetically engineer porcine donors to be 
more compatible with human recipients. Several genetic 
manipulations have already proven useful in relation to 
hyperacute rejection and inflammation (instant blood 
mediated inflammatory reaction), with the potential of 
even further advancement in the near future.
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Core tip: Type 1 diabetes is widespread and debilitating. 
Islet allotransplantation from deceased human donors 
can reverse diabetes but there are too few donors 
to provide much help for more than a few recipients. 
Xenotransplantation of pig islets, readily obtainable 
in large quantities, can bridge this gap. Genetic mani
pulation of pigs in order to render their tissue more 
compatible with human recipients can improve graft 
function and would be necessary for clinical trials. 
Experience within the pig-to-nonhuman primate model 
help to determine the most beneficial enhancements, 
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while technology evolves to provide improved tech
niques for multiple genetic manipulations. 
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INTRODUCTION
Organ and tissue transplantation have come a long 
way since the mid-twentieth century, which saw the 
world’s first successful human organ transplantations[1]. 
Improvements in the ability to mediate rejection 
through the use of more advanced pharmaceuticals, 
the experience gained by surgeons, the refinements 
of surgical techniques and advancements in general 
technology have had a positive effect on outcomes over 
the last 50 years. Human organs such as liver, heart, 
kidney and pancreas are routinely transplanted to treat 
serious or even fatal diseases. Pancreas transplantation 
has been successfully used to treat type 1 diabetes (T1D), 
however, it remains a technically challenging procedure. 
Islet transplantation is an experimental yet therapeutic 
alternative to whole pancreas transplantation for the 
treatment of T1D. The Edmonton protocol, reported in 
2000, ushered in a new era of islet allotransplantation 
as a cure for diabetes. Enthusiasm was high after 
all 7 patients of the study remained off-insulin for 1 
year[2]. Follow-up at 5 years showed that while insulin 
independence was difficult to maintain, the procedure 
was still beneficial and potentially life saving due to the 
ability of transplanted islets to provide protection from 
severe hypoglycemia[3]. With steady improvements and 
refinements, islet allotransplantation has now reached, 
at least in some experienced centers, successful rates of 
insulin independence and duration of graft function that 
are not much different from pancreas transplantation. 
Importantly, these benefits are derived without the 
accompanying morbidity associated with the more 
complex whole organ transplantation procedure[4,5].

Due to the limited number of deceased human donor 
organs available for transplantation, however, and par
ticularly of pancreata that meet donor qualifications 
for islet transplantation, only an extremely limited 
number of the most severely diabetic patients can hope 
to benefit from islet allotransplantation. Alternative 
sources must be found to bridge the gap between 
supply and demand. Stem cell research has shown 
encouraging results and may prove to be an effective 
therapy one day, however, it is yet far from therapeutic 
applications[6,7]. Until that day, the xenotransplantation 
of porcine islets to replace human islets should receive 
serious consideration as an alternative therapy.

SWINE SOURCES OF ISLETS FOR 
TRANSPLANTATION
Porcine insulin is very close to human insulin with only 
one amino acid of difference, and for many years, 
until recombinant human insulin became available, 
it was used in clinical practice to treat diabetes[8]. In 
many other ways, the pig is a suitable source of islets 
for xenotransplantation into human recipients. In the 
last decade, several groups from around the world 
have shown success in restoring insulin independence 
for a period > 6 mo in diabetic nonhuman primate 
recipients of pig islets, a breakthrough achievement 
in xenotransplantation[9-17]. While the results of pig-
to-nonhuman primate models cannot fully predict the 
pig-to-human results due to dissimilarities among 
the different donors and recipient species, they are 
necessary steps to reach clinical application[18,19]. These 
results provide evidence that porcine islets would very 
likely function to restore glycemic control in humans. 

The pig is already a potentially interesting donor for 
tissues and organs (in particular heart, kidney, lung and 
liver) due to the anatomical and size compatibility with 
human recipients. Many tissues (e.g., cardiac valves) 
are already broadly utilized with human patients[20]. 

While non-vascularized or decellularized tissues such 
as the valves are easier to implant than organs or islets, 
as they do not entail the complexity of dealing with 
xenorejection, the willingness of the public to accept 
porcine cardiac valves helps lay the groundwork for 
acceptance of additional medical uses for the pig.

Practical considerations also make the pig a likely 
candidate for medical use. While nonhuman primates 
are the closest animals to humans from an evolutionary 
standpoint and, therefore, would be immunologically 
and physiologically more adaptive to human needs, 
their use in clinical xenotransplantation would not 
likely be accepted. Apes are endangered species, thus 
raising ethical concerns. They have litters of one or 
two offspring (like humans) and their growth requires 
years to reach full size, making it difficult to achieve a 
sufficient number of potential donors to satisfy demand. 
Many other nonhuman primate species are small in 
size, with organs unsuitable for transplantation in adult 
humans. Perhaps the most relevant concern is the 
possibility, which cannot be considered negligible, that 
they may transmit diseases to humans more easily than 
those carried through other animals such as pigs. The 
Acquired Immune Deficiency Syndrome epidemic is too 
recent to be forgotten. Human immunodeficiency virus, 
originated with simian immunodeficiency virus, and 
made the leap from chimpanzees to humans. On the 
other hand, far from being endangered, pigs are bred 
by the millions as commodities for human consumption, 
thus mitigating many concerns about their usage. They 
breed and mature quickly and produce large litters 
allowing for plentiful donors. The phylogenetic distance 
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between humans and swine dates back approximately 
100 million years, making the potential for disease 
transmission to humans less likely than in nearer related 
species[21]. One concern with the use of pig tissue is the 
possible transfer of porcine endogenous retroviruses 
(PERVs), which are dormant in the pigs themselves but 
might be reactivated with the transfer of porcine tissue 
into human recipients. A 1997 study showed that PERV 
could infect human cells in vitro, which temporarily 
halted research into xenografts[22]. However, there is 
no clinical evidence in which the retrovirus has been 
transmitted or reactivated in live human subjects in 
the many years since humans have been receiving pig 
products. While initial caution was justified, it is now 
believed that the original fears associated with PERV 
were overstated and that any potential transmission 
in a clinical setting appears manageable[23,24]. To limit 
concerns about transfer of additional donor disease, pigs 
could easily be sourced from pathogen-free herds. Also 
importantly, pigs are of the correct size and physiology 
to allow for successful organ transplantation in humans 
and it, therefore, makes sense to maximize efficiency 
with the use of the same animal for both organs and 
tissues such as islets.

In transplantation, the advantage of using animal 
sources is also apparent in the ability to elect organ 
harvesting, avoiding brain death and ischemia in the 
donor, and the stressful consequences of life-support. A 
strong body of evidence suggests that the pathological 
consequences of brain death in the donor reduce graft 
survival in allotransplantation[25,26]. More specifically, 
islet cells are sensitive to oxidative stress consequent 
to ischemic injury, which can be deleterious in the trans
plantation setting, and can be avoided completely with 
the use of animals such as pigs as donors, available on 
an elective basis.

Another advantage that has emerged as direct 
consequence of cutting edge scientific achievements is 
the ability to modify the pig genome by knocking out or 
fostering expression of transgenes finalized to fill gaps 
between species, making their tissues more compatible 
to the recipients. The advantages of increased compa
tibility between donor and recipient would be hugely 
beneficial, ranging from the need for less islets (therefore 
less donors) to the possibility of less severe immune 
suppression necessary to block rejection. 

HYPERACUTE REJECTION: ALPHA 
1,3-GALACTOSE
One of the major achievements in genetic engineering 
of pig tissues thus far has been the knocking out of the 
carbohydrate alpha 1,3 galactose (Gal). This is critical to 
xenotransplantation because Gal plays an essential role 
in triggering massive and immediate graft destruction 
(defined as hyperacute rejection) when pig tissues are 
transplanted into nonhuman primates as would also 
occur in humans[27].

All animal species including pigs express Gal on 
the surface of their cells in a mode similar to that of 
the carbohydrates (and relative anti-sera) involved 
in blood group compatibility. Humans and Old World 
monkeys, however, have lost the ability to synthesize 
Gal due to genetic inactivation of the enzyme alpha 
1,3-galactosyltransferase[28]. Upon exposure to bacteria 
that expresses Gal shortly after birth, humans (and 
old world monkeys) produce anti-Gal antibodies. 
Consequently these natural antibodies remain in the 
blood circulation where they activate complement-
mediated destruction of any cell/tissue that expresses 
Gal[29]. Graft destruction occurs within minutes when 
tissue that expresses Gal is exposed to human plasma.

It became clear, therefore, that lack of Gal expression 
in any animal intended for human transplantation would 
be one of the main achievements necessary to prevent 
hyperacute rejection. 

To this aim, studies conducted to sequence DNA tra
nscripts encoding the alpha 1,3-galactosyltransferase 
enzyme in various animal species allowed scientists to 
identify the two key mutations associated with lack of Gal 
expression in old world monkeys, apes and humans[30]. 

By reproducing the same mutation that occurred 
naturally during evolution, it was then possible to create a 
pig cell line not expressing Gal, and pigs were generated 
by nuclear transfer and cloning in which the enzyme 
alpha 1,3-galactosyltransferase was knocked out (GTKO 
pigs)[31]. This represented a major milestone in the 
advancement of the xenotransplantation field.

In regard to islet transplantation, however, Gal is not 
thought to play such a major role as it does in whole 
organ transplantation, due to Gal being expressed only 
minimally on islet cells in adult pig tissue[32]. This finding 
can explain the success in islet transplantation achieved 
by several groups, using Gal expressing adult pig islets 
transplanted into immunosuppressed nonhuman pri
mate recipients[10,11,17]. In contrast, there is a higher 
expression of Gal on pig islets at birth and throughout 
the neonatal period than with adult islets[32]. Therefore, 
with a growing interest to use neonatal islet-like cell 
clusters rather than adult islets, the knocking out of Gal 
will remain relevant for islet xenotransplantation as well 
as for organ transplantation.

The first experiments conducted to prove the lack of 
hyperacute rejection confirmed the expected findings in 
regard to Gal, however, to some disappointment, acute 
rejection of the graft still occurred within days after 
transplant, suggesting that additional factors remain to 
be corrected to allow higher compatibility[33].

HYPERACUTE REJECTION: NON-GAL
In vitro studies have shown that when pig tissues 
and islets are exposed to human serum, antibodies 
bind to the islets even when using GTKO donors, 
suggesting that more antigens are recognized by pre-
existing antibodies[34]. Two non-Gal antigens have 
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received particular attention: N-glycolylneuraminic acid 
(NeuGc) also known as Hanganutziu-Deicher, and β1,4 
N-acetylgalactosaminyltransferase (B4GALNT2)[35-37].

Similarly to Gal, NeuGc is not expressed in humans 
(nor in New World monkeys) but it is in most other 
species. The pig-to-nonhuman primate model of trans
plantation (where nonhuman primates are Old World 
monkey) is not affected, but lack of expression of NeuGc 
and consequent antibody production in humans will be 
relevant in the clinical setting. Pigs that express neither 
Gal nor NeuGc have recently been generated, and it is 
likely that this genetic background will constitute a better 
donor for potential human use[38].

Although less is known about B4GALNT2, it is 
thought to play a part in the nonGal immune response 
after pig-to-primate xenotransplantation. Porcine 
B4GALNT2 was shown to cause antibody binding and 
complement mediated lysis in the presence of primate 
serum after pig-to-primate cardiac xenotransplantation 
using GTKO donors[37]. Preliminary data suggest that, 
primate antibody binding is reduced when B4GALNT2 is 
deleted from the donor pig.

INSTANT BLOOD MEDIATED 
INFLAMMATORY REACTION AND 
TRANSGENIC PIGS 
Instant blood mediated inflammatory reaction (IBMIR) 
encompasses a number of pathological events that occur 
when islets are injected into the blood stream, which is 
the typical way they are transplanted into recipients[39,40].

Islets trigger blood clotting, complement activa
tion, inflammation and ischemia, which, in turn, can 
damage islets and cause their lysis, with consequent 
release of insulin and C-peptide. These events occur 
even in autologous and allogeneic settings but in 
xenotransplantation the effect is more pronounced[34]. 
In vitro, C-peptide measurements are found to peak 
approximately 15-30 min after pig islet exposure to 
human blood, serum or plasma. In vivo islet transplan
tation studies have demonstrated that porcine insulin 
and C-peptide levels increase within 30 min from the 
time of islet infusion, causing hypoglycemia in the 
recipients that requires glucose infusion to keep the 
glycemic levels in the normal range. The impact of 
IBMIR and the loss of islets associated with it cannot be 
overstated. A sufficient number of islets must survive 
the peri-transplant period or long-term graft function 
cannot be achieved. The number of functional islets 
required to sustain normoglycemia is variable and 
depends on a number of factors. However guidelines do 
exist. As species incompatibility increases, so does the 
number of islets that must be transplanted due in no 
small part to the ravages associated with IBMIR[5]. The 
extent of IBMIR damage is not completely measurable, 
however, to date, pharmacological treatments have been 
only partially successful in modulating its impact[41,42]. 
Anticoagulant therapy can prevent blood clotting in vitro 

and likely prevent the formation of thrombi in vivo, but, 
preventing coagulation, at least in vitro, has not been 
shown to reduce islet cell damage, suggesting that 
mechanisms independent from clotting contribute to 
islet cell loss. Nonetheless preventing clot formation in 
vivo is necessary to prevent thrombotic consequences. 

While even the slightest increase in surviving islets 
gives hope to graft function, survival in greater numbers 
is necessary to achieve reliable long-term euglycemia.

Genetically modified donor pigs can potentially 
overcome IBMIR and reduce early islet loss by rendering 
the pig tissue more compatible to humans, thus weak
ening or eliminating the mechanisms that cause islet 
damage, i.e., complement activation, clotting, and 
inflammation. Due to the broad nature of events 
associated with IBMIR, multiple genetic modifications 
may be necessary to provide sufficient graft protection. 

Human CD46 and CD55 are proteins with com
plement modulation properties, their expression on 
human tissue allows controlling and avoiding non-specific 
complement activation, which would lead to tissue 
damage. The pig has its own complement regulators, 
however, it appears that these are insufficient in 
blocking responses from other species. Human tissue 
factor pathway inhibitor (hTFPI) and human CD39 
have been shown to provide anti-thrombotic and anti-
inflammatory effects beneficial to islets in vitro and in 
vivo while human CD39 has been shown to decrease 
platelet activation and prevent clotting in transgenic 
mouse models[43-45].

Several groups have now demonstrated not only 
the necessary efficacy of pig islets transplanted into 
diabetic nonhuman primates, but also the benefits of 
genetically-engineered pig donor islets (Table 1). Graft 
function > 6 mo has been achieved by transplanting 
neonatal islet-like cells from GTKO donors[15]. Our own 
experiments using adult porcine islets transgenic for 
hCD46 demonstrated graft function for > 1 year, even 
while using a less intensive immunosuppressive regimen 
than in previous attempts using unmodified pigs and that 
failed to achieve similar results[12]. Despite this success, 
the hCD46 pig islets by themselves did not curtail early 
islet destruction, which led to further experimentation 
with multiple genetic combinations, with up to 5 unique 
modifications in individual donors[47]. Transgenes were 
selected to have impact on the mechanisms inherent to 
IBMIR (i.e., platelet activation, coagulation, complement 
activation) and also to provide protection against the 
cellular immune response. Interestingly, some of the 
transgenes were selectively driven under the insulin 
promotor, thus, expressed on islet beta cells only (Figure 1). 
While, in the pig-to-nonhuman primate model, trans
genic expression of hCD39 did not appear to provide the 
anticipated protection against IBMIR (more specifically 
against platelet activation), one of the diabetic monkeys 
that received islets from a pig transgenic for GTKO/
hCD46/hTFPI/CTLA4-Ig remained insulin independent 
for > 1 year and, significantly, showed evidence of 
reduced early islet lysis[16]. Factors associated to the 
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level of transgenic expression, their modulation and 
biological function in transplantation settings may 
require further standardization as this field of study 
advances. While long-term success was no greater than 
our earlier experiments using hCD46 pig donors, the 
ability to mitigate early islet loss is important because it 
demonstrates the ability of genetically-engineered pigs 
to overcome IBMIR without the addition of more toxic 
immune suppression. 

GENETICALLY-ENGINEERED PIGS AND 
IMMUNE SUPPRESSION
Now that pre-clinical trials utilizing pig islets in diabetic 
NHP have shown the ability to correct diabetes for 
significant periods of more than a year, it becomes 
imperative to develop a clinically relevant immune-
suppression that can prevent rejection of the xeno
geneic tissue (islets). In xenotransplantation as in 
allotransplantation recipient immunity is always a critical 
factor. Once again, genetically-engineered pigs can 
help to provide the missing pieces of the immunological 
puzzle. In our own experiments, we were able to achieve 
graft function for > 1 year transplanting porcine islets 
transgenic for hCD46 into a diabetic monkey. This result, 
which was unprecedented at the time, was accomplished 
using the same procedure and immune suppression 
regimen (based on anti-CD154mAb costimulation 
blockade) that failed to produce satisfactory results 
using genetically unmodified pig donor islets. This 

clearly demonstrates the potential benefit provided by 
genetically-engineered pig donors in regard to recipient 
immunity. Our further experiments have included 
pigs transgenic for CTLA4Ig, which inhibits the cellular 
immune response. Additional pigs have been created 
specifically with transgenes designed for the suppression 
of cellular immunity either by gene expression or 
downregulation (Table 2).

Our successful experiments using hCD46 and 4GE 
transgene combinations followed the same immune 
suppression therapy based on anti-CD154mAb costi
mulation, which, due to potential thromboembolisms, 
will not be translatable to clinical practice. However, new 
anti-CD40mAb based costimulation therapy currently 
used in clinical trials targets the same pathway involving 
CD154 and has shown success in various pig to NHP 
organ transplantation studies without the dangers 
associated to the older therapy[48,49]. It is anticipated that 
the new therapy based on anti-CD40mAb would have 
similar effects on islet transplantation as well. It should 
also be noted that in our successful anti-CD154mAb 
based studies, no incidence of thrombosis were detected 
in any of the recipients[12,16]. Additional costimulation-
blocking based therapies are already in clinical use that 
might prove effective in the xenotransplantation setting, 
especially in conjunction with transgenic donors designed 
to optimize tissue compatibility. 

CONCLUSION
Medical science over the last 50 years has seen miracles 

GE manipulation Pig age Survival (d) Immunosuppression Ref.

GTKO Neonatal 249 Anti-CD154 + anti-LFA1 + CTLA-4-Ig + MMF [15]
CD46 Adult 396 Anti-CD154 + ATG + MMF [12]
GTKO/CD46/TFPI/CTLA4-Ig Adult 365 Anti-CD154 + ATG + MMF [16]
GTKO/CD55/CD59/HT Neonatal 30 ATG + MMF + Tacrolimus [46]

Table 1  Genetically-engineered pig islets to diabetic NHP models

GE: Genetically-engineered; GTKO: Alpha1,3-galactosyl transferase-gene knockout; MMF: Mycophenolate mofetil; TFPI: Tissue factor pathway inhibitor; 
HT: H-transferase; ATG: Antithymocyte globulin.

Figure 1  CD46 vs tissue factor pathway inhibitor. A: hCD46 transgenic expression in pig islets. Insulin is shown in green, hCD46 in red and nuclei are stained 
in blue. Transgene expression was ubiquitous; B: hTFPI expression in islet beta cells. Insulin is green, hTFPI in red and nuclei in blue. hTFPI is co-expressed with 
insulin. hTFPI: Human tissue factor pathway inhibitor.

A B
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become the new routine with organ transplantation. 
We are now on the very cusp of seeing the future of 
diabetes control through the use of porcine islet therapy. 
Like the miracles before it, islet xenotransplantation has 
seen the impossible become possible and the doubtful 
become probable. We have seen the positive impact 
of islet allotransplantation, and the limited number of 
organs available. We have seen that porcine islets are 
capable of restoring insulin independence in nonhuman 
primates, and know that supply is essentially limitless. 
We have seen, through the introduction of genetically-
engineered tissue, that graft function can be main
tained for a period of up to a year. We do not doubt 
that future advancements will continue to bring us 
closer to the goal of diabetes control. Advancements in 
technique have been introduced recently, e.g., TALENS 
(transcription activator-like effector nucleases) and 
CRISPR/Cas9 (clustered regularly interspaced short 
palindromic repeat-associated system) for generating 
pigs with multiple genetic manipulations in less time 
than previously possible[50,51]. This progress, together 
with our understanding of which manipulations may 
have the most beneficial effect, will help us overcome 
obstacles such as IBMIR, rejection and immunity until 
islet xenotransplantation finds itself as recognized and 
well-regarded as organ transplantation is today. 
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GE: Genetically-engineered; GTKO: Alpha1,3-galactosyl transferase-gene knockout; TFPI: Tissue factor pathway inhibitor; PERV: Porcine endogenous 
retroviruse.

Bottino R et al . Genetically-engineered pig islets



249 December 24, 2015|Volume 5|Issue 4|WJT|www.wjgnet.com

MP, Kirchhof N, Schuurman HJ. Prolonged diabetes reversal 
after intraportal xenotransplantation of wild-type porcine islets 
in immunosuppressed nonhuman primates. Nat Med 2006; 12: 
301-303 [PMID: 16491083 DOI: 10.1038/nm1369]

12	 van der Windt DJ, Bottino R, Casu A, Campanile N, Smetanka C, 
He J, Murase N, Hara H, Ball S, Loveland BE, Ayares D, Lakkis 
FG, Cooper DK, Trucco M. Long-term controlled normoglycemia 
in diabetic non-human primates after transplantation with hCD46 
transgenic porcine islets. Am J Transplant 2009; 9: 2716-2726 
[PMID: 19845582 DOI: 10.1111/j.1600-6143.2009.02850.x]

13	 Dufrane D, Goebbels RM, Gianello P. Alginate macroencap­
sulation of pig islets allows correction of streptozotocin-induced 
diabetes in primates up to 6 months without immunosuppression. 
Transplantation 2010; 90: 1054-1062 [PMID: 20975626 DOI: 
10.1097/TP.0b013e3181f6e267]

14	 Thompson P, Cardona K, Russell M, Badell IR, Shaffer V, 
Korbutt G, Rayat GR, Cano J, Song M, Jiang W, Strobert E, 
Rajotte R, Pearson T, Kirk AD, Larsen CP. CD40-specific costimu­
lation blockade enhances neonatal porcine islet survival in 
nonhuman primates. Am J Transplant 2011; 11: 947-957 [PMID: 
21521467 DOI: 10.1111/j.1600-6143.2011.03509.x]

15	 Thompson P, Badell IR, Lowe M, Cano J, Song M, Leopardi F, 
Avila J, Ruhil R, Strobert E, Korbutt G, Rayat G, Rajotte R, 
Iwakoshi N, Larsen CP, Kirk AD. Islet xenotransplantation using 
gal-deficient neonatal donors improves engraftment and function. 
Am J Transplant 2011; 11: 2593-2602 [PMID: 21883917 DOI: 
10.1111/j.1600-6143.2011.03720.x]

16	 Bottino R, Wijkstrom M, van der Windt DJ, Hara H, Ezzelarab 
M, Murase N, Bertera S, He J, Phelps C, Ayares D, Cooper DK, 
Trucco M. Pig-to-monkey islet xenotransplantation using multi-
transgenic pigs. Am J Transplant 2014; 14: 2275-2287 [PMID: 
25220221 DOI: 10.1111/ajt.12868]

17	 Shin JS, Kim JM, Kim JS, Min BH, Kim YH, Kim HJ, Jang JY, 
Yoon IH, Kang HJ, Kim J, Hwang ES, Lim DG, Lee WW, Ha 
J, Jung KC, Park SH, Kim SJ, Park CG. Long-Term Control of 
Diabetes in Immunosuppressed Nonhuman Primates (NHP) by the 
Transplantation of Adult Porcine Islets. Am J Transplant 2015; 15: 
2837-2850 [PMID: 26096041 DOI: 10.1111/ajt.13345]

18	 Casu A, Bottino R, Balamurugan AN, Hara H, van der Windt DJ, 
Campanile N, Smetanka C, Cooper DK, Trucco M. Metabolic 
aspects of pig-to-monkey (Macaca fascicularis) islet transplan­
tation: implications for translation into clinical practice. Diabe­
tologia 2008; 51: 120-129 [PMID: 17960359 DOI: 10.1007/
s00125-007-0844-4]

19	 Graham ML, Bellin MD, Papas KK, Hering BJ, Schuurman 
HJ. Species incompatibilities in the pig-to-macaque islet 
xenotransplant model affect transplant outcome: a comparison with 
allotransplantation. Xenotransplantation 2011; 18: 328-342 [PMID: 
22168140 DOI: 10.1111/j.1399-3089.2011.00676.x]

20	 Manji RA, Menkis AH, Ekser B, Cooper DK. Porcine bio­
prosthetic heart valves: The next generation. Am Heart J 2012; 
164: 177-185 [PMID: 22877802 DOI: 10.1016/j.ahj.2012.05.011]

21	 Groenen MA, Archibald AL, Uenishi H, Tuggle CK, Takeuchi 
Y, Rothschild MF, Rogel-Gaillard C, Park C, Milan D, Megens 
HJ, Li S, Larkin DM, Kim H, Frantz LA, Caccamo M, Ahn H, 
Aken BL, Anselmo A, Anthon C, Auvil L, Badaoui B, Beattie 
CW, Bendixen C, Berman D, Blecha F, Blomberg J, Bolund L, 
Bosse M, Botti S, Bujie Z, Bystrom M, Capitanu B, Carvalho-
Silva D, Chardon P, Chen C, Cheng R, Choi SH, Chow W, Clark 
RC, Clee C, Crooijmans RP, Dawson HD, Dehais P, De Sapio 
F, Dibbits B, Drou N, Du ZQ, Eversole K, Fadista J, Fairley S, 
Faraut T, Faulkner GJ, Fowler KE, Fredholm M, Fritz E, Gilbert 
JG, Giuffra E, Gorodkin J, Griffin DK, Harrow JL, Hayward A, 
Howe K, Hu ZL, Humphray SJ, Hunt T, Hornshøj H, Jeon JT, Jern 
P, Jones M, Jurka J, Kanamori H, Kapetanovic R, Kim J, Kim JH, 
Kim KW, Kim TH, Larson G, Lee K, Lee KT, Leggett R, Lewin 
HA, Li Y, Liu W, Loveland JE, Lu Y, Lunney JK, Ma J, Madsen 
O, Mann K, Matthews L, McLaren S, Morozumi T, Murtaugh MP, 
Narayan J, Nguyen DT, Ni P, Oh SJ, Onteru S, Panitz F, Park EW, 
Park HS, Pascal G, Paudel Y, Perez-Enciso M, Ramirez-Gonzalez 

R, Reecy JM, Rodriguez-Zas S, Rohrer GA, Rund L, Sang Y, 
Schachtschneider K, Schraiber JG, Schwartz J, Scobie L, Scott C, 
Searle S, Servin B, Southey BR, Sperber G, Stadler P, Sweedler 
JV, Tafer H, Thomsen B, Wali R, Wang J, Wang J, White S, Xu X, 
Yerle M, Zhang G, Zhang J, Zhang J, Zhao S, Rogers J, Churcher C, 
Schook LB. Analyses of pig genomes provide insight into porcine 
demography and evolution. Nature 2012; 491: 393-398 [PMID: 
23151582 DOI: 10.1038/nature11622]

22	 Patience C, Takeuchi Y, Weiss RA. Infection of human cells by an 
endogenous retrovirus of pigs. Nat Med 1997; 3: 282-286 [PMID: 
9055854 DOI: 10.1038/nm0397-282]

23	 Hunter P. Xeno’s paradox: why pig cells are better for tissue 
transplants than human cells. EMBO Rep 2009; 10: 554-557 [PMID: 
19488043 DOI: 10.1038/embor.2009.112]

24	 Denner J, Tönjes RR. Infection barriers to successful xeno­
transplantation focusing on porcine endogenous retroviruses. Clin 
Microbiol Rev 2012; 25: 318-343 [PMID: 22491774 DOI: 10.1128/
CMR.05011-11]

25	 Terasaki PI, Cecka JM, Gjertson DW, Takemoto S. High survival 
rates of kidney transplants from spousal and living unrelated 
donors. N Engl J Med 1995; 333: 333-336 [PMID: 7609748 DOI: 
10.1056/NEJM199508103330601]

26	 Pratschke J, Tullius SG, Neuhaus P. Brain death associated 
ischemia/reperfusion injury. Ann Transplant 2004; 9: 78-80 [PMID: 
15478899]

27	 Kobayashi T, Cooper DK. Anti-Gal, alpha-Gal epitopes, and 
xenotransplantation. Subcell Biochem 1999; 32: 229-257 [PMID: 
10391998]

28	 Koike C, Uddin M, Wildman DE, Gray EA, Trucco M, Starzl 
TE, Goodman M. Functionally important glycosyltransferase gain 
and loss during catarrhine primate emergence. Proc Natl Acad 
Sci USA 2007; 104: 559-564 [PMID: 17194757 DOI: 10.1073/
pnas.0610012104]

29	 Galili U. The alpha-gal epitope and the anti-Gal antibody in 
xenotransplantation and in cancer immunotherapy. Immunol 
Cell Biol 2005; 83: 674-686 [PMID: 16266320 DOI: 10.1111/
j.1440-1711.2005.01366.x]

30	 Koike C, Fung JJ, Geller DA, Kannagi R, Libert T, Luppi P, 
Nakashima I, Profozich J, Rudert W, Sharma SB, Starzl TE, 
Trucco M. Molecular basis of evolutionary loss of the alpha 
1,3-galactosyltransferase gene in higher primates. J Biol Chem 
2002; 277: 10114-10120 [PMID: 11773054 DOI: 10.1074/jbc.
M110527200]

31	 Phelps CJ, Koike C, Vaught TD, Boone J, Wells KD, Chen SH, 
Ball S, Specht SM, Polejaeva IA, Monahan JA, Jobst PM, Sharma 
SB, Lamborn AE, Garst AS, Moore M, Demetris AJ, Rudert 
WA, Bottino R, Bertera S, Trucco M, Starzl TE, Dai Y, Ayares 
DL. Production of alpha 1,3-galactosyltransferase-deficient pigs. 
Science 2003; 299: 411-414 [PMID: 12493821 DOI: 10.1126/
science.1078942]

32	 Rayat GR, Rajotte RV, Hering BJ, Binette TM, Korbutt GS. In 
vitro and in vivo expression of Galalpha-(1,3)Gal on porcine islet 
cells is age dependent. J Endocrinol 2003; 177: 127-135 [PMID: 
12697044 DOI: 10.1677/joe.0.1770127]

33	 Chen G, Qian H, Starzl T, Sun H, Garcia B, Wang X, Wise Y, 
Liu Y, Xiang Y, Copeman L, Liu W, Jevnikar A, Wall W, Cooper 
DK, Murase N, Dai Y, Wang W, Xiong Y, White DJ, Zhong R. 
Acute rejection is associated with antibodies to non-Gal antigens 
in baboons using Gal-knockout pig kidneys. Nat Med 2005; 11: 
1295-1298 [PMID: 16311604 DOI: 10.1038/nm1330]

34	 van der Windt DJ, Marigliano M, He J, Votyakova TV, Echeverri 
GJ, Ekser B, Ayares D, Lakkis FG, Cooper DK, Trucco M, Bottino 
R. Early islet damage after direct exposure of pig islets to blood: has 
humoral immunity been underestimated? Cell Transplant 2012; 21: 
1791-1802 [PMID: 22776064 DOI: 10.3727/096368912X653011]

35	 Bouhours D, Pourcel C, Bouhours JE. Simultaneous expression 
by porcine aorta endothelial cells of glycosphingolipids bearing 
the major epitope for human xenoreactive antibodies (Gal alpha 
1-3Gal), blood group H determinant and N-glycolylneuraminic 
acid. Glycoconj J 1996; 13: 947-953 [PMID: 8981086 DOI: 

Bottino R et al . Genetically-engineered pig islets



250 December 24, 2015|Volume 5|Issue 4|WJT|www.wjgnet.com

10.1007/BF01053190]
36	 Padler-Karavani V, Varki A. Potential impact of the non-human 

sialic acid N-glycolylneuraminic acid on transplant rejection 
risk. Xenotransplantation 2011; 18: 1-5 [PMID: 21342282 DOI: 
10.1111/j.1399-3089.2011.00622.x]

37	 Byrne GW, Du Z, Stalboerger P, Kogelberg H, McGregor CG. 
Cloning and expression of porcine β1,4 N-acetylgalactosaminyl 
transferase encoding a new xenoreactive antigen. Xenotrans­
plantation 2014; 21: 543-554 [PMID: 25176027 DOI: 10.1111/
xen.12124]

38	 Lutz AJ, Li P, Estrada JL, Sidner RA, Chihara RK, Downey SM, 
Burlak C, Wang ZY, Reyes LM, Ivary B, Yin F, Blankenship 
RL, Paris LL, Tector AJ. Double knockout pigs deficient in 
N-glycolylneuraminic acid and galactose α-1,3-galactose reduce 
the humoral barrier to xenotransplantation. Xenotransplantation 
2013; 20: 27-35 [PMID: 23384142]

39	 Bennet W, Sundberg B, Groth CG, Brendel MD, Brandhorst D, 
Brandhorst H, Bretzel RG, Elgue G, Larsson R, Nilsson B, 
Korsgren O. Incompatibility between human blood and isolated 
islets of Langerhans: a finding with implications for clinical 
intraportal islet transplantation? Diabetes 1999; 48: 1907-1914 
[PMID: 10512353 DOI: 10.2337/diabetes.48.10.1907]

40	 Moberg L, Johansson H, Lukinius A, Berne C, Foss A, Källen 
R, Østraat Ø, Salmela K, Tibell A, Tufveson G, Elgue G, Nilsson 
Ekdahl K, Korsgren O, Nilsson B. Production of tissue factor by 
pancreatic islet cells as a trigger of detrimental thrombotic reactions 
in clinical islet transplantation. Lancet 2002; 360: 2039-2045 
[PMID: 12504401 DOI: 10.1016/S0140-6736(02)12020-4]

41	 Johansson H, Goto M, Dufrane D, Siegbahn A, Elgue G, 
Gianello P, Korsgren O, Nilsson B. Low molecular weight dextran 
sulfate: a strong candidate drug to block IBMIR in clinical islet 
transplantation. Am J Transplant 2006; 6: 305-312 [PMID: 
16426314 DOI: 10.1111/j.1600-6143.2005.01186.x]

42	 Nilsson B, Ekdahl KN, Korsgren O. Control of instant blood-
mediated inflammatory reaction to improve islets of Langerhans 
engraftment. Curr Opin Organ Transplant 2011; 16: 620-626 
[PMID: 21971510 DOI: 10.1097/MOT.0b013e32834c2393]

43	 Dwyer KM, Robson SC, Nandurkar HH, Campbell DJ, Gock H, 
Murray-Segal LJ, Fisicaro N, Mysore TB, Kaczmarek E, Cowan 
PJ, d’Apice AJ. Thromboregulatory manifestations in human 
CD39 transgenic mice and the implications for thrombotic disease 
and transplantation. J Clin Invest 2004; 113: 1440-1446 [PMID: 
15146241 DOI: 10.1172/JCI19560]

44	 Dwyer KM, Mysore TB, Crikis S, Robson SC, Nandurkar H, 
Cowan PJ, D’Apice AJ. The transgenic expression of human CD39 
on murine islets inhibits clotting of human blood. Transplantation 
2006; 82: 428-432 [PMID: 16906044 DOI: 10.1097/01.
tp.0000229023.38873.c0]

45	 Lin CC, Ezzelarab M, Hara H, Long C, Lin CW, Dorling A, 
Cooper DK. Atorvastatin or transgenic expression of TFPI inhibits 
coagulation initiated by anti-nonGal IgG binding to porcine aortic 
endothelial cells. J Thromb Haemost 2010; 8: 2001-2010 [PMID: 
20553382 DOI: 10.1111/j.1538-7836.2010.03950]

46	 Hawthorne WJ, Salvaris EJ, Phillips P, Hawkes J, Liuwantara 
D, Burns H, Barlow H, Stewart AB, Peirce SB, Hu M, Lew AM, 
Robson SC, Nottle MB, D’Apice AJ, O’Connell PJ, Cowan PJ. 
Control of IBMIR in neonatal porcine islet xenotransplantation in 
baboons. Am J Transplant 2014; 14: 1300-1309 [PMID: 24842781 
DOI: 10.1111/ajt.12722]

47	 Wijkstrom M, Bottino R, Iwase H, Hara H, Ekser B, van der 
Windt D, Long C, Toledo FG, Phelps CJ, Trucco M, Cooper DK, 
Ayares D. Glucose metabolism in pigs expressing human genes 
under an insulin promoter. Xenotransplantation 2015; 22: 70-79 
[PMID: 25382150 DOI: 10.1111/xen.12145]

48	 Mohiuddin MM, Singh AK, Corcoran PC, Hoyt RF, Thomas ML, 
Lewis BG, Eckhaus M, Reimann KA, Klymiuk N, Wolf E, Ayares 
D, Horvath KA. One-year heterotopic cardiac xenograft survival in 
a pig to baboon model. Am J Transplant 2014; 14: 488-489 [PMID: 
24330419 DOI: 10.1111/ajt.12562]

49	 Iwase H, Ekser B, Satyananda V, Bhama J, Hara H, Ezzelarab M, 
Klein E, Wagner R, Long C, Thacker J, Li J, Zhou H, Jiang M, 
Nagaraju S, Zhou H, Veroux M, Bajona P, Wijkstrom M, Wang 
Y, Phelps C, Klymiuk N, Wolf E, Ayares D, Cooper DK. Pig-to-
baboon heterotopic heart transplantation--exploratory preliminary 
experience with pigs transgenic for human thrombomodulin and 
comparison of three costimulation blockade-based regimens. 
Xenotransplantation 2015; 22: 211-220 [PMID: 25847282 DOI: 
10.1111/xen.12167]

50	 Tesson L, Usal C, Ménoret S, Leung E, Niles BJ, Remy S, 
Santiago Y, Vincent AI, Meng X, Zhang L, Gregory PD, Anegon 
I, Cost GJ. Knockout rats generated by embryo microinjection of 
TALENs. Nat Biotechnol 2011; 29: 695-696 [PMID: 21822240 
DOI: 10.1038/nbt.1940]

51	 Mali P, Esvelt KM, Church GM. Cas9 as a versatile tool for 
engineering biology. Nat Methods 2013; 10: 957-963 [PMID: 
24076990 DOI: 10.1038/nmeth.2649]

P- Reviewer: Fulop T, Fujino Y, Reddy DN    
S- Editor: Ji FF    L- Editor: A    E- Editor: Li D  

Bottino R et al . Genetically-engineered pig islets



© 2015 Baishideng Publishing Group Inc. All rights reserved.

Published by Baishideng Publishing Group Inc
8226 Regency Drive, Pleasanton, CA 94588, USA

Telephone: +1-925-223-8242
Fax: +1-925-223-8243

E-mail: bpgoffice@wjgnet.com
Help Desk: http://www.wjgnet.com/esps/helpdesk.aspx

http://www.wjgnet.com


	WJT-5-243
	WJTv5i4Back cover

