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Abstract
Purpose of Review Porcine islets represent a potentially attractive beta-cell source for xenotransplantation into patients with type
1 diabetes, who are not eligible to islet allo-transplantation due to a lack of suitable human donor organs. Recent progress in
genetic engineering/gene editing of donor pigs provides new opportunities to overcome rejection of xeno-islets, to improve their
engraftment and insulin secretion capacity, and to reduce the risk for transmission of porcine endogenous retroviruses. This
review summarizes the current issues and progress in islet xenotransplantation with special emphasis on genetically modified/
gene edited donor pigs.
Recent Findings Attempts to overcome acute rejection of xeno-islets, especially after intraportal transplantation into the liver,
include the genetic elimination of specific carbohydrate antigens such as αGal, Neu5Gc, and Sd(a) for which humans and—in
part—non-human primates have natural antibodies that bind to these targets leading to activation of complement and coagulation.
A complementary approach is the expression of one or more human complement regulatory proteins (hCD46, hCD55, hCD59).
Transgenic attempts to overcome cellular rejection of islet xenotransplants include the expression of proteins that inhibit co-
stimulation of T cells. Expression of glucagon-like peptide-1 andM3muscarinic receptors has been shown to increase the insulin
secretion of virally transduced porcine islets in vitro and it will be interesting to see the effects of these modifications in transgenic
pigs and islet products derived from them. Genome-wide inactivation of porcine endogenous retrovirus (PERV) integrants by
mutating their pol genes using CRISPR/Cas9 is a recent approach to reduce the risk for PERV transmission by xeno-islets.
Summary Genetic engineering/gene editing of xeno-islet donor pigs facilitated major progress towards clinical islet xenotrans-
plantation. The required set of genetic modifications will depend on the source of islets (fetal/neonatal vs. adult), the mode of
delivery (encapsulated vs. free), and the transplantation site.
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Introduction

Since publication of the Edmonton islet transplantation and
immunosuppression protocol [1], human islet transplantation
entered successfully the clinic as beta-cell replacement thera-
py for insulin-dependent patients with beta-cell failure accom-
panied by problematic glycemic instability [2–4]. While prog-
ress in human pancreas procurement, islet isolation and qual-
ity, transplantation techniques, and immunosuppressive regi-
mens led to a marked improvement in transplant outcomes,
the number of procedures remains small, mainly due to the
shortage of human donor pancreata [2].

Currently, different strategies are followed to develop alter-
native sources for beta-cell procurement. These include the
targeted differentiation of human stem cells into endocrine
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progenitors or mature beta cells (reviewed in [5]), stimulation
of endogenous beta-cell proliferation or reprogramming non-
beta cells to beta-like cells (reviewed in [6]), the generation of
human pancreas in animal hosts by chimeric embryo or
organ complementation strategies (reviewed in [7]), and
the use of xenogeneic pancreatic islets from animals. For
a number of reasons, the pig is the favorite donor species
for xeno-islets:

& Porcine insulin is active in humans.
& The fecundity of pigs is high and the generation time short

(1 year).
& Pigs can be maintained under designated pathogen-free

conditions.
& Genetic engineering and gene editing tools have been

adapted to pigs to overcome rejection mechanisms, im-
prove islet function, and reduce the risk for zoonoses.

Fetal, neonatal, and adult pig islets have been tested in pre-
clinical transplantation experiments and each of these sources
has advantages and disadvantages (reviewed in [8, 9]). Adult
pig islets (APIs) are fully functional, but their isolation is tech-
nically demanding and expensive. Conditions need to be opti-
mized to achieve reasonable quality and yields of API isolates
[10]. The isolation of neonatal pig islets (NPIs) is straightfor-
ward and can be scaled to therapeutic quantities [11]. However,
their insulin content is only 10–20% compared with APIs
(reviewed in [12]) and NPIs require maturation in vitro or
in vivo before they become fully functional [13–15].
Furthermore, NPIs—in contrast to APIs—have high levels of
αGal epitopes which trigger an instant blood-mediated inflam-
matory response (IBMIR) after intraportal transplantation into
the liver (reviewed in [16]). Fetal pig islets (FPIs) are usually
derived from fetuses at 66 to 86 days of gestation and require
long-termmaturation (2–3 months) to achieve in vivo function-
ality after transplantation (reviewed in [17]).

Remarkable progress has been made in transplantation stud-
ies of free porcine islet into diabetic non-human primate (NHP)
models with immunosuppression (reviewed in [18]), with one
animal being insulin independent for more than 900 days [19].
However, large islet doses and intense immunosuppressive re-
gimes including blockade of the CD40/CD154 co-stimulation
pathway with anti-CD154mAb, that is thrombogenic in
humans, were necessary. More recent studies focus on improv-
ing immunosuppressive protocols to regimes applicable in the
clinic (e.g., [20]).

Encapsulation is one strategy to overcome the need for
immunosuppression (reviewed in [9]). Microencapsulated
NPIs have been tested in clinical studies and proved to be safe
[21, 22] with limited clinical improvements in hemoglobin
A1c levels and a reduction in the frequency of hypoglycemic
events [23]. Porcine C-peptide levels were not reported.
Macroencapsulated APIs were successfully tested in diabetic

rhesus monkeys. Although additional insulin treatment was
still required, the dose could be lowered and porcine C-
peptide secretion consistently detected [24].

Genetic modification of the donor pigs is an option to re-
duce the need for immunosuppression after transplantation of
free islets, which can be readily vascularized by the recipient
and are thus expected to provide a more physiological glucose
control than encapsulated islets. Of note, islets derived from
younger donors exhibited superior graft revascularization
compared to older donors [25, 26]. The type of genetic mod-
ifications required depends on the type of islets used and on
the transplantation site. Currently, major efforts are undertak-
en in islet allo- and xenotransplantation research to define the
most suitable islet transplantation site, as intraportal islet trans-
plantation is hampered by severe adverse effects on islet sur-
vival [9, 27]. This overview summarizes genetic engineering/
gene editing strategies of islet donor pigs to overcome humor-
al and cellular rejection of xeno-islets, to improve their en-
graftment and insulin secretion capacity, and to reduce the risk
for porcine endogenous retrovirus (PERV) transmission.

Tailoring of Islet Donor Pigs by Genetic
Engineering/Gene Editing

Most of the currently used genetically (multi-)modified islet
donor pigs were generated by pronuclear DNA microinjec-
tion into zygotes or by somatic cell nuclear transfer (SCNT)
from genetically modified donor cells (reviewed in [28]).
The latter technique can be used for random insertion of
transgenes, but allowed for the first time also targeted genet-
ic modifications of pigs [29]. Gene editing opened a new era
in tailoring donor pigs for xenotransplantation. Designer nu-
cleases, such as zinc finger nucleases (ZFNs), transcription
activator-like effector nucleases (TALENs), or the RNA-
guided clustered regularly interspaced short palindromic re-
peats (CRISPR)/CRISPR-associated (Cas) system, are used
to introduce a site-directed DNA double strand break (DSB)
in a cell. DSBs can be repaired by two cellular DNA repair
pathways. Non-homologous end-joining often leads to
frameshift mutations and a functional knockout of the gene.
The homology-directed repair pathway facilitates targeted
replacements or insertions in the pig genome (reviewed in
[30]). For the generation of gene edited pigs, designer nu-
cleases can be applied to cultured cells which are then used
for SCNT, or they can be applied on fertilized oocytes with
the risk of generating mosaics. Methods for targeted place-
ment and assembly of multiple xenoprotective transgenes at
a single genomic locus (reviewed in [31]) will speed up the
generation of novel genetically multi-modified pig lines that
can provide cells and tissues with superior properties for
xenotransplantation.
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Genetic Modifications to Overcome Rejection
of Xeno-Islets

The mechanisms of islet xeno-graft rejection depend on the
type of islet product (APIs vs. NPIs) and the transplantation
site. Genetic modifications of donor pigs to overcome these
rejection mechanisms are summarized in Table 1.

After intraportal transplantation of islets, a large proportion
is lost due to the IBMIR, which is associatedwith activation of
complement and coagulation, endothelial activation, cytokine
and chemokine release, inflammatory cell activation, infiltra-
tion of the graft, platelet aggregation on the islet surface, and
thrombus formation (reviewed in [83]). Due to preformed an-
tibodies in humans against specific carbohydrate antigens on
pig islets, IBMIR is likely exacerbated after islet xeno- vs.
allo-transplantation. These specific oligosaccharide antigens
are galactosyl-α1,3-galactose (αGal) synthesized by α-1,3-
galactosyltransferase (GGTA1), N-acetylneuraminic acid
(Neu5Gc, also called Hanganutziu-Deicher antigen) synthe-
sized by cytidine monophosphate-N-acetylneuraminic acid
hydroxylase (CMAH) and an Sd(a)-like glycan made by β-
1,4-N-acetyl-galactosaminyl transferase 2 (B4GALNT2)
(reviewed in [84]). αGal epitopes are present at high levels
on NPIs, but almost absent on APIs [85]. To eliminate these
carbohydrate antigens from porcine islets, pigs with knockout
(KO) mutants of GGTA1, CMAH, B4GALNT2, or combina-
tions of these were generated (Table 1). GGTA1-KO/CMAH-
KO pigs did not show alterations in islet architecture, insulin
secretion, and glucose homeostasis. After transplantation of
islets from these pigs into CMAH-deficient mice, no antibod-
ies against Neu5Gc were observed [35]. Deletion of all three
oligosaccharide antigens led to greatly reduced human anti-
body binding to pig cells in vitro [36, 86].

Intraportal transplantation ofαGal-deficient NPIs ofGGTA
1-KO piglets into immunosuppressed STZ-induced diabetic
rhesus monkeys resulted in improved rates of insulin indepen-
dence after transplantation likely due to decreased IBMIR
compared to transplanted αGal-containing WT NPIs [32].
This beneficial effect of αGal deficiency was previously not
observed after intraportal transplantation of adult pig islets
[39], presumably due to the naturally low level of αGal on
adult islets [85]. In the absence of immunosuppression, a ro-
bust inflammatory responsemay precede IBMIR, masking the
beneficial effect ofαGal deficiency [87].GGTA1-KO pigs are
now used as background for further genetic modifications to
improve free islet xenograft survival [88].

Binding of preformed or de novo synthesized antibodies to
their xeno-antigens leads to activation of the complement sys-
tem. Furthermore, there are molecular incompatibilities of the
human/NHP and porcine coagulation homeostasis systems.
For example, tissue factor, which is expressed and secreted
by porcine pancreatic alpha and beta cells, activates the coag-
ulation cascade [89]. It is a matter of debate if porcine tissue

factor pathway inhibitor (TFPI) can prevent activation of the
human coagulation cascade (reviewed in [90]). Attempts to
protect cellular xenotransplants against complement-
mediated injury and coagulation dysfunction include expres-
sion of one or more human complement-regulatory proteins
(e.g., hCD46, hCD55, hCD59) and human coagulation-
regulatory proteins (e.g., thrombomodulin, endothelial protein
C receptor, TFPI, CD39, CD73). Expression of hCD46 had no
effect to mitigate IBMIR and adult islet loss in the early post-
transplant period, but was beneficial for long-term survival
due to limiting antibody-mediated rejection [39]. However,
hCD55 and hCD59 expressing NPIs fromαGal-deficient pigs
led to significantly reduced activation of coagulation and com-
plement in vitro and efficiently attenuated IBMIR after
intraportal transplantation into immunosuppressed non-
diabetic baboons in vivo [41]. Long-term graft survival was
limited due to cell-mediated rejection requiring more effective
immunosuppression or further genetic modifications.

Beside the above-mentioned preformed antibodies, de novo
synthesis of antibodies by B cells after recognition of xeno-
epitopes can occur, triggered by T cells and natural killer cells
(reviewed in [91]). Antibody-mediated graft rejection is exac-
erbated if patients are pre-sensitized and their serum contains
antibodies against donor major histocompatibility complex
class I molecules/human leukocyte antigens (HLAs). Human
T-cell receptors can bind swine leukocyte antigen (SLA) com-
plexes, triggering human T-cell activation [56], with different
SLA polymorphisms eliciting strong or weak stimulatory ef-
fects. Xenograft survival can therefore be supported by
avoiding donor pigs with strongly stimulating SLA alleles [92].

Both innate (neutrophils, natural killer cells, and monocytes/
macrophages) and adaptive (B and T lymphocytes) components
of the cellular immune system contribute to allo- and xenograft
rejection (reviewed in [93]), in which, irrespective of transplant
site, T-cell-mediated rejection is seen as major barrier for long-
term islet graft survival. T-cell activation requires—in addition
to T-cell receptor signaling—a co-stimulatory signal, which
may—depending on its nature—induce and amplify an effective
immune response, or have an inhibitory tolerogenic function. In
xenotransplantation, the best studied T-cell co-stimulatory sig-
naling complexes are CD80/CD86-CD28 and CD40-CD154,
with CD28 and CD154 (= CD40L) being localized on T cells
and CD80/CD86 and CD40 on APCs. Klymiuk et al. [51] gen-
erated transgenic pigs expressing the T-cell co-stimulation
blocking molecule LEA29Y (binding CD80/CD86 with high
affinity) specifically in beta cells. LEA29Y expressing NPIs
transplanted under the kidney capsule of diabetic immune defi-
cient mice (NOD-SCID Il2rg−/−; NSG) were able to normalize
glucose homeostasis and were not rejected by transplanted hu-
man peripheral blood mononuclear cells (PBMCs) [51].
Importantly, the concept of local immune modulation by
LEA29Y was supported, as only marginal levels of LEA29Y
were detectable in the circulation of mice grafted with LEA29Y
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Table 1 Selection of genetic strategies to bring free islet xenotransplantation to the clinic

Aim/genetic modification (GM) GM pigs Islet XTx in rodents Islet XTx in NHPs

Deletion of sugar moieties of pig cells with pre-formed recipients’ antibodies

α-1,3-galactosyltransferase knockout (GGTA1-KO) [29] [32]

cytidine monophosphate-N-acetylneuraminic acid hydroxylase knockout (CMAH-KO) [33, 34] [35]

β-1,4-N-acetyl-galactosaminyl transferase 2 knockout (B4GALNT2-KO) [36]

Complement regulation by human complement-regulatory gene expression

human membrane cofactor protein transgenic (hCD46-tg) [37] [38] [39]

human decay-accelerating factor transgenic (hCD55-tg) [40] [41, 42]

human protectin or membrane inhibitor of reactive lysis transgenic (hCD59-tg) [43] [41]

human complement-regulatory protein C1 inhibitor transgenic (hC1-INH-tg) [44]

Coagulation regulation by human coagulation-regulatory gene expression

human thrombomodulin transgenic (hTM-tg) [45]

human endothelial protein C receptor transgenic (hEPCR-tg) [46]

human tissue factor pathway inhibitor transgenic (hTFPI-tg) [47] [48]

human ectonucleoside triphosphate diphosphohydrolase-1 transgenic (hCD39-tg) [49] [48]

human ecto-5′-nucleotidase transgenic (hCD73-tg) [50]

Prevention of cell-mediated rejection-T cells

human LEA29Y transgenic (LEA29Y-tg) [51] [51, 52•]

human CTLA4-Ig transgenic (hCTLA4-Ig-tg) [53]

porcine CTLA4-Ig transgenic (pCTLA4-Ig-tg) [54] [48]

SLA class I knockout [55]

human dominant-negative mutant class II transactivator transgenic (CIITA-DN-tg) [56]

human TNF-related apoptosis-inducing ligand transgenic (hTRAIL-tg) [57, 58]

human programmed cell death 1 ligand 1 transgenic (PD-L1-tg) [59]

Prevention of cell-mediated rejection-natural killer cells and macrophages

HLA-E/human b2-microglobulin transgenic (HLA-E/b2M-tg) [60]

human signal regulatory protein alpha transgenic (hCD47-tg) [61]

Expression of anti-inflammatory proteins or knockout of pro-inflammatory proteins

human tumor necrosis factor α–induced protein 3 (TNFAIP3) transgenic (A20-tg) [62]

human heme oxygenase 1 transgenic (hHO-1-tg) [63, 64] [65, 66]

soluble human TNFRI-Fc transgenic (shTNFRI-Fc-tg) [64] [65, 66]

Reduction/elimination of the risk of PERV transmission

Knockdown of PERVexpression [67–70]

Genome-wide inactivation of PERV pol gene [71••]

Genetically multi-modified pigs

GGTA1-KO/hCD46-tg/hCD39-tg [48, 72] [48]

GGTA1-KO/hCD46-tg/hTFPI-tg/pCTLA4-Ig-tg [48, 72] [48]

GGTA1-KO/hCD46-tg/hTFPI-tg/pCTLA4-Ig-tg/hCD39-tg [48, 72] [48]

GGTA1-KO/hCD55-tg/hCD59-tg/human fucosyltransferase (HT)-tg [73] [74]

GGTA1-KO/hCD55-tg/hCD59-tg [41, 75] [41]

GGTA1-KO/hCD55-tg/hCD39-tg/TFPI-tg/hC1-INH-tg/hTNFAIP3-tg [44]

GGTA1-KO/CMAH-KO [34, 35, 76] [35]

GGTA1-KO/CMAH-KO/hCD46-tg/hCD55-tg/hCD59-tg/hA20-tg/hHO1-tg [77]

GGTA1-KO/CMAH-KO/shTNFRI-Fc-tg/hHO-1-tg [78]

GGTA1-KO/CMAH-KO/B4GALNT2-KO [36, 79, 80]

GGTA1-KO/CMAH-KO/isoglobotrihexosylceramide synthase (iGb3S)-KO [81]

GGTA1-KO/hCD39-tg [82]

GGTA1-KO/pCTLA4-Ig-tg [54]

XTx xenotransplantation, NHPs non-human primates
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transgenic islets. In diabetic NSG mice reconstituted with hu-
manCD34+ hematopoietic stem cells, LEA29Y transgenic islets
survived andmaintained glucose control for more than 6months
without additional immunosuppressive treatment [52•].
Transgenic expression of human PD-L1, a co-inhibitory
immunomodulating agent suppressing T-cell activation and
thereby inducing tolerogenic T-cell responses [94, 95], repre-
sents a complementary strategy [59]. Transient expression of
PD-L1 on human islet allo-transplants was recently reported to
promote their indefinite survival (https://confman.tts2018.org/
mobis/lecture/828).

Besides T cells, macrophages entered into the focus of xe-
nograft rejection. In a dual transplant model where diabetic
NHP with robust co-stimulation blockade-based regimen,
using CTLA4-Ig, anti-CD154, and anti-LFA1 therapy, were
transplanted with adult NHP islets into one liver lobe and with
GGTA1-KO NPI into the other lobe, NPI xenotransplants
showed augmented macrophage infiltration and antibody de-
position compared with allografts [96•]. Therefore, engineer-
ing of transgenic pigs expressing the ‘macrophage don’t eat
me’ signal hCD47 (SIRPα) might be the next step to prevent
macrophage infiltration. CD47 expressed on rodent islets allo-
transplanted intraportally in mice reduced IBMIR-associated
early islet mass loss (https://confman.tts2018.org/mobis/
lecture/419).

Inhibition of inflammatory and apoptotic stimuli of islets
might enable a further step towards improved engraftment and
prolonged graft survival. Inactivation of the CCL2 gene
[encoding the monocyte chemotactic protein 1 (MCP1)/che-
mokine (C-C motif) ligand 2] and transgenic overexpression
of TFPI were recently proposed as a means of reducing
IBMIR by diminishing pro-inflammatory and pro-coagulant
signals from islet xenotransplants (reviewed in [16, 97]).
Human TFPI transgenic pig islets (on a GGTA1-KO/hCD46-
tg genetic background) were shown to mitigate IBMIR and
reduce early cell losses, but no beneficial effect on long-term
graft survival in NHPs was observed [48]. Adult porcine islets
expressing human soluble TNF-α receptor-Fc (sTNF-αR-Fc)
or heme oxygenase-1 (HO-1), transplanted under the kidney
capsule into diabetic BALB/c nude or humanized NSG mice
with no immunosuppressive regime, had significantly
prolonged graft survival, decreased intragraft MCP1, TNF-α
and IL-6 expression and decreased perigraft infiltration of
macrophages and T cells [65, 66]. Additionally, HO-1 ex-
pressing islet xenotransplants exhibited decreased apoptosis
during early engraftment.

Genetic Modifications for Optimizing
Xeno-Islet Maturation and Function

NPIs have a number of advantages over APIs, most impor-
tantly their straightforward isolation, their proliferation

capacity, their superior revascularization after transplantation,
and the fact that donor animals do not need to be maintained
for a long period under expensive designated pathogen-free
conditions. However, NPIs are immature and not fully func-
tional after isolation. It would therefore be important to gain a
better understanding of factors affecting the maturation and
proliferation of NPIs. Kemter et al. [26] generated transgenic
pigs expressing enhanced green fluorescent protein (eGFP)
under the control of the porcine INS promoter. The reporter
gene is expressed specifically in beta cells, and the level of
expression increases upon beta-cell maturation. This model is
useful to study beta-cell maturation and expansion in vivo,
e.g., after transplantation into the anterior eye chamber of
mice. Moreover, eGFP-expressing beta cells can be recovered
by fluorescence activated cell sorting and processed for omics
analyses like single-cell RNA sequencing [98]. Systematic
analyses of beta cells derived from different pre- and postnatal
stages will improve our understanding of porcine beta-cell
development and eventually reveal new markers and strate-
gies to improve the maturation of NPIs and to assess the qual-
ity of islet products (Fig. 1).

Although pigs exhibit blood glucose concentrations compa-
rable to those in humans, porcine beta cells contain less insulin
and respond with lower insulin secretion to glucose stimulus
than human beta cells (reviewed in [12]). Therefore, larger
amounts of xeno-islets than allo-islets might be necessary to
be transplanted in humans to produce physiologically relevant
amounts of insulin and to achieve normoglycemia. By adeno-
viral transfer mediated transgene expression of glucagon-like
peptide-1 (GLP1) and constitutively activated type 3 muscarin-
ic receptor (M3R), porcine islets contained increased amounts
of insulin, insulin granules, and improved islet secretory func-
tion in vitro [99•]. GLP1 activates a cAMP-dependent pathway
and activation of M3R initiates the cholinergic pathway. Both
pathways lead to ‘amplification’ of insulin production, thereby
to an increased number of readily-releasable insulin granules in
beta cells, resulting in greater secretory response to glucose
stimulation. It will be interesting to see how glucose homeosta-
sis of transgenic pigs expressing increased GLP1 and M3R
levels in their islets is affected and if isolated and transplanted
islets show improved insulin secretion.

Gene Editing to Prevent Zoonosis

Xenogeneic cell therapy products like porcine islet
xenotransplants require regulatory approval before entering the
clinic [100]. Beside graft functionality and avoidance strategies
of graft rejection, zoonotic risk of xenografts is a critical issue.

Gene editing may play also a major role in preventing trans-
mission of porcine microorganisms to the xenotransplant recip-
ient. Xenotransplantation may be associated with the risk of
transmission of porcine microorganisms including bacteria,
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fungi, and viruses able to adapt in the recipient and to induce a
disease (zoonosis or xenosis). Whereas many microorganisms
may be eliminated from the donor pigs by selection, treatment
with antibiotics, antimycotics, or antiviral drugs, by vaccina-
tion, by early weaning and colostrum deprivation, by
Cesarean delivery or embryo transfer, and by maintenance of
the donor animals in designated pathogen-free housing facili-
ties, for others this is not so easy or not possible. Reasons for
this are for example a wide distribution in all pigs, a high sta-
bility of the virus, an easy distribution by body fluids, or a
transplacental transmission. This is true for the porcine
circoviruses 1, 2, and 3 (PCV1, PCV2, PCV3) [101], the por-
cine cytomegalovirus (PCMV) [102], the porcine lymphotropic
herpesviruses (PLHV-1, PLHV-2, PLHV-3) [103], and the hep-
atitis E virus (HEV) [104]. However, with great effort and ex-
cellent elimination programs, it can be achieved even in the
case of these viruses (e.g., [105]). Even when donor pigs were
positive for PCMVand PLHV in their PBMCs, their islet cells
were negative demonstrating that the hygiene status of the prod-
uct can be better than that of the herd [106].

In contrast, PERVs cannot be eliminated this way, because
they are integrated in the genome of all pigs and can be

released from pig tissues as infectious virus particles [107].
Two of them, PERV-A and PERV-B, are able to infect hu-
man cells. When islets were macroencapsulated in an algi-
nate patch, no release of PERVs was detected [108]. Until
now, no transmission of PERVs has been observed in pre-
clinical and clinical trials [109]. Unfortunately, NHPs are a
very limited animal model to study efficacy and virus safety
of pig islet cell transplantation [110•]. First, there are major
differences in the glucose metabolism between humans and
pigs on one side and NHPs on the other side, and, second,
NHPs do not carry a functional receptor for PERVs (for
details, see [110•]). With few exceptions, clinical trials have
been performed with encapsulated pig islet cells without
pharmaceutical immunosuppression, but still not with large
vascularized organs and appropriate immunosuppression. At
present, there are no additional experimental approaches
available to evaluate whether PERVs pose a risk in clinical
xenotransplantations (for details, see [111]).

To prevent PERV transmission despite their integration
in the pig genome, several strategies have been developed.
First of all, the selection of pigs with a low copy number
and a low expression at the RNA or protein level of PERV-

Fig. 1 Reporter pig islets to gain a better understanding of factors
affecting the maturation and proliferation of NPIs. Reporter islet pigs
like INS-eGFP pigs with GFP-labeled beta cells [26] are a useful tool
(1) for omics analyses to identify markers and pathways of beta-cell
differentiation and maturation in pig pancreas and to develop strategies
to improve NPI maturation in vitro, (2) for monitoring and optimizing of
the in vitro maturation process of NPIs before xenotransplantation, and
(3) for non-invasive long-term in vivo imaging of xenotransplant

engraftment, beta-cell maturation, and NPI mass expansion. By
optimizing the NPI maturation process and obtaining high-quality, well-
functioning and apoptosis-resistant NPIs for transplantation, reduced islet
mass for xenotransplantation, improved engraftment and vascularization,
and improved in vivo maturation of the xenograft might be feasible for
obtaining a reliable transplant outcome with improved reversal of
diabetes and improved short- and long-term survival
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A and PERV-B proviruses based on methods able to dis-
criminate between high and low expression of PERVs in
blood cells [112, 113]. Second, it has been shown that
PERV-A, which is able to infect human cells, and PERV-
C, which is able to infect only pig cells, can recombine.
The resulting recombinant PERV-A/Cs are able to infect
human cells and are characterized by an increased replica-
tion competence compared with the parental viruses
[114–116]. Therefore, PERV-C-free animals should be se-
lected to avoid recombination. For this, sensitive and spe-
cific methods to screen for PERV-C-positive animals have
been developed [117, 118]. Third, RNA interference tech-
nology was successfully used to reduce the expression of
PERVs in genetically modified animals expressing small
interfering RNAs [67–70, 119, 120]. Fourth, a vaccine
based on neutralizing antibodies against the transmem-
brane and surface envelope proteins of PERVs was devel-
oped, though it could not be tested in the absence of an
appropriate animal model of infection [121–123].

A breakthrough was achieved when gene editing was used
to inactivate PERVs integrated in the pig genome. This was a
great challenge, because gene editing is usually applied to
inactivate single genes in the genome. PERVs are present
approximately in up to 130 copies in the genome [124, 125].
When gene editing was performed using a ZFN in a pig cell
line and PERV-infected human cells, the expression of ZFN
was very high inducing a toxic effect [126]. Obviously, the
ZFN was cutting the genome at multiple sites and was
destabilizing the genome [126]. The use of the CRISPR/
Cas9 technology was another step forward. In a proof of prin-
ciple experiment, 62 PERV proviruses were successfully
inactivated in immortalized PK-15 pig cells [127•].
Meanwhile, all PERV copies (altogether 25) were inactivated
in primary pig cells and these were used to produce live
healthy piglets [71••]. The technical feasibility of reducing
the risk of PERV transmission to zero is exciting, but it is
not clear at this stage if genome-wide PERV inactivation by
CRISPR/Cas9 is actually required for clinical islet xenotrans-
plantation [111, 128].

To further increase the virus safety, it may be possible to
inactivate receptors for porcine microorganisms if these
molecules are known and without important functions in
the animals.

Conclusions

Porcine islet xenografts have a high potential to pass the
door towards the clinic as beta-cell replacement therapy
due to following advantages: (1) “on demand” unlimited
source of beta cells, (2) consistent and standardized, high
quality beta-cell replacement therapy achievable, (3) likely
potential to avoid recurrent autoimmunity, (4) potential to

prevent allogeneic sensitization, and (5) avoid amyloid de-
position [4]. Both immune destruction and the potential
zoonotic risk of transmission of PERVs and other pig vi-
ruses so far hindered transition of free islet xenotransplan-
tation towards the clinic. However, pig donors can be ge-
netically modified, and enormous progress was achieved in
recent years especially since the introduction of gene
editing tools enabling efficient generation of every kind
and combination of genetic modifications. To define which
multiplex genetic modifications are necessary for an opti-
mized xenograft with superior properties and enabling
long-term graft survival without need of systemic immu-
nosuppressive regime is a challenge but can be achieved.

Funding This work was supported by the Horizon2020 Program, Grant
Number 760986 ‘iNanoBIT’, and by the German Research Foundation
(DFG), Grant Number 213602983, TRR 127: Biology of xenogeneic cell
and organ transplantation—from bench to bedside.

Compliance with Ethical Standards

Conflict of Interest Elisabeth Kemter, Joachim Denner, and Eckhard
Wolf declare that they have no conflict of interest.

Human and Animal Rights and Informed Consent This article does not
contain any studies with human or animal subjects performed by any of
the authors.

References

Papers of particular interest, published recently, have been
highlighted as:
• Of importance
•• Of major importance

1. Shapiro AM, Lakey JR, Ryan EA, Korbutt GS, Toth E, Warnock
GL, et al. Islet transplantation in seven patients with type 1 diabe-
tes mellitus using a glucocorticoid-free immunosuppressive regi-
men. N Engl J Med. 2000;343(4):230–8. https://doi.org/10.1056/
NEJM200007273430401.

2. Chang CA, Lawrence MC, Naziruddin B. Current issues in allo-
geneic islet transplantation. Curr Opin Organ Transplant.
2017 ;22(5) :437–43 . h t tps : / /do i .o rg /10 .1097 /MOT.
0000000000000448.

3. Rickels MR, Stock PG, de Koning EJP, Piemonti L, Pratschke J,
Alejandro R, et al. Defining outcomes for beta-cell replacement
therapy in the treatment of diabetes: a consensus report on the Igls
criteria from the IPITA/EPITA opinion leaders workshop. Transpl
Int. 2018;31(4):343–52. https://doi.org/10.1111/tri.13138.

4. Schuetz C, Anazawa T, Cross SE, Labriola L, Meier RPH,
Redfield RR 3rd, et al. Beta cell replacement therapy: the next
10 years. Transplantation. 2018;102(2):215–29. https://doi.org/
10.1097/TP.0000000000001937.

5. Ellis C, Ramzy A, Kieffer TJ. Regenerative medicine and cell-
based approaches to restore pancreatic function. Nat Rev
Gastroenterol Hepatol. 2017;14(10):612–28. https://doi.org/10.
1038/nrgastro.2017.93.

Curr Diab Rep (2018) 18: 103 Page 7 of 12 103

https://doi.org/10.1056/NEJM200007273430401
https://doi.org/10.1056/NEJM200007273430401
https://doi.org/10.1097/MOT.0000000000000448
https://doi.org/10.1097/MOT.0000000000000448
https://doi.org/10.1111/tri.13138
https://doi.org/10.1097/TP.0000000000001937
https://doi.org/10.1097/TP.0000000000001937
https://doi.org/10.1038/nrgastro.2017.93
https://doi.org/10.1038/nrgastro.2017.93


6. Zhou Q, Melton DA. Pancreas regeneration. Nature.
2018;557(7705):351–8. https://doi.org/10.1038/s41586-018-
0088-0.

7. Suchy F, Nakauchi H. Interspecies chimeras. Curr Opin Genet
Dev. 2018;52:36–41. https://doi.org/10.1016/j.gde.2018.05.007.

8. Nagaraju S, Bottino R,WijkstromM, TruccoM, Cooper DK. Islet
xenotransplantation: what is the optimal age of the islet-source
pig? Xenotransplantation. 2015;22(1):7–19. https://doi.org/10.
1111/xen.12130.

9. Liu Z, HuW, He T, Dai Y, Hara H, Bottino R, et al. Pig-to-primate
islet xenotransplantation: past, present, and future. Cell
Transplant. 2017;26(6):925–47. https://doi.org/10.3727/
096368917x694859.

10. Steffen A, Kiss T, Schmid J, Schubert U, Heinke S, Lehmann S
et al. Production of high-quality islets from goettingen minipigs:
Choice of organ preservation solution, donor pool, and optimal
cold ischemia time. Xenotransplantation. 2017;24(1). https://doi.
org/10.1111/xen.12284.

11. Ellis C, Lyon JG, Korbutt GS. Optimization and scale-up isolation
and culture of neonatal porcine islets: potential for clinical appli-
cation. Cell Transplant. 2016;25(3):539–47. https://doi.org/10.
3727/096368915x689451.

12. Mourad NI, Gianello PR. Xenoislets: porcine pancreatic islets for
the treatment of type I diabetes. Curr Opin Organ Transplant.
2017 ;22 (6 ) : 529–34 . h t t p s : / / do i . o rg / 10 . 1097 /mo t .
0000000000000464.

13. Hassouna T, Seeberger KL, Salama B, Korbutt GS. Functional
maturation and in vitro differentiation of neonatal porcine islet
grafts. Transplantation. 2018. https://doi.org/10.1097/tp.
0000000000002354.

14. Jimenez-Vera E, Davies S, Phillips P, O'Connell PJ, Hawthorne
WJ. Long-term cultured neonatal islet cell clusters demonstrate
better outcomes for reversal of diabetes: in vivo and molecular
profiles. Xenotransplantation. 2015;22(2):114–23. https://doi.
org/10.1111/xen.12151.

15. Li WC, Chen CY, Kao CW, Huang PC, Hsieh YT, Kuo TY, et al.
Porcine neonatal pancreatic cell clusters maintain their
multipotency in culture and after transplantation. Sci Rep.
2018;8(1):8212. https://doi.org/10.1038/s41598-018-26404-6.

16. Klymiuk N, Ludwig B, Seissler J, Reichart B, Wolf E. Current
concepts of using pigs as a source for beta-cell replacement ther-
apy of type 1 diabetes. Curr Mol Biol Rep. 2016;2(2):73–82.
https://doi.org/10.1007/s40610-016-0039-1.

17. ZhuHT, Yu L, Lyu Y,Wang B.Optimal pig donor selection in islet
xenotransplantation: current status and future perspectives. J
Zhejiang Univ Sci B. 2014;15(8):681–91. https://doi.org/10.
1631/jzus.B1400120.

18. Salama BF, Korbutt GS. Porcine islet xenografts: a clinical source
of ss-cell grafts. Curr Diab Rep. 2017;17(3):14. https://doi.org/10.
1007/s11892-017-0846-7.

19. Shin JS, Min BH, Kim JM, Kim JS, Yoon IH, Kim HJ, et al.
Failure of transplantation tolerance induction by autologous regu-
latory Tcells in the pig-to-non-human primate islet xenotransplan-
tation model. Xenotransplantation. 2016;23(4):300–9. https://doi.
org/10.1111/xen.12246.

20. Shin JS, Kim JM, Min BH, Yoon IH, Kim HJ, Kim JS et al. Pre-
clinical results in pig-to-non-human primate islet xenotransplanta-
tion using anti-CD40 antibody (2C10R4)-based immunosuppres-
sion. Xenotransplantation. 2018;25(1). https://doi.org/10.1111/
xen.12356.

21. Morozov VA, Wynyard S, Matsumoto S, Abalovich A, Denner J,
Elliott R. No PERV transmission during a clinical trial of pig islet
cell transplantation. Virus Res. 2017;227:34–40. https://doi.org/
10.1016/j.virusres.2016.08.012.

22. Wynyard S, Nathu D, Garkavenko O, Denner J, Elliott R.
Microbiological safety of the first clinical pig islet

xenotransplantation trial in New Zealand. Xenotransplantation.
2014;21(4):309–23. https://doi.org/10.1111/xen.12102.

23. Matsumoto S, Abalovich A, Wechsler C, Wynyard S, Elliott RB.
Clinical benefit of islet xenotransplantation for the treatment of
type 1 diabetes. EBioMedicine. 2016;12:255–62. https://doi.org/
10.1016/j.ebiom.2016.08.034.

24. Ludwig B, Ludwig S, Steffen A, Knauf Y, Zimerman B, Heinke S,
et al. Favorable outcome of experimental islet xenotransplantation
without immunosuppression in a nonhuman primate model of
diabetes. Proc Natl Acad Sci U S A. 2017;114(44):11745–50.
https://doi.org/10.1073/pnas.1708420114.

25. Cohrs CM, Chen C, Jahn SR, Stertmann J, Chmelova H, Weitz J,
et al. Vessel network architecture of adult human islets promotes
distinct cell-cell interactions in situ and is altered after transplan-
tation. Endocrinology. 2017;158(5):1373–85. https://doi.org/10.
1210/en.2016-1184.

26. Kemter E, Cohrs CM, Schafer M, Schuster M, Steinmeyer K,
Wolf-van Buerck L, et al. INS-eGFP transgenic pigs: a novel
reporter system for studying maturation, growth and vascularisa-
tion of neonatal islet-like cell clusters. Diabetologia. 2017;60(6):
1152–6. https://doi.org/10.1007/s00125-017-4250-2.

27. Schuetz C, Markmann JF. Islet cell transplant: update on current
clinical trials. Curr Transplant Rep. 2016;3(3):254–63. https://doi.
org/10.1007/s40472-016-0103-z.

28. Aigner B, Klymiuk N, Wolf E. Transgenic pigs for xenotransplan-
tation: selection of promoter sequences for reliable transgene ex-
pression. Curr Opin Organ Transplant. 2010;15(2):201–6. https://
doi.org/10.1097/MOT.0b013e328336ba4a.

29. Phelps CJ, Koike C, Vaught TD, Boone J, Wells KD, Chen SH,
et al. Production of alpha 1,3-galactosyltransferase-deficient pigs.
Science. 2003;299(5605):411–4. https://doi.org/10.1126/science.
1078942.

30. Mourad NI, Gianello P. Gene editing, gene therapy, and cell xe-
notransplantation: cell transplantation across species. Curr
Transplant Rep. 2017;4(3):193–200. https://doi.org/10.1007/
s40472-017-0157-6.

31. Fischer K, Kind A, Schnieke A. Assembling multiple
xenoprotective transgenes in pigs. Xenotransplantation. 2018:
e12431. https://doi.org/10.1111/xen.12431.

32. Thompson P, Badell IR, Lowe M, Cano J, Song M, Leopardi F,
et al. Islet xenotransplantation using gal-deficient neonatal donors
improves engraftment and function. Am J Transplant.
2011;11(12):2593–602. https://doi.org/10.1111/j.1600-6143.
2011.03720.x.

33. Kwon DN, Lee K, Kang MJ, Choi YJ, Park C, Whyte JJ, et al.
Production of biallelic CMP-Neu5Ac hydroxylase knock-out
pigs. Sci Rep. 2013;3:1981. https://doi.org/10.1038/srep01981.

34. Lutz AJ, Li P, Estrada JL, Sidner RA, Chihara RK, Downey SM,
et al. Double knockout pigs deficient in N-glycolylneuraminic
acid and galactose alpha-1,3-galactose reduce the humoral barrier
to xenotransplantation. Xenotransplantation. 2013;20(1):27–35.
https://doi.org/10.1111/xen.12019.

35. Salama A, Mosser M, Leveque X, Perota A, Judor JP, Danna C,
et al. Neu5Gc and alpha1-3 GAL Xenoantigen knockout does not
affect Glycemia homeostasis and insulin secretion in pigs.
Diabetes. 2017;66(4):987–93. https://doi.org/10.2337/db16-1060.

36. Estrada JL, Martens G, Li P, Adams A, Newell KA, Ford ML,
et al. Evaluation of human and non-human primate antibody bind-
ing to pig cells lacking GGTA1/CMAH/beta4GalNT2 genes.
Xenotransplantation. 2015;22(3):194–202. https://doi.org/10.
1111/xen.12161.

37. Diamond LE, Quinn CM, Martin MJ, Lawson J, Platt JL,
Logan JS. A human CD46 transgenic pig model system for
the study of discordant xenotransplantation. Transplantation.
2001;71(1):132–42.

103 Page 8 of 12 Curr Diab Rep (2018) 18: 103

https://doi.org/10.1038/s41586-018-0088-0
https://doi.org/10.1038/s41586-018-0088-0
https://doi.org/10.1016/j.gde.2018.05.007
https://doi.org/10.1111/xen.12130
https://doi.org/10.1111/xen.12130
https://doi.org/10.3727/096368917x694859
https://doi.org/10.3727/096368917x694859
https://doi.org/10.1111/xen.12284
https://doi.org/10.1111/xen.12284
https://doi.org/10.3727/096368915x689451
https://doi.org/10.3727/096368915x689451
https://doi.org/10.1097/mot.0000000000000464
https://doi.org/10.1097/mot.0000000000000464
https://doi.org/10.1097/tp.0000000000002354
https://doi.org/10.1097/tp.0000000000002354
https://doi.org/10.1111/xen.12151
https://doi.org/10.1111/xen.12151
https://doi.org/10.1038/s41598-018-26404-6
https://doi.org/10.1007/s40610-016-0039-1
https://doi.org/10.1631/jzus.B1400120
https://doi.org/10.1631/jzus.B1400120
https://doi.org/10.1007/s11892-017-0846-7
https://doi.org/10.1007/s11892-017-0846-7
https://doi.org/10.1111/xen.12246
https://doi.org/10.1111/xen.12246
https://doi.org/10.1111/xen.12356
https://doi.org/10.1111/xen.12356
https://doi.org/10.1016/j.virusres.2016.08.012
https://doi.org/10.1016/j.virusres.2016.08.012
https://doi.org/10.1111/xen.12102
https://doi.org/10.1016/j.ebiom.2016.08.034
https://doi.org/10.1016/j.ebiom.2016.08.034
https://doi.org/10.1073/pnas.1708420114
https://doi.org/10.1210/en.2016-1184
https://doi.org/10.1210/en.2016-1184
https://doi.org/10.1007/s00125-017-4250-2
https://doi.org/10.1007/s40472-016-0103-z
https://doi.org/10.1007/s40472-016-0103-z
https://doi.org/10.1097/MOT.0b013e328336ba4a
https://doi.org/10.1097/MOT.0b013e328336ba4a
https://doi.org/10.1126/science.1078942
https://doi.org/10.1126/science.1078942
https://doi.org/10.1007/s40472-017-0157-6
https://doi.org/10.1007/s40472-017-0157-6
https://doi.org/10.1111/xen.12431
https://doi.org/10.1111/j.1600-6143.2011.03720.x
https://doi.org/10.1111/j.1600-6143.2011.03720.x
https://doi.org/10.1038/srep01981
https://doi.org/10.1111/xen.12019
https://doi.org/10.2337/db16-1060
https://doi.org/10.1111/xen.12161
https://doi.org/10.1111/xen.12161


38. McKenzie IF, Li YQ, Xing PX, Dinatale I, Koulmanda M,
Loveland BE, et al. CD46 protects pig islets from antibody but
not cell-mediated destruction in the mouse. Xenotransplantation.
2003;10(6):615–21.

39. van der Windt DJ, Bottino R, Casu A, Campanile N, Smetanka C,
He J, et al. Long-term controlled normoglycemia in diabetic non-
human primates after transplantation with hCD46 transgenic por-
cine islets. Am J Transplant. 2009;9(12):2716–26. https://doi.org/
10.1111/j.1600-6143.2009.02850.x.

40. Cozzi E, White DJ. The generation of transgenic pigs as potential
organ donors for humans. Nat Med. 1995;1(9):964–6.

41. Hawthorne WJ, Salvaris EJ, Phillips P, Hawkes J, Liuwantara D,
Burns H, et al. Control of IBMIR in neonatal porcine islet xeno-
transplantation in baboons. Am J Transplant. 2014;14(6):1300–9.
https://doi.org/10.1111/ajt.12722.

42. Mandel TE, Koulmanda M, Cozzi E, Waterworth P, Tolan M,
Langford G, et al. Transplantation of normal and DAF-
transgenic fetal pig pancreas into cynomolgus monkeys.
Transplant Proc. 1997;29(1–2 /01):940.

43. Fodor WL, Williams BL, Matis LA, Madri JA, Rollins SA, Knight
JW, et al. Expression of a functional human complement inhibitor in
a transgenic pig as a model for the prevention of xenogeneic hyper-
acute organ rejection. Proc Natl Acad Sci U S A. 1994;91(23):
11153–7.

44. Kwon DJ, Kim DH, Hwang IS, Kim DE, Kim HJ, Kim JS, et al.
Generation of alpha-1,3-galactosyltransferase knocked-out trans-
genic cloned pigs with knocked-in five human genes. Transgenic
Res. 2017;26(1):153–63. https://doi.org/10.1007/s11248-016-
9979-8.

45. Wuensch A, Baehr A, Bongoni AK, Kemter E, Blutke A, Baars
W, et al. Regulatory sequences of the porcine THBD gene facili-
tate endothelial-specific expression of bioactive human
thrombomodulin in single- and multitransgenic pigs.
Transplantation. 2014;97(2):138–47. https://doi.org/10.1097/TP.
0b013e3182a95cbc.

46. Iwase H, Ekser B, Hara H, Phelps C, Ayares D, Cooper DK, et al.
Regulation of human platelet aggregation by genetically modified
p i g e n d o t h e l i a l c e l l s a n d t h r omb i n i n h i b i t i o n .
Xenotransplantation. 2014;21(1):72–83. https://doi.org/10.1111/
xen.12073.

47. Lin CC, Ezzelarab M, Hara H, Long C, Lin CW, Dorling A, et al.
Atorvastatin or transgenic expression of TFPI inhibits coagulation
initiated by anti-nonGal IgG binding to porcine aortic endothelial
cells. J Thromb Haemost. 2010;8(9):2001–10. https://doi.org/10.
1111/j.1538-7836.2010.03950.x.

48. Bottino R,WijkstromM, van der Windt DJ, Hara H, EzzelarabM,
Murase N, et al. Pig-to-monkey islet xenotransplantation using
multi-transgenic pigs. Am J Transplant. 2014;14(10):2275–87.
https://doi.org/10.1111/ajt.12868.

49. Wheeler DG, JosephME, Mahamud SD, AurandWL, Mohler PJ,
Pompili VJ, et al. Transgenic swine: expression of human CD39
protects against myocardial injury. J Mol Cell Cardiol.
2012;52(5):958–61. https://doi.org/10.1016/j.yjmcc.2012.01.002.

50. Lee SC, Lee H, Oh KB, Hwang IS, Yang H, Park MR, et al.
Production and breeding of transgenic cloned pigs expressing hu-
man CD73. Dev Reprod. 2017;21(2):157–65. https://doi.org/10.
12717/dr.2017.21.2.157.

51. Klymiuk N, van Buerck L, Bahr A, Offers M, Kessler B,
Wuensch A, et al. Xenografted islet cell clusters from
INSLEA29Y transgenic pigs rescue diabetes and prevent im-
mune rejection in humanized mice. Diabetes. 2012;61(6):
1527–32. https://doi.org/10.2337/db11-1325.

52.• Wolf-van Buerck L, Schuster M, Oduncu FS, Baehr A, Mayr T,
Guethoff S, et al. LEA29Yexpression in transgenic neonatal por-
cine islet-like cluster promotes long-lasting xenograft survival in
humanized mice without immunosuppressive therapy. Sci Rep.

2017;7(1):3572. https://doi.org/10.1038/s41598-017-03913-4.
Local transgene expression of the immunoregulator
LEA29Y by the graft induce local immuneregulation and
enables free islet transplant survival without systemic
immunosuppression.

53. Martin C, PlatM,Nerriere-DaguinV, Coulon F, Uzbekova S, Venturi
E, et al. Transgenic expression of CTLA4-Ig by fetal pig neurons for
xenotransplantation. Transgenic Res. 2005;14(4):373–84.

54. Phelps CJ, Ball SF, Vaught TD, Vance AM, Mendicino M,
Monahan JA, et al. Production and characterization of transgenic
pigs expressing porcine CTLA4-Ig. Xenotransplantation.
2009;16(6):477–85. https://doi.org/10.1111/j.1399-3089.2009.
00533.x.

55. Reyes LM, Estrada JL, Wang ZY, Blosser RJ, Smith RF, Sidner
RA, et al. Creating class I MHC-null pigs using guide RNA and
the Cas9 endonuclease. J Immunol. 2014;193(11):5751–7. https://
doi.org/10.4049/jimmunol.1402059.

56. Hara H, Witt W, Crossley T, Long C, Isse K, Fan L, et al. Human
dominant-negative class II transactivator transgenic pigs - effect
on the human anti-pig T-cell immune response and immune status.
Immunology. 2013;140(1):39–46. https://doi.org/10.1111/imm.
12107.

57. Klose R, Kemter E, Bedke T, Bittmann I, Kelsser B, Endres R,
et al. Expression of biologically active human TRAIL in transgen-
ic pigs. Transplantation. 2005;80(2):222–30.

58. Kemter E, Lieke T, Kessler B, Kurome M, Wuensch A,
Summerfield A, et al. Human TNF-related apoptosis-inducing
ligand-expressing dendritic cells from transgenic pigs attenuate
human xenogeneic T cell responses. Xenotransplantation.
2012;19(1):40–51. https://doi.org/10.1111/j.1399-3089.2011.
00688.x.

59. Buermann A, Petkov S, Petersen B, Hein R, Lucas-Hahn A, Baars
W, et al. Pigs expressing the human inhibitory ligand PD-L1 (CD
274) provide a new source of xenogeneic cells and tissues with
low immunogenic properties. Xenotransplantation. 2018; https://
doi.org/10.1111/xen.12387.

60. Weiss EH, Lilienfeld BG, Muller S, Muller E, Herbach N, Kessler
B, et al. HLA-E/human beta2-microglobulin transgenic pigs: pro-
tection against xenogeneic human anti-pig natural killer cell cyto-
toxicity. Transplantation. 2009;87(1):35–43. https://doi.org/10.
1097/TP.0b013e318191c784.

61. Tena A, Kurtz J, Leonard DA, Dobrinsky JR, Terlouw SL,
Mtango N, et al. Transgenic expression of human CD47 markedly
increases engraftment in a murine model of pig-to-human hema-
topoietic cell transplantation. Am J Transplant. 2014;14(12):
2713–22. https://doi.org/10.1111/ajt.12918.

62. Oropeza M, Petersen B, Carnwath JW, Lucas-Hahn A, Lemme E,
Hassel P, et al. Transgenic expression of the human A20 gene in
cloned pigs provides protection against apoptotic and inflamma-
tory stimuli. Xenotransplantation. 2009;16(6):522–34. https://doi.
org/10.1111/j.1399-3089.2009.00556.x.

63. Petersen B, Ramackers W, Lucas-Hahn A, Lemme E, Hassel P,
Queisser AL, et al. Transgenic expression of human heme
oxygenase-1 in pigs confers resistance against xenograft rejection
during ex vivo perfusion of porcine kidneys. Xenotransplantation.
2011;18(6):355–68. https://doi.org/10.1111/j.1399-3089.2011.
00674.x.

64. Park SJ, Cho B, Koo OJ, Kim H, Kang JT, Hurh S, et al.
Production and characterization of soluble human TNFRI-fc
and human HO-1(HMOX1) transgenic pigs by using the F2A
peptide. Transgenic Res. 2014;23(3):407–19. https://doi.org/
10.1007/s11248-013-9780-x.

65. Yan JJ, Yeom HJ, Jeong JC, Lee JG, Lee EW, Cho B, et al.
Beneficial effects of the transgenic expression of human sTNF-
alphaR-fc and HO-1 on pig-to-mouse islet xenograft survival.

Curr Diab Rep (2018) 18: 103 Page 9 of 12 103

https://doi.org/10.1111/j.1600-6143.2009.02850.x
https://doi.org/10.1111/j.1600-6143.2009.02850.x
https://doi.org/10.1111/ajt.12722
https://doi.org/10.1007/s11248-016-9979-8
https://doi.org/10.1007/s11248-016-9979-8
https://doi.org/10.1097/TP.0b013e3182a95cbc
https://doi.org/10.1097/TP.0b013e3182a95cbc
https://doi.org/10.1111/xen.12073
https://doi.org/10.1111/xen.12073
https://doi.org/10.1111/j.1538-7836.2010.03950.x
https://doi.org/10.1111/j.1538-7836.2010.03950.x
https://doi.org/10.1111/ajt.12868
https://doi.org/10.1016/j.yjmcc.2012.01.002
https://doi.org/10.12717/dr.2017.21.2.157
https://doi.org/10.12717/dr.2017.21.2.157
https://doi.org/10.2337/db11-1325
https://doi.org/10.1038/s41598-017-03913-4
https://doi.org/10.1111/j.1399-3089.2009.00533.x
https://doi.org/10.1111/j.1399-3089.2009.00533.x
https://doi.org/10.4049/jimmunol.1402059
https://doi.org/10.4049/jimmunol.1402059
https://doi.org/10.1111/imm.12107
https://doi.org/10.1111/imm.12107
https://doi.org/10.1111/j.1399-3089.2011.00688.x
https://doi.org/10.1111/j.1399-3089.2011.00688.x
https://doi.org/10.1111/xen.12387
https://doi.org/10.1111/xen.12387
https://doi.org/10.1097/TP.0b013e318191c784
https://doi.org/10.1097/TP.0b013e318191c784
https://doi.org/10.1111/ajt.12918
https://doi.org/10.1111/j.1399-3089.2009.00556.x
https://doi.org/10.1111/j.1399-3089.2009.00556.x
https://doi.org/10.1111/j.1399-3089.2011.00674.x
https://doi.org/10.1111/j.1399-3089.2011.00674.x
https://doi.org/10.1007/s11248-013-9780-x
https://doi.org/10.1007/s11248-013-9780-x


Transpl Immunol. 2016;34:25–32. https://doi.org/10.1016/j.trim.
2016.01.002.

66. Lee HS, Lee JG, YeomHJ, Chung YS, Kang B, Hurh S, et al. The
introduction of human heme oxygenase-1 and soluble tumor ne-
crosis factor-alpha receptor type I with human IgG1 fc in porcine
islets prolongs islet xenograft survival in humanized mice. Am J
Transplant. 2016;16(1):44–57. https://doi.org/10.1111/ajt.13467.

67. Miyagawa S, Nakatsu S, Nakagawa T, Kondo A, Matsunami K,
Hazama K, et al. Prevention of PERV infections in pig to human
xenotransplantation by the RNA interference silences gene. J
Biochem. 2005;137(4):503–8. https://doi.org/10.1093/jb/mvi059.

68. Dieckhoff B, Petersen B, KuesWA, Kurth R, Niemann H, Denner
J. Knockdown of porcine endogenous retrovirus (PERV) expres-
s ion by PERV-spec i f ic shRNA in t ransgenic pigs .
Xenotransplantation. 2008;15(1):36–45. https://doi.org/10.1111/j.
1399-3089.2008.00442.x.

69. Ramsoondar J, Vaught T, Ball S, Mendicino M, Monahan J, Jobst
P, et al. Production of transgenic pigs that express porcine endog-
enous retrovirus small interfering RNAs. Xenotransplantation.
2009;16(3):164–80. https://doi.org/10.1111/j.1399-3089.2009.
00525.x.

70. Semaan M, Kaulitz D, Petersen B, Niemann H, Denner J. Long-
term effects of PERV-specific RNA interference in transgenic
pigs. Xenotransplantation. 2012;19(2):112–21. https://doi.org/10.
1111/j.1399-3089.2012.00683.x.

71.•• Niu D, Wei HJ, Lin L, George H, Wang T, Lee IH, et al.
Inactivation of porcine endogenous retrovirus in pigs using
CRISPR-Cas9. Science. 2017;357(6357):1303–7. https://doi.
org/10.1126/science.aan4187. Animals with inactivated
PERVs in the pig genome were generated.

72. Wijkstrom M, Bottino R, Iwase H, Hara H, Ekser B, van der
Windt D, et al. Glucose metabolism in pigs expressing human
genes under an insulin promoter. Xenotransplantation.
2015;22(1):70–9. https://doi.org/10.1111/xen.12145.

73. Le Bas-Bernardet S, Tillou X, Poirier N, Dilek N, Chatelais M,
Devalliere J, et al. Xenotransplantation of galactosyl-transferase
knockout, CD55, CD59, CD39, and fucosyl-transferase transgenic
pig kidneys into baboons. Transplant Proc. 2011;43(9):3426–30.
https://doi.org/10.1016/j.transproceed.2011.09.024.

74. Chen Y, Stewart JM, Gunthart M, Hawthorne WJ, Salvaris
EJ, O'Connell PJ, et al. Xenoantibody response to porcine
islet cell transplantation using GTKO, CD55, CD59, and
f u c o s y l t r a n s f e r a s e mu l t i p l e t r a n s g e n i c d on o r s .
Xenotransplantation. 2014;21(3):244–53. https://doi.org/10.
1111/xen.12091.

75. Liu F, Liu J, Yuan Z, Qing Y, Li H, Xu K, et al. Generation of
GTKO Diannan miniature pig expressing human complementary
regulator proteins hCD55 and hCD59 via T2A peptide-based
Bicistronic vectors and SCNT. Mol Biotechnol. 2018;60:550–
62. https://doi.org/10.1007/s12033-018-0091-6.

76. Gao H, Zhao C, Xiang X, Li Y, Zhao Y, Li Z, et al. Production of
alpha1,3-galactosyltransferase and cytidine monophosphate-N-
acetylneuraminic acid hydroxylase gene double-deficient pigs by
CRISPR/Cas9 and handmade cloning. J Reprod Dev. 2017;63(1):
17–26. https://doi.org/10.1262/jrd.2016-079.

77. Fischer K, Kraner-Scheiber S, Petersen B, Rieblinger B,
Buermann A, Flisikowska T, et al. Efficient production of multi-
modified pigs for xenotransplantation by 'combineering', gene
stacking and gene editing. Sci Rep. 2016;6:29081. https://doi.
org/10.1038/srep29081.

78. Kim GA, Lee EM, Jin JX, Lee S, Taweechaipaisankul A, Hwang
JI, et al. Generation of CMAHKO/GTKO/shTNFRI-fc/HO-1 qua-
druple gene modified pigs. Transgenic Res. 2017;26(4):435–45.
https://doi.org/10.1007/s11248-017-0021-6.

79. Martens GR, Reyes LM, Butler JR, Ladowski JM, Estrada
JL, Sidner RA, et al. Humoral reactivity of renal transplant-

waitlisted patients to cells from GGTA1/CMAH/B4GalNT2,
and SLA class I knockout pigs. Transplantation. 2017;101(4):
e86–92. https://doi.org/10.1097/tp.0000000000001646.

80. Zhang R, Wang Y, Chen L, Wang R, Li C, Li X, et al. Reducing
immunoreactivity of porcine bioprosthetic heart valves by
genetically-deleting three major glycan antigens, GGTA1/
beta4GalNT2/CMAH. Acta Biomater. 2018;72:196–205. https://
doi.org/10.1016/j.actbio.2018.03.055.

81. Li P, Estrada JL, Burlak C, Montgomery J, Butler JR, Santos RM,
et al. Efficient generation of genetically distinct pigs in a single
pregnancy using multiplexed single-guide RNA and carbohydrate
selection. Xenotransplantation. 2015;22(1):20–31. https://doi.org/
10.1111/xen.12131.

82. Choi K, Shim J, KoN, EomH, Kim J, Lee JW, et al. Production of
heterozygous alpha 1,3-galactosyltransferase (GGTA1) knock-out
transgenic miniature pigs expressing human CD39. Transgenic
Res. 2017;26(2):209–24. https://doi.org/10.1007/s11248-016-
9996-7.

83. Kourtzelis I, Magnusson PU, Kotlabova K, Lambris JD, Chavakis
T. Regulation of instant blood mediated inflammatory reaction
(IBMIR) in pancreatic islet xeno-transplantation: points for thera-
peutic interventions. Adv Exp Med Biol. 2015;865:171–88.
https://doi.org/10.1007/978-3-319-18603-0_11.

84. Byrne GW, McGregor CG, Breimer ME. Recent investigations
into pig antigen and anti-pig antibody expression. Int J Surg.
2015;23(Pt B):223–8. https://doi.org/10.1016/j.ijsu.2015.07.724.

85. Rayat GR, Rajotte RV, Hering BJ, Binette TM, Korbutt GS.
In vitro and in vivo expression of Galalpha-(1,3)gal on por-
cine islet cells is age dependent. J Endocrinol. 2003;177(1):
127–35.

86. LeeW, Hara H, Ezzelarab MB, Iwase H, Bottino R, Long C, et al.
Initial in vitro studies on tissues and cells from GTKO/CD46/
NeuGcKO pigs. Xenotransplantation. 2016;23(2):137–50.
https://doi.org/10.1111/xen.12229.

87. Martin BM, Samy KP, Lowe MC, Thompson PW, Cano J, Farris
AB, et al. Dual islet transplantation modeling of the instant blood-
mediated inflammatory reaction. Am J Transplant. 2015;15(5):
1241–52. https://doi.org/10.1111/ajt.13098.

88. HawthorneWJ, LewAM, Thomas HE. Genetic strategies to bring
islet xenotransplantation to the clinic. Curr Opin Organ
Transplant. 2016;21(5):476–83. https://doi.org/10.1097/mot.
0000000000000353.

89. van der Windt DJ, Bottino R, Casu A, Campanile N, Cooper DK.
Rapid loss of intraportally transplanted islets: an overview of path-
ophysiology and preventive strategies. Xenotransplantation.
2007;14(4):288–97. https://doi.org/10.1111/j.1399-3089.2007.
00419.x.

90. Cowan PJ, Robson SC. Progress towards overcoming coagulopa-
thy and hemostatic dysfunction associated with xenotransplanta-
tion. Int J Surg. 2015;23(Pt B):296–300. https://doi.org/10.1016/j.
ijsu.2015.07.682.

91. Vadori M, Cozzi E. The immunological barriers to xenotransplan-
tation. Tissue Antigens. 2015;86(4):239–53. https://doi.org/10.
1111/tan.12669.

92. Lunney JK, HoCS,WysockiM, SmithDM.Molecular genetics of
the swine major histocompatibility complex, the SLA complex.
Dev Comp Immunol. 2009;33(3):362–74. https://doi.org/10.
1016/j.dci.2008.07.002.

93. Griesemer A, Yamada K, Sykes M. Xenotransplantation: immu-
nological hurdles and progress toward tolerance. Immunol Rev.
2014;258(1):241–58. https://doi.org/10.1111/imr.12152.

94. Plege A, Borns K, Baars W, Schwinzer R. Suppression of human
T-cell activation and expansion of regulatory T cells by pig cells
overexpressing PD-ligands. Transplantation. 2009;87(7):975–82.
https://doi.org/10.1097/TP.0b013e31819c85e8.

103 Page 10 of 12 Curr Diab Rep (2018) 18: 103

https://doi.org/10.1016/j.trim.2016.01.002.
https://doi.org/10.1016/j.trim.2016.01.002.
https://doi.org/10.1111/ajt.13467
https://doi.org/10.1093/jb/mvi059
https://doi.org/10.1111/j.1399-3089.2008.00442.x
https://doi.org/10.1111/j.1399-3089.2008.00442.x
https://doi.org/10.1111/j.1399-3089.2009.00525.x
https://doi.org/10.1111/j.1399-3089.2009.00525.x
https://doi.org/10.1111/j.1399-3089.2012.00683.x
https://doi.org/10.1111/j.1399-3089.2012.00683.x
https://doi.org/10.1126/science.aan4187
https://doi.org/10.1126/science.aan4187
https://doi.org/10.1111/xen.12145
https://doi.org/10.1016/j.transproceed.2011.09.024
https://doi.org/10.1111/xen.12091
https://doi.org/10.1111/xen.12091
https://doi.org/10.1007/s12033-018-0091-6
https://doi.org/10.1262/jrd.2016-079
https://doi.org/10.1038/srep29081
https://doi.org/10.1038/srep29081
https://doi.org/10.1007/s11248-017-0021-6
https://doi.org/10.1097/tp.0000000000001646
https://doi.org/10.1016/j.actbio.2018.03.055
https://doi.org/10.1016/j.actbio.2018.03.055
https://doi.org/10.1111/xen.12131
https://doi.org/10.1111/xen.12131
https://doi.org/10.1007/s11248-016-9996-7
https://doi.org/10.1007/s11248-016-9996-7
https://doi.org/10.1007/978-3-319-18603-0_11.
https://doi.org/10.1016/j.ijsu.2015.07.724
https://doi.org/10.1111/xen.12229
https://doi.org/10.1111/ajt.13098
https://doi.org/10.1097/mot.0000000000000353
https://doi.org/10.1097/mot.0000000000000353
https://doi.org/10.1111/j.1399-3089.2007.00419.x
https://doi.org/10.1111/j.1399-3089.2007.00419.x
https://doi.org/10.1016/j.ijsu.2015.07.682
https://doi.org/10.1016/j.ijsu.2015.07.682
https://doi.org/10.1111/tan.12669
https://doi.org/10.1111/tan.12669
https://doi.org/10.1016/j.dci.2008.07.002
https://doi.org/10.1016/j.dci.2008.07.002
https://doi.org/10.1111/imr.12152
https://doi.org/10.1097/TP.0b013e31819c85e8


95. Plege-Fleck A, Lieke T, Romermann D, Duvel H, Hundrieser J,
Buermann A, et al. Pig to rat cell transplantation: reduced cellular
and antibody responses to xenografts overexpressing PD-L1.
Xenotransplantation. 2014;21(6):533–42. https://doi.org/10.1111/
xen.12121.

96.• Samy KP, Davis RP, Gao Q, Martin BM, Song M, Cano J,
et al. Early barriers to neonatal porcine islet engraftment in a
dual transplant model. Am J Transplant. 2018;18(4):998–
1006. https://doi.org/10.1111/ajt.14601. This dual islet
t ransplant model prov ides robust ins ights in to
pathomechanism of (xeno)transplant rejection due to
properly control experiments comparing modified
xenoislet preparations within one transplant recipient.

97. Bartlett ST, Markmann JF, Johnson P, Korsgren O, Hering BJ,
Scharp D, et al. Report from IPITA-TTS opinion leaders meeting
on the future of beta-cell replacement. Transplantation.
2016;100(Suppl 2):S1–44. https://doi.org/10.1097/tp.
0000000000001055.

98. Tritschler S, Theis FJ, Lickert H, Bottcher A. Systematic single-
cell analysis provides new insights into heterogeneity and plastic-
ity of the pancreas. Mol Metab. 2017;6(9):974–90. https://doi.org/
10.1016/j.molmet.2017.06.021.

99.• Mourad NI, Perota A, Xhema D, Galli C, Gianello P. Transgenic
expression of glucagon-like Peptide-1 (GLP-1) and activated mus-
carinic receptor (M3R) significantly improves pig islet secretory
function. Cell Transplant. 2017;26(5):901–11. https://doi.org/10.
3727/096368916x693798. Insulin content and secretory
function of pig islets can be distinctly increased by genetic
modifications.

100. SchuurmanHJ. Regulatory aspects of clinical xenotransplantation.
Int J Surg. 2015;23(Pt B):312–21. https://doi.org/10.1016/j.ijsu.
2015.09.051.

101. Denner J, Mankertz A. Porcine circoviruses and xenotransplanta-
tion. Viruses 2017:9(4). https://doi.org/10.3390/v9040083.

102. Denner J. Xenotransplantation and porcine cytomegalovirus.
Xenotransplantation. 2015;22(5):329–35. https://doi.org/10.
1111/xen.12180.

103. Denner J, Mueller NJ. Preventing transfer of infectious agents.
Int J Surg. 2015;23(Pt B):306–11. https://doi.org/10.1016/j.
ijsu.2015.08.032.

104. Denner J. Xenotransplantation and hepatitis E virus.
Xenotransplantation. 2015;22(3):167–73. https://doi.org/10.
1111/xen.12156.

105. Egerer S, Fiebig U, Kessler B, Zakhartchenko V, Kurome M,
Reichart B, Kupatt C, Klymiuk N, Wolf E, Denner J, Bähr A.
Early weaning completely eliminates porcine cytomegalovirus
from a newly established pig donor facility for xenotransplanta-
tion. Xenotransplantation. 2018;25:e12449. https://doi.org/10.
1111/xen.12449.

106. Crossan C, O'Hara Z,Mourad N, Gianello P, Scobie L. Examining
the potential for porcine-derived islet cells to harbour viral patho-
gens. Xenotransplantation. 2018;25(2):e12375. https://doi.org/10.
1111/xen.12375.

107. Denner J, Tonjes RR. Infection barriers to successful xenotransplan-
tation focusing on porcine endogenous retroviruses. Clin Microbiol
Rev. 2012;25(2):318–43. https://doi.org/10.1128/cmr.05011-11.

108. Crossan C, Mourad NI, Smith K, Gianello P, Scobie L.
Assessment of porcine endogenous retrovirus transmission
across an alginate barrier used for the encapsulation of porcine
islets. Xenotransplantation. 2018:e12409. https://doi.org/10.
1111/xen.12409.

109. Denner J. Why was PERV not transmitted during preclinical and
clinical xenotransplantation trials and after inoculation of animals?
Retrovirology. 2018;15(1):28. https://doi.org/10.1186/s12977-
018-0411-8.

110.• Denner J, Graham M. Xenotransplantation of islet cells: what can
the non-human primate model bring for the evaluation of efficacy
and safety? Xenotransplantation. 2015;22(3):231–5. https://doi.
org/10.1111/xen.12169. Evidence is provided that non-human
primates are of reduced value for efficacy and safety evalua-
tion of islet xenotransplantation.

111. Denner J, Scobie L, Schuurman HJ. Is it currently possible to
evaluate the risk posed by PERVs for clinical xenotransplantation?
Xenotransplantation. 2018;25:e12403. https://doi.org/10.1111/
xen.12403.

112. Tacke SJ, Specke V, Denner J. Differences in release and determi-
nation of subtype of porcine endogenous retroviruses produced by
stimulated normal pig blood cells. Intervirology. 2003;46(1):17–
24. https://doi.org/10.1159/000068120.

113. Dieckhoff B, Kessler B, Jobst D, Kues W, Petersen B, Pfeifer A,
et al. Distribution and expression of porcine endogenous retrovi-
ruses in multi-transgenic pigs generated for xenotransplantation.
Xenotransplantation. 2009;16(2):64–73. https://doi.org/10.1111/j.
1399-3089.2009.00515.x.

114. Wilson CA. Porcine endogenous retroviruses and xenotransplan-
tation. Cell Mol Life Sci. 2008;65(21):3399–412. https://doi.org/
10.1007/s00018-008-8498-z.

115. Denner J, Specke V, Thiesen U, Karlas A, Kurth R. Genetic alter-
ations of the long terminal repeat of an ecotropic porcine endoge-
nous retrovirus during passage in human cells. Virology.
2003;314(1):125–33.

116. Harrison I, Takeuchi Y, Bartosch B, Stoye JP. Determinants of
high titer in recombinant porcine endogenous retroviruses. J
Virol. 2004;78(24):13871–9. https://doi.org/10.1128/jvi.78.24.
13871-13879.2004.

117. Kaulitz D, Mihica D, Adlhoch C, Semaan M, Denner J. Improved
pig donor screening including newly identified variants of porcine
endogenous retrovirus-C (PERV-C). Arch Virol. 2013;158(2):
341–8. https://doi.org/10.1007/s00705-012-1490-9.

118. Kaulitz D, Mihica D, Dorna J, CostaMR, Petersen B, Niemann H,
et al. Development of sensitive methods for detection of porcine
endogenous retrovirus-C (PERV-C) in the genome of pigs. J Virol
Methods. 2011;175(1):60–5. https://doi.org/10.1016/j.jviromet.
2011.04.017.

119. Karlas A, Kurth R, Denner J. Inhibition of porcine endogenous
retroviruses by RNA interference: increasing the safety of xeno-
transplantation. Virology. 2004;325(1):18–23. https://doi.org/10.
1016/j.virol.2004.04.022.

120. Dieckhoff B, Karlas A, Hofmann A, KuesWA, Petersen B, Pfeifer
A, et al. Inhibition of porcine endogenous retroviruses (PERVs) in
primary porcine cells by RNA interference using lentiviral vectors.
Arch Virol. 2007;152(3):629–34. https://doi.org/10.1007/s00705-
006-0868-y.

121. Kaulitz D, Fiebig U, Eschricht M, Wurzbacher C, Kurth R,
Denner J. Generation of neutralising antibodies against porcine
endogenous retroviruses (PERVs). Virology. 2011;411(1):78–86.
https://doi.org/10.1016/j.virol.2010.12.032.

122. Waechter A, Eschricht M, Denner J. Neutralization of porcine
endogenous retrovirus by antibodies against the membrane-
proximal external region of the transmembrane envelope protein.
J Gen Virol. 2013;94(Pt 3):643–51. https://doi.org/10.1099/vir.0.
047399-0.

123. Denner J, Mihica D, Kaulitz D, Schmidt CM. Increased titers of
neutralizing antibodies after immunization with both envelope
proteins of the porcine endogenous retroviruses (PERVs). Virol
J. 2012;9:260. https://doi.org/10.1186/1743-422x-9-260.

124. Denner J. How active are porcine endogenous retroviruses
(PERVs)? Viruses. 2016;8(8). https://doi.org/10.3390/
v8080215.

125. Fiebig U, Fischer K, Baehr A, Runge C, Schnieke A, Wolf E et al.
Porcine endogenous retroviruses (PERV): quantification of the

Curr Diab Rep (2018) 18: 103 Page 11 of 12 103

https://doi.org/10.1111/xen.12121
https://doi.org/10.1111/xen.12121
https://doi.org/10.1111/ajt.14601
https://doi.org/10.1097/tp.0000000000001055
https://doi.org/10.1097/tp.0000000000001055
https://doi.org/10.1016/j.molmet.2017.06.021
https://doi.org/10.1016/j.molmet.2017.06.021
https://doi.org/10.3727/096368916x693798
https://doi.org/10.3727/096368916x693798
https://doi.org/10.1016/j.ijsu.2015.09.051
https://doi.org/10.1016/j.ijsu.2015.09.051
https://doi.org/10.3390/v9040083
https://doi.org/10.1111/xen.12180
https://doi.org/10.1111/xen.12180
https://doi.org/10.1016/j.ijsu.2015.08.032
https://doi.org/10.1016/j.ijsu.2015.08.032
https://doi.org/10.1111/xen.12156
https://doi.org/10.1111/xen.12156
https://doi.org/10.1111/xen.12449
https://doi.org/10.1111/xen.12449
https://doi.org/10.1111/xen.12375
https://doi.org/10.1111/xen.12375
https://doi.org/10.1128/cmr.05011-11
https://doi.org/10.1111/xen.12409
https://doi.org/10.1111/xen.12409
https://doi.org/10.1186/s12977-018-0411-8
https://doi.org/10.1186/s12977-018-0411-8
https://doi.org/10.1111/xen.12169
https://doi.org/10.1111/xen.12169
https://doi.org/10.1111/xen.12403
https://doi.org/10.1111/xen.12403
https://doi.org/10.1159/000068120
https://doi.org/10.1111/j.1399-3089.2009.00515.x
https://doi.org/10.1111/j.1399-3089.2009.00515.x
https://doi.org/10.1007/s00018-008-8498-z.
https://doi.org/10.1007/s00018-008-8498-z.
https://doi.org/10.1128/jvi.78.24.13871-13879.2004
https://doi.org/10.1128/jvi.78.24.13871-13879.2004
https://doi.org/10.1007/s00705-012-1490-9
https://doi.org/10.1016/j.jviromet.2011.04.017
https://doi.org/10.1016/j.jviromet.2011.04.017
https://doi.org/10.1016/j.virol.2004.04.022
https://doi.org/10.1016/j.virol.2004.04.022
https://doi.org/10.1007/s00705-006-0868-y
https://doi.org/10.1007/s00705-006-0868-y
https://doi.org/10.1016/j.virol.2010.12.032
https://doi.org/10.1099/vir.0.047399-0.
https://doi.org/10.1099/vir.0.047399-0.
https://doi.org/10.1186/1743-422x-9-260
https://doi.org/10.3390/v8080215
https://doi.org/10.3390/v8080215


copy number in cel l l ines , pig breeds and organs.
Xenotransplantation. 2018;25:e12445. https://doi.org/10.1111/
xen.12445.

126. Semaan M, Ivanusic D, Denner J. Cytotoxic effects during knock
out of multiple porcine endogenous retrovirus (PERV) sequences
in the pig genome by zinc finger nucleases (ZFN). PLoS One.
2015;10(4):e0122059. https://doi.org/10.1371/journal.pone.
0122059.

127.• Yang L, Guell M, Niu D, George H, Lesha E, Grishin D, et al.
Genome-wide inactivation of porcine endogenous retroviruses
(PERVs). Science. 2015;350(6264):1101–4. https://doi.org/10.
1126/science.aad1191. Proof-of-principle study that
inactivation of all PERV loci genome-wide is feasible.

128. Denner J. Paving the path toward porcine organs for transplanta-
tion. N Engl J Med. 2017;377(19):1891–3. https://doi.org/10.
1056/NEJMcibr1710853.

103 Page 12 of 12 Curr Diab Rep (2018) 18: 103

https://doi.org/10.1111/xen.12445
https://doi.org/10.1111/xen.12445
https://doi.org/10.1371/journal.pone.0122059
https://doi.org/10.1371/journal.pone.0122059
https://doi.org/10.1126/science.aad1191
https://doi.org/10.1126/science.aad1191
https://doi.org/10.1056/NEJMcibr1710853
https://doi.org/10.1056/NEJMcibr1710853

	Will Genetic Engineering Carry Xenotransplantation of Pig Islets to the Clinic?
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Tailoring of Islet Donor Pigs by Genetic Engineering/Gene Editing
	Genetic Modifications to Overcome Rejection of Xeno-Islets
	Genetic Modifications for Optimizing Xeno-Islet Maturation and Function
	Gene Editing to Prevent Zoonosis
	Conclusions
	References
	Papers of particular interest, published recently, have been highlighted as: �•&emsp;Of importance �•• Of major importance



