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Abstract

Half a million patients in the USA alone require treatment for burns annually. Following an
extensive burn, it may not be possible to provide sufficient autografts in a single setting. Pig skin
xenografts may provide temporary coverage. However, preformed xenoreactive antibodies in the
human recipient activate complement, and thus result in rapid rejection of the graft. Because burn
patients usually have some degree of immune dysfunction and are therefore at increased risk of
infection, immunosuppressive therapy is undesirable. Genetic engineering of the pig has increased
the survival of pig heart, kidney, islet, and corneal grafts in immunosuppressed non-human
primates from minutes to months or occasionally years. We summarize the current status of
research into skin xenotransplantation for burns, with special emphasis on developments in genetic
engineering of pigs to protect the graft from immunological injury. A genetically-engineered pig
skin graft now survives as long as an allograft and, importantly, rejection of a skin xenograft is not
detrimental to a subsequent allograft. Nevertheless, currently, systemic immunosuppressive
therapy would still be required to inhibit a cellular response, and so we discuss what further
genetic manipulations could be carried out to inhibit the cellular response.
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Introduction

Approximately half a million patients in the US require treatment for burns annually [1],
with nearly 40,000 hospitalizations and 3,400 deaths [2]. Burns also remain an important
source of casualty from military operations. Between March 2003 and October 2011, the
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United States Army Burn Center treated 1,037 patients as a result of wars in Iraq and
Afghanistan, of whom 57% eventually underwent excision and grafting of burn wounds [3].

Skin transplantation

Standard methods of therapy for severe burns include early wound debridement, excision,
and coverage by autologous split skin grafts. Following an extensive burn, it may not be
possible to provide sufficient autografts in a single setting; the residual scars may remain
unsatisfactory due to the lack of dermis [4]. If sufficient autologous skin is not available, (i)
skin allografts from deceased human donors, (ii) cultured autologous keratinocytes and
various artificial dermal substitutes, (iii) commercially-available acellular products, such as
Alloderm, or (iv) skin xenografts may provide partial and/or temporary cover. Autograft skin
has many advantages over other materials, such as normal physiological characteristics, full
biocompatibility, plentiful supply, and convenience in usage.

Because of rejection by the patient’s immune system, which can take about 6-14 days for a
cellular allograft, but may be much quicker for a pig xenograft [5] [6], skin allo- and xeno-
grafts provide only a temporary covering as a biological dressing. However, they serve
several functions. They (i) provide a clean, granulating area prior to autografting; (ii) protect
an open wound from protein and water loss until autografting can be carried out; (iii)
decrease the surface bacterial count; (iv) decrease pain at the site of an open wound; (v) can
cover vital organs, and (vi) facilitate early movement of an affected part. At the very least,
skin allo- and xeno-grafts promote re-epithelialization and prepare the wound bed for the
autograft, increasing the healing rate when compared with traditional dressings [7, 8].

Skin allografts (Table 1)

Cadaver skin (cellular)

The gold standard for temporary coverage is a skin allograft [5] [8]. Like skin autografts,
allografts undergo vascularization within 2—-3 days, and are capable of providing a viable
barrier in the early phase after a severe burn [9]. However, if left in place for a longer period
of time, they will be rejected, which may cause excessive scarring. Therefore, they must
eventually be replaced with an autograft. Despite their effectiveness, especially regarding
wound bed vascularization, skin allografts are problematic with regard to (i) limited
availability, (ii) the potential for transmission of pathogens, and (iii) cost [9-11].

Commercialized acellular dermal matrices from cadaver skin

Acellular dermal matrices are derived from human dermis, treated to remove all
immunogenic elements (keratinocytes, fibroblasts, vascular endothelium, and smooth
muscle) [4]. At least five different manufacturing processes and products (Alloderm,
DermaMatrix, GlyaDerm, GraftJacket, and SureDerm) are currently registered for wound
care [4]. However, most of these matrices remain antigenic [12], which may lead to poor
graft survival. Moreover, these products are expensive [4].
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Immunobiology of skin allotransplantation

The skin is the largest organ of the body and is highly immunogenic. When a viable skin
allograft is transplanted onto a healthy recipient, rejection occurs within 6 to 14 days,
predominantly by CD8*T cells, leading to destruction of the graft [5, 6]. Initially, the
epidermal Langerhans cells play an important role in the rejection process. As
revascularization occurs, these cells migrate from the donor skin graft to the draining lymph
nodes of the recipient where they activate T cells [6]. The dermis also contains a population
of dendritic cells possessing similar properties. Pretreatment of the allogeneic skin with
agents that suppress the function of Langerhans cells and dendritic cells may delay the
rejection process [6] [13], as may the pathologically-suppressed immune system of the
patient with burns [14] [15].

Use of cultured epidermal allografts, which lack Langerhans cells and dendritic cells, has
been attempted, but did not result in prolonged or permanent coverage [16]. Allogeneic
sheets of cultured keratinocytes containing no Langerhans cells became infiltrated by the
recipient’s Langerhans cells and T cells [17], which may ultimately lead to rejection.

Bioengineered skin substitutes (Table 1)

Several kinds of bioengineered skin substitutes are being explored [18, 19], including
biosynthetic skin substitutes and autologous cultured/non-cultured skin engineering products
[18]. They are designed to close the wound, temporarily or permanently, providing a
mechanical barrier to infection and fluid loss. They also possess some of the biological and
pharmacological properties of human skin which allow and/or promote new tissue growth
under ideal conditions for healing [18].

Cell-based approaches for more permanent coverage have made progress. Culture-based
options, such as Epicel® (Genzyme, Cambridge, MA, USA), use a small biopsy of the
patient’s skin to provide keratinocytes, which are expanded in number over 2-3 weeks into a
confluent epidermal autograft. However, because cultured autologous keratinocytes require
weeks to grow before being ready for application in a patient, they are not ideal for the
treatment of burns. Furthermore, they may yield a thin, delicate graft that is easily injured.
Moreover, bioengineered skin substitutes are expensive, and thus currently not widely used,
especially in developing countries [20].

Skin xenografts (Table 1)

Fresh [21], cryopreserved [22], or glutaraldehyde-preserved [22] pig skin has been used
widely as a temporary dressing for burns. Historically, skin from several species (e.g.,
chicken, rat, pigeon, cat, dog, frog, cow, pig) has been used as a biologic dressing in humans
[5, 23, 24]. Pig skin is similar to human skin in its histologic structure, and is an inexpensive
and readily-available source [5, 9, 10, 25]. Silvetti et al. demonstrated the beneficial effects
on wound healing of bovine embryonic skin xenografts, applied as a temporary wound
dressing [5, 26].
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Some researchers have discussed the theoretical risk of zoonotic infectious microorganisms
being transferred from the graft to the patient, especially porcine endogenous retroviruses
and Clostridium difficile [5, 27]. However, no evidence of the transfer of porcine
endogenous retroviruses has been reported [28-30], and C. difficile infection, while
common in burn patients, has not been demonstrated to be of zoonotic origin [31].
Furthermore, genetically-engineered pigs bred specifically for xenotransplantation (see
below) will be housed under clean, biosecure conditions so the risk of zoonotic disease
transmission is further decreased.

Pig skin is most commonly preserved with glutaraldehyde, its protein cross-linking
properties having both a germicidal and preservative effect on the tissues [22]. However, this
“fixed” skin fails to vascularize as the cells in the graft are no longer viable, and thus the
graft functions only as a biological dressing. When transplanted to humans or Old World
nonhuman primates (NHPs), unpreserved pig skin is susceptible to early graft failure from
hyperacute rejection due to the presence of preformed antibodies directed largely to
galactose-a.1,3-galactos (Gal) antigens expressed on pig vascular endothelial cells [9, 32—
35]

However, pigs are now available with several genetic modifications that protect their tissues
from the primate immune response (and/or correct molecular incompatibilities between pigs
and primates), including knockout of the gene encoding Gal (a.1,3-galactosyltransferase
gene-knockout [GTKOY] pigs) [36] [37] (Table 2). As a result of this technological
revolution, pig solid organ transplants in NHPs, especially kidneys and hearts, do not
undergo hyperacute rejection, and prolonged organ survival is increasingly being reported,
extending to many months or even years [35, 38-40] [41].

Immunobiology of skin xenotransplantation

After pig skin xenotransplantation, the patient is exposed to antigens expressed on the
vascular endothelial cells of the pig, (e.g., Gal), but which are not present in humans.
Preformed xenoreactive antibodies in the human recipient bind to these antigens, activate
complement, and result in rapid rejection. These antibodies develop during infancy, and are
believed to be a response to colonization of the gastrointestinal tract by bacteria and viruses
that express some of the same carbohydrate structures as pig cells [42].

To date, only three pig xenoantigens have been definitively identified, the most important of
which is Gal [35] (Table 2). This glycan results from the activity of the enzyme, a.1,3-
galactosyltransferase. In contrast, humans, apes, and Old World monkeys are defective in
this gene, and thus produce high levels of anti-Gal antibodies [43]. When a pig organ is
immediately revascularized (by blood vessel surgical anastomosis), these antibodies can
cause hyperacute rejection (within minutes) [35]. After pig skin transplantation, as a result
of this antibody-antigen interaction, complement-mediated injury of the endothelium occurs,
resulting in thrombosis. The graft does not become vascularized and fails as a ‘white’ graft
[35, 43, 44].
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To prevent hyperacute rejection of pig organ grafts in NHPs, pigs have been genetically-
engineered by ‘knocking out’ the a.1,3-galactosyltransferase gene. Skin grafts from these
pigs show prolonged survival, which now equates to that of an allograft [9, 10, 35, 38, 45].

However, pigs express two other known antigens against which humans have preformed
antibodies (‘nonGal’ antigens) (Table 2), which contribute to graft failure. N-
glycolylneuraminic acid (Neu5Gc) is an important nonGal antigen that is expressed in pigs,
apes, and Old World NHPs, but not in humans [30, 46-48]. Its expression is dependent on
the cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH) gene [30] [49],
and knockout of this gene results in loss of expression [49]. Organ and skin grafts from these
pigs cannot be tested in Old World monkeys because they also express Neu5Gc (and
therefore do not make anti-Neu5Gc antibodies). Like humans, New World monkeys do not
express Neu5Gc [50], and so could be a suitable experimental animal to study the effect of
Neu5Gc expression on pigs.

The third pig antigen is Sda, the product of the enzyme p1,4-N-
acetylgalactosaminyltransferase (B4GalNT2) (Table 2) [51]. However, no relevant studies in
porcine skin xenotransplantation have been conducted with respect to Sda.

Scobie et al. reported the long-term immunologic effects after exposure to fresh pig skin in
blood and serum samples collected from severe burn patients up to 34 years after temporary
fresh pig skin transplantation, and compared their data with those from age-matched control
burn patients who had not received pig skin grafts. They reported a persistent moderate
increase in anti-Gal 1gG (a response to porcine Gal antigens) and a high response of anti-
Neu5Gc IgG (a response to porcine Neu5Gc antigens) that persisted for many years [30].
They did not test for the presence of anti-Sda antibodies.

In addition to being subjected to the human humoral response, a cellular response develops
similar to that seen to an allograft. As in humans, pig skin is divided into three layers, i.e.,
epidermis, dermis, and hypodermis (or subcutis). Langerhans cells in both pig and human
epidermis are mostly present in the lowermost epidermal layers. Pig Langerhans cells
express swine leukocyte class Il antigens (SLA-II), equivalent to human leukocyte class |1
antigens (HLA-II) [52]. Swine leukocyte antigens generate a rather stronger T cell response
than do HLA [53], and this also needs to be suppressed.

Genetic modification of the pig

The great advantage of xenotransplantation is that, for the first time, it allows modification
of the donor rather than simply treatment of the recipient of the transplant. Since the birth of
the first cloned large mammal, Dolly the sheep [54], genetic engineering of large mammals,
particularly pigs, has progressed rapidly [55] [56].

Resistance to the innate immune response to a pig xenograft

Today, there is an increasing availability of pigs with genetic modifications that protect the
pig tissues from the primate immune response (and/or correct molecular incompatibilities
between pigs and primates) (Table 3) [55]. These genetic manipulations take the form of (i)
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knockout of a pig gene that is responsible for the expression of an antigen against which the
primate (human or NHP) has natural preformed antibodies that bind to these antigens and
initiate complement- and/or coagulation-mediated destruction, or (ii) the insertion of a
human transgene that provides protection against the human complement, coagulation, or
inflammatory responses [55].

All of the 3 known pig antigens have now been deleted from pigs by knockout of the
underlying genes [38, 56]. When one or more of these pig antigens is not expressed, there is
a significant reduction in the binding of primate antibodies to pig vascular endothelial cells
(Figure 1) [38]. Further graft protection is provided by the expression of one or more human
complement-regulatory proteins (e.g., CD46, CD55, CD59) and/or one or more human
coagulation-regulatory proteins (e.g., thrombomodulin, tissue factor pathway inhibitor,
endothelial protein C receptor, CD39) (Table 3).

As a result of these genetic manipulations (now including as many as 6 in a single pig), the
transplantation of pig organs into NHPs is no longer limited by early antibody-mediated
(hyperacute or acute vascular) rejection. Furthermore, some of the genetic manipulations
carried out in pigs to reduce the effects of primate natural antibody and complement and
coagulation activation (the humoral response), as well as the innate immune cellular
response, have been found to reduce the effects of the T cell response (the adaptive cellular
immune response), thus possibly reducing the need for exogenous immunosuppressive
therapy [38] [55]. Nevertheless, exogenous biologic and/or pharmacologic
immunosuppressive therapy is still required to prevent the cellular response to a pig
xenograft.

Suppression of the adaptive immune response

In the absence of adequate immunosuppressive therapy, exposure to the pig xenograft elicits
the production of xenoreactive antibodies in the human or NHP recipient to other antigens
expressed in the pig, e.g., to SLA class | and Il [35, 46, 57]. Currently, the experimental
protocols for xenotransplantation in NHPs require administration of immunosuppressive
agents that suppress immunity systemically. However, severe burn patients already have
immune dysfunction, and thus, if administered immunosuppressive therapy, would be at
greater risk for infection. Therefore, immunosuppressive protocols are less than ideal in the
treatment of burns, making it necessary to explore novel protocols to prolong skin xenograft
survival without the need for systemic immunosuppressive therapy.

The question that needs to be answered is “can the T cell-mediated cellular and elicited
antibody responses be prevented by genetic modification of the source pig?” The human T
cell response to pig cells is stronger than to allogeneic human cells, but it can certainly be
reduced, if not yet eliminated, by several genetic approaches.

Deletion of major pig antigens

The T cell response to a pig graft that does not express Gal, Neu5Gc, and/or Sda is weaker
than to a wild-type (genetically-unmodified) pig graft [58], and the absence of these antigens
is associated with reduced human T cell proliferation (Figure 2) [59].
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Transgenic expression of human complement-regulatory proteins

Although the role of complement in organ transplantation has largely been limited to the
humoral response to an ABO- or HLA-incompatible allograft and/or to a xenograft,
complement may also be involved in the promotion of T cell activation and thus increase the
T cell response [60] [61]. The expression of a human complement-regulatory protein, e.g.,
CD46, on pig cells reduces the proliferation of human T cells, thus reducing the T cell
response [62]. Similarly, the proliferative response to GTKO pig cells expressing CD46 is
significantly weaker than to GTKO cells [62] (Figure 2).

Transgenic expression of costimulation blockade molecules

How can the T cell response be further reduced or inhibited by genetic engineering of the
pig? Immunologically, CD4*T cells are initially stimulated through the T cell receptor, by
the recognition of antigen presented with major histocompatibility complex class 1l (MHC-
I1) molecules (signal 1) [63]. But full T cell activation also requires binding of costimulatory
molecules (signal 2) [63] (Figure 3). There are several costimulation pathways (listed in the
legend to Figure 3) [64] [65]. The absence of signal 2, which can be achieved by several
novel agents, leads to the development of T cell anergy [64], with the result that T cells are
no longer activated to reject the graft.

Cytotoxic T lymphocyte-associated antigen 4-immunoglobulin (CTLA4-Ig) is a well-
established agent (e.g., abatacept and belatacept - United States FDA-approved for treatment
following kidney allotransplantation [66] [67] and in rheumatoid arthritis [68] that, when
administered to patients with an allograft, is capable of down-regulating T cell activation by
blocking one of the costimulation pathways and inducing T cell anergy [69]. The gene for
CTLA4-1g has been introduced into the pig [69, 70]. Skin grafts from pigs transgenic for
human CTLAA4-Ig survived for 13 days compared to those from wild-type pigs survived for
6 days [69]. The CD40/CD154 and PD-1/PD-L1 pathways are other costimulatory pathways
that, when blocked, mediate a negative signal and contribute to the regulation of T cell
activation [71] (Figure 3), but have not yet been incorporated into genetically-engineered

pigs.

Reduction in expression of MHC (SLA) class Il

The MHC-II transactivator (CIITA) has been termed the master regulator for MHC class 11.
It enhances MHC gene expression, and thus stimulates a more vigorous T cell response [72].
High sequence homology between human and pig CIITA allows us to use a human CIITA
mutant transgene to reduce swine MHC class Il (SLA class Il) expression, which results in
reduced expression of SLA class 11 on the vascular endothelium of the pig’s organ and
inhibits the T cell response [53, 55, 73] (Figure 4). It has been demonstrated to have a
significant effect in vitro and a modest effect in vivo [73].

Knockout of MHC (SLA) class |

After skin allotransplantation, untreated grafts become infiltrated with CD4*T cells, CD8*T
cells, and macrophages [6]. Therefore, downregulation of activation of these cells in skin
grafts may reduce graft rejection. Knockout of SLA class | expression in the pig has recently
been achieved, and its effect is being explored [55, 74]. Moreover, over-expression of human
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CDA47 (hCDA47) in pigs may prevent macrophage activation and phagocytosis of pig cells
[55, 75]. CD47 is also expressed on Langerhans cells [76]. CD47 engagement in vivo
significantly inhibits the emigration of Langerhans cells from the epidermis into draining
lymph nodes [76].

Inhibition of natural killer (NK) cell activity

NK cells may also play a role in skin xenograft (and allograft) rejection [55, 77, 78]. The
observation that human NK cells are able to lyse porcine endothelial cells in vitro suggested
that NK cells participate in the rejection of pig-to-human xenografts [79]. Expression of
HLA-E on pig cells inhibits human NK cell cytotoxicity and, unlike classical MHC
molecules, does not induce an allogeneic T cell response [80]. HLA-G is normally
transcribed in fetal-derived cytotrophoblasts where it provides significant suppression of
maternal immune responses to the fetus. It can inhibit various functions of NK and cytotoxic
T cells [81]. Therefore, genetic engineering of the pig to express HLA-E and/or G may
contribute to prolonging graft survival by reducing human NK cell-mediated rejection [55,
80, 82, 83].

These combined genetic engineering approaches would almost certainly inhibit acute
rejection of a skin xenograft, and would hopefully allow a reduced intensity of systemic
immunosuppressive therapy (or even negate the need for it) in a patient with a pig skin graft.

Genetically-modified pig skin grafting in NHPs — recent progress

To the best of our knowledge, there are seven studies of genetically-modified pig skin
xenotransplantation in NHPs reported in the literature. Five of these studies related to viable
pig skin-to-NHPs xenotransplantation models relevant to the treatment of burns [45] [9] [44]
[10] [84] (Table 4). Two of the seven studies related to induction of immunological
tolerance, and were not relevant for the treatment of patients with burns [85, 86].

Fujita et al. took skin from pigs transgenic for (i) the human complement-regulatory protein,
CD55, and (ii) N-acetylglucosaminyltransferase I11 (GnT-111), which diminishes Gal
expression through suppression of the activity of a.1,3-galactosyltransferase [87]. The grafts
survived for a maximum of 31 days in cynomolgus monkeys administered a short course (2
weeks) of the conventional immunosuppressive agent, tacrolimus [44]. In a skin graft from a
single transgenic pig (GnTIII), the early phase of rejection was prevented (because of
GnTIII’s effect in downregulating xenoantigenicity). Expression of CD55 was effective in
reducing or preventing the injury associated with complement activation, not only in the
hyperacute rejection phase, but also in the acute (or delayed) antibody-mediated rejection
phase. Therefore, the combination of CD55 expression and GnTII11 appeared to be effective
in protecting the graft from early rejection [44].

Tena et al. reported that transgenic expression of human CD47 on hematopoietic cells of
GTKO pigs substantially increased the duration of xenogeneic chimerism after pig
hematopoietic cell transplantation in baboons, and prolonged survival of porcine skin grafts
for 53 days in the absence of exogenous immunosuppressive therapy [86] which is the the
longest reported to date. As previously mentioned, overexpression of human CDA47 in pigs
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might prevent macrophage activation and phagocytosis of pig cells [55, 75]. This result
possibly demonstrates the importance of inhibition of both the recipient’s donor-reactive T
cells and of macrophage activation and phagocytosis in skin xenotransplantation.

Weiner et al. reported that GTKO pig skin survived longer (11-14 days) than wild-type
(Gal-positive) pig skin (4 days), demonstrating that skin grafts from GTKO pigs survive as
long as MHC-mismatched allogeneic skin grafts (911 days) [45]. Albritton et al. and Leto
Barone et al. confirmed these results by demonstrating comparable survival of MHC-
mismatched allogeneic (baboon-to-baboon) skin grafts and xenogeneic (pig-to-baboon) skin
grafts [9, 10]. Leonard et al have recently reported that cryopreserved GTKO pig skin grafts
survive as long as fresh GTKO grafts (mean 11.8 vs 11.8 days) [84].

Importantly, they evaluated sequential GTKO and allogeneic skin grafts to determine
whether such serial grafts could extend the period of temporary wound coverage before
definitive grafting with autologous skin was carried out [9, 10]. Rejection of an initial
GTKaO pig skin xenograft (after 11-13 days) did not induce an accelerated immune response
to a subsequent skin aflograft by cross-sensitization. Furthermore, rejection of a primary
skin allograft did not induce accelerated rejection of a subsequent GTKO pig skin xenograft.
The demonstration that serial grafting of GTKO and allogeneic skin is possible (in either
order) could potentially double the temporary skin graft coverage time in severely-burned
patients, providing an extended period for healing of autologous graft donor sites or the in
vitro culture of suitable autologous skin for permanent coverage [9, 10]. Moreover, definitive
closure of a burn wound with an autologous graft is not adversely affected by rejection of a
preceding GTKO pig xenograft or an allograft [84].

There is one additional report that is of some relevance. In a pig-to-rat skin transplantation
model (in which both species express Gal antigens), Wang et al. reported that hCTLA4-Ig-
transgenic porcine skin grafts exhibited significantly prolonged survival compared to wild-
type pig skin grafts derived from the same pig strain (13 vs 6 days, P<0.01) [69], suggesting
that hCTLAA4-Ig expression in the donor pig may be an effective and safe method of
extending pig skin graft survival by suppressing the cellular response.

Discussion and prospects for future clinical application of pig skin

xenotransplantation

Experimental organ transplantation from genetically-engineered pigs into NHPs has made
considerable progress in recent years, but has necessitated the administration of long-term
exogenous immunosuppressive therapy to the recipient [35] [39] [55], which would not be
clinically-warranted for patients in need of skin grafts. In contrast, wild-type (i.e.,
genetically-unmodified) pig heart valves have been used in cardiac surgery for valve
replacement for approximately 50 years, without the need for immunosuppressive therapy
[88] [89].

In recent years, however, following bioprosthetic heart valve replacement (BPHV), there has
been increasing evidence that, despite glutaraldeyde-fixation of the valve (which decreases
the immunogenicity of the valve, but would not be applicable to pig skin xenotransplantation
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as it impairs the viability of the tissues), there is a significant immune reaction to the valve.
This leads to calcification and valve failure. It occurs much more rapidly in young patients,
e.g., teenagers, who have a more vigorous immune system compared to the elderly.
Ironically, it is young patients who would benefit most from a BPHV because, unlike a
mechanical prosthetic valve, the implantation of a BPHV does not require the patient to
receive long-term anticoagulant therapy. The patient is therefore not at risk from the
complications associated with the life-long anticoagulation required in patients with
mechanical prosthetic valves. However, because of their more vigorous immune response
and such factors as increased calcium metabolism, BPHVSs in young patients develop rapid
structural deterioration and calcification, often within a two or three years. In the elderly,
this does not occur and the BPHV might function satisfactorily for well over a decade. There
is little doubt that BPHVs taken from pigs genetically-engineered to protect their tissues
from the human immune response would function, even in younger patients, for
considerably longer than those taken from wild-type, unmodified pigs [90] [88] [89] [91].

There is, therefore, no pig tissue that can be transplanted without a risk of immune-related
deterioration or rejection, and so the problems associated with pig skin transplantation are
not unique. However, the immunological disadvantages of pig skin xenotransplantation
(Table 1) can, to some extent, be overcome by use of skin from the genetically-modified pigs
currently available (Table 3). For example, skin transplants in NHPs using GTKO/hCD46
(or/and hCD55 or/and hCD59) pigs as sources are resistant to hyperacute rejection [9, 44,
55], and graft survival is prolonged [9, 10, 44]. Our in vitro study [62] and the in vivo study
of Fujita et al [44] support this conclusion.

For even longer survival of pig skin xenografts, however, other genetic modifications of the
pigs, such as expression of a costimulation blockade molecule (Figure 3) [69-71], or
expression of a mutant CIITA [53, 73], hCD47 [86], HLA-G [83] and/or HLA-E [82], or
knockout of SLA-Class-1 [74], may be necessary.

The achievement of immunological tolerance to a pig skin xenograft (i.e., a state in which
the recipient does not attempt to reject the graft) would be the ideal outcome, but will be
difficult. Two major strategies are being explored [92]. (i) The concomitant transplantation
of donor thymus tissue (at the time of skin transplantation) to ‘reprogram’ the T cells to
regard the pig antigens as ‘self’. (ii) The induction of mixed hematopoietic cell chimerism
by bone marrow or mobilized hematopoietic cell transplantation. However, it may be
impossible to utilize either of these approaches in patients with burns because (a) there may
be insufficient time to prepare the patient, and (b) at present relatively intense
immunosuppressive induction therapy is required, which the burn patient may be unable to
tolerate.

Although achieving permanent graft survival may be difficult, grafts from pigs with multiple
genetic modifications may (i) reduce graft immunogenicity and (ii) increase resistance to
humoral and cellular rejection to the point where no or only minimal exogenous
immunosuppressive therapy is required to achieve prolonged pig skin graft survival. Even if
this were for only a matter of weeks or months, this would add greatly to the successful
treatment of patients with severe burns.
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Highlights
A current research summarization of skin xenotransplantation for burns

Emphasis on developments in genetic engineering of pigs to protect the graft
from immunological injury

Genetically-engineered pig skin grafts now survive as long as an allograft.

Rejection of a skin xenograft is not detrimental to a subsequent allograft.
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Figure 1. Human IgM and IgG antibody binding to pig and human aortic endothelial cells
(AECs) by flow cytometry

Human IgM (a) and IgG (b) binding to GTKO/hCD46 pig AECs was significantly decreased
compared with wild-type (WT) pig AECs (*P<0.05), and was further decreased to GTKO/
hCD46/NeuGcKO pig AECs (*P<0.05). There was significantly greater IgM binding to
GTKO/hCD46/NeuGcKO pig AECs than human AECs (£P<0.05), but there was no
statistical significance of the extent of 1gG binding between them. (MFI=mean fluorescence
intensity; ns=not significant.) (Reproduced with permission from Wijkstrom M, et al.
Kidney Int. 2017;91:790-796.)
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Figure 2. (A) Human CD4+T cells and CD8+Tcells responses to WT and GTKO porcine aortic
endothelial cells (pAECs) before and after activation by pIFN-y, and (B) human peripheral
blood mononuclear cell (PBMC) responses to WT and GTKO pAECs expressing hCD46

(A) The proliferative response of human CD4*T cells (n=3) and CD8*T cells (n=3) to WT
and GTKO pAECs before and after activation by pIFN-y. The response was significantly
less to GTKO pAECs before (p<0.001) and after (p<0.05) activation. 3H incorporation
values are presented as CPM. Data represent the mean (+/— SEM) and are representative of
three different experiments.

(Reproduced with permission from Wilhite T, et al. Xenotransplantation. 2012;19:56-63.)
(B) Human cellular responses to pAECs expressing hCD46. Human PBMCs were co-
cultured with pAECs. The mean of triplicate results was expressed as 3H-thymidine uptake.
Data are representative of two different humans. PBMC proliferation is presented as counts
per minute (CPM) for 3H incorporation. Data represent the mean (xSEM) and are shown.
(*P<0.05). (Reproduced with permission from Ezzelarab M, et al. Xenotransplantation.
2015;22:487-489.)
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Figure 3. Costimulation pathways in T cell regulation
Upon MHC-antigen interaction with the TCR, costimulation pathways can augment or

suppress the activation of the T cell. From left to right: (i) CD28 is activated by CD80/
CD86, after which CTLA-4 is upregulated and, with higher affinity than CD80/CD86, binds
to CD28, inhibiting the signal. CTLA-4lg and belatacept work by taking advantage of their
higher affinity to CD28 over CD80/CD86, and thereby block CD80/CD86 activation of
CD28. (ii) The CD40/CD154 pathway is another potent activator of T cells. Monoclonal
antibodies against either of these surface proteins have potential for application in transplant
immunosuppression. (iii) PD-1 is expressed on T cells, and its interaction with PD-1 Ligand
(PD-L1) induces a suppressive signal to the T cell.
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Figure 4. Significant reduction of the human CD4*T cell response to dominant-negative mutant
class 11 transactivator (CI1TA-DN) porcine aortic endothelial cells

Human (h) CD4*T cells were co-cultured with pAECs for 7 days (n=6). The response of
hCD4*T cells was evaluated by [3H] thymidine incorporation. As a negative control,
hCD4*T cells were cultured with culture medium (spont). There was a significantly lower
hCD4*T cell response to CHITA-DN pAECs compared with WT pAECs (**P<0.01).
(Reproduced with permission from Hara H, et al. Immunology. 2013;140:39-46.)
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Differences between allo (human) and xeno (wild-type pig) skin grafts, and bioengineered skin substitutes.

Advantages Disadvantages
Allo-skin grafts from cadaver 1 Vascularization within 2-3 days (similar to 1 High cost.
donors auto grafts). L L
2 limited availability.
2 Providing clean granulating area prior to .
auto grafting. 3 Risk of pathogen
transmission.
3 Protecting open wound from protein and
water loss.
4 Decreasing surface bacterial count and
pain.
5 Covering the vital organs.
6 Facilitating early movement of affected
part.
Xeno-skin grafts from wild type 1 Maintaining barrier functions in the early 1 Fail to vascularize (due to
pigs post-burn period. HAR (fresh or cryo) or dead
. . . . cells (glycerol)).
2 Reducing the risk of disese transmission.
(compared with allo-skin) 2 Theoretical risk of
- zoonoses, especially procine
3 Unlimited supply. endogenous retroviruses and
4 Large dressing size. Clostrium difficile.
3 Persistent and high anti-

5 Low cost. NeuGc IgG response to
porcine NeuGc Ags (risk of
cancer and vascular
diseases).

Bioengineered skin substitutes 1 Providing a mechanical barrier to infection 1 Time.
and fluid loss. .
2 High cost.

2 Various biological and pharmacological o
properties of human skin which allow 3 Easily injured.
and/or promote new tissue growth and
ideal the conditions for healing.

3 Possibility of permanent coverage.
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Identified antigens (and associated synthesizing enzymes) on pig vascular endothelial cells against which

Table 2

humans have anti-pig antibodies.

Antigens

Enzymes

Galactose-a 1,3-galactose (Gal) al,3-Galactosyltransferase (GT)

N-glycolylneuraminic acid (Neu5Gc) | Cytidine monophosphate-N-acetylneuraminic acid hydroxylase (CMAH)

Sda

B1,4 N-acetylgalactosaminyltransferase (B4GalNT2)
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Selected genetically-modified pigs currently available for xenotransplantaion (excluding antigen-deletion).

Complement regulation by human complement-regulatory gene expression:

CD46 (membrane cofactor protein)

CD55 (decay-accelerating factor)

CD59 (protectin or membrane inhibitor of reactive lysis)

Suppression of cellular immune response by gene expression or downregulation:

CIHITA-DN (MHC class Il transactivator knockdown, resulting in swine leukocyte antigen class 11 knockdown)

Class | MHC-knockout (MHC-I-KO)

HLA-E/human B2-microglobulin (inhibits human natural Killer cell cytotoxicity)

Human FAS ligand (CD95L)

Human GnT-I11 (A-acetylglucosaminyltransferase 111) gene

Porcine CTLA4-1g (Cytotoxic T-Lymphocyte Antigen 4 or CD152)

Human TRAIL (tumor necrosis factor-alpha-related apoptosis-inducing ligand)

Anticoagulation and anti-inflammatory gene expression or deletion:

von Willebrand factor (vWF)-deficient (natural mutant)

Human tissue factor pathway inhibitor (TFPI)

Human thrombomodulin

Human endothelial protein C receptor (EPCR)

Human CD39 (ectonucleoside triphosphate diphosphohydrolase-1)

Anticoagulation, anti-inflammatory, and anti-apoptotic gene expression

Human A20 (tumor necrosis factor-a-induced protein 3)

Human heme oxygenase-1 (HO-1)

Human CD47 (species-specific interaction with SIRPa inhibits phagocytosis)

Porcine asialoglycoprotein receptor 1 gene-knockout (ASGR1-KO) (decreases platelet phagocytosis)

Human signal regulatory protein a (SIRPa) (decreases platelet phagocytosis by ‘self” recognition)

Reproduced with permission from Cooper DK, et al. The pathobiology of pig-to-primate xenotransplantation: a historical review.

Xenotransplantation. 2016;23(2):83-105
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Table 4

Recent experience in genetically-modified pig skin transplantation In NHPs

References (year) Number Donor Immunosuppressive regimen Survival (days)
Recipient : Baboon Pig
2 WT CyA 4.4
Weiner J et al. (2010)
2 GTKO CyA 11,14
Alexander A et al. (2014) 10 GTKO none 7,10,11,11,12,12,12,13,13,13
8 WT CyA or none 44444444
Leto Barone et al. (2015)
8 GTKO CyA or none median 11
D.A. Leonard et al. (2017) 17 GTKO none median 11.8
Recipient : Monkey
2 WT none 3,2
3 GnT I none 9,99
1 DAF(CD55) none 9
Fujita T et al. (2004)
1 DAF/GNT 111 none 9
1 GnT I TAC(14days after Tx) 21
3 DAF/GNT 111 TAC(14days after Tx) 14,14,31

CyA = cyclosporine A, GnTIlI = N-acethylglucosaminyltransferase |11, GTKO = a1,3-galactosyltransferase gene-knockout, TAC = tacrolimus, WT

=wild type
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