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Abstract

Xenotransplantation is one promising approach to bridge the gap between available human cells,
tissues, and organs and the needs of patients with diabetes or end-stage organ failure. Based on
recent progress using genetically-modified source pigs, improving results with conventional and
experimental immunosuppression, and expanded understanding of residual physiologic hurdles,
xenotransplantation appears likely to be evaluated in clinical trials in the near future for some
select applications. This review offers a comprehensive overview of known mechanisms of
xenograft injury, a contemporary assessment of preclinical progress and residual barriers, and our
opinions regarding where breakthroughs are likely to occur.
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Introduction

Transplantation is one of medicine's greatest triumphs, saving thousands of lives each year,
and improving the quality of life for many of those fortunate enough to obtain a scarce graft
from another person. Unfortunately, the supply of human organs is insufficient to treat all
the patients who present each year with organ failure, and who could benefit if a compatible
graft were available. Similarly, the potential supply of islets from human donors will never
be sufficient to treat the millions of people afflicted by diabetes, or even the minority with
particularly brittle juvenile-onset disease who are currently considered candidates for
pancreatic islet allotransplantation. Despite concerted, successful societal efforts to increase
the availability of organs from cadaveric and living donors, it remains highly unlikely that
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human cellular or organ grafts will fulfill projected needs. And while substantial progress
has been made toward harnessing the tremendous potential of stem cell biology and tissue
engineering, most approaches based on these young technologies are at a proof-of-concept
stage, and far from clinical application. These considerations provide a powerful impetus for
preclinical “translational” research to develop clinical therapies using organ and islet
xenografts.

The rationale for the choice of pigs as the preferred donor species is based on breeding
characteristics as well as physiologic and organ size compatibility for use in humans, and
because use of “concordant” primate species would pose very difficult ethical, infectious,
and logistical issues [1-3]. Genetically-modified pigs expressing additional human
complement pathway regulatory proteins (hCPRPSs) [4,5] or with the a1,3-
galactosyltransferase gene “knocked-out” (GalT-KO) [6,7] have been developed to address
the initial barriers posed by anti-Gal antibody and complement. Work with hCPRP or
GalTKO organs and tissues have significantly advanced survival results in preclinical organ
and cell transplantation models. On the other hand, these studies reveal substantial residual
obstacles that must be overcome before a xenograft is likely to improve human health, a
benchmark that most experts agree should be a prerequisite for initiating a clinical
xenotransplantation trial [8,9]. This review summarizes our current understanding of the
immunobiology of xenotransplantation. Based on the available data and our working
hypotheses regarding the major known obstacles, specific areas are identified as research
priorities that, in our estimation, are likely to soon yield progress sufficient to justify
initiation of safe clinical xenotransplantation trials.

Basic Mechanisms of Xenograft Injury

In most instances, when an organ from one species comes into contact with blood from
another “discordant” species [10], preformed “natural” antibodies in the blood bind to
foreign “xenogeneic” carbohydrates and proteins on the organ's endothelium. The
endothelium responds by converting from an anti- to a pro-coagulant phenotype, while
adherent antibodies in turn bind complement cascade proteins [11,12]. Activated
complement causes further activation and lysis of endothelial cells, and attracts other
proinflammatory immune system components. The result is “hyperacute rejection”, with
immediate loss of organ function due to thrombosis and loss of endothelial barrier function.
[Figure 1a]

When hyperacute rejection does not occur, as in closely-related “concordant” primate
species (e.g. chimpanzee-to-man), or if it is prevented by removing natural antibody or
neutralizing complement, conventional immunosuppressive drugs prolong function of a
xenogeneic organ from a few days to several weeks. In this setting xenografts usually fail
due to a combination of “cellular” and “humoral” insults that together contribute to the
phenomenon of “delayed xenograft rejection” (DXR, also interchangeably termed acute
humoral xenograft rejection or acute vascular rejection) [13-18]. Cellular DXR histology
resembles typical acute allograft rejection, with lymphocyte- and macrophage-rich
perivascular infiltrates progressing to necrosis of graft parenchymal cells. Cellular DXR is
typically not seen with intense but clinically-applicable immunosuppressive drug regimens
[13-17,19-21].

Humoral DXR resembles humoral allograft rejection in the prominence of antibody and
complement deposition with a paucity of immunocytes, and similarly often “breaks through”
conventional immunosuppression. Humoral DXR is generally ascribed to antibodies
produced rapidly and in high titer against donor xenoantigens recognized as foreign by the
recipient's immune system. When such antibodies are detected in serum or in the graft,
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failure of the transplant is usually ascribed to incomplete control of antibody-producing B-
cells or longer-lived “daughter” plasma cells. Evidence also supports a role for cytokines
(interferon-y, lipid mediators (thromboxane), proinflammatory cyclic nucleotides (adenosine
mono- and diphosphate), and coagulation cascade molecules in humoral rejection, and these
mediators should be evaluated in models where anti-donor antibody is not readily
demonstrable.

Recent Progress with Pig Organ Xenografts

Role of Galal,3Gal and al,3-galactosyltransferase

The realization that preformed (“natural”) antibodies towards a particular carbohydrate,
Galal,3Gal (Gal), were largely responsible for triggering hyperacute rejection of pig organs
transplanted into humans and Old World nonhuman primates [24,25] informed efforts to
overcome this barrier. Many novel approaches that partially or completely blocked binding
of anti-Gal antibodies and/or inhibited subsequent complement activation attenuated
hyperacute rejection [reviewed in 26]. However none of these strategies prevented later
DXR injury of Gal-expressing grafts.

Recently several groups genetically engineered “knock-out” pigs that lack the al,3-
galactosyltransferase gene (GalT-KO) and thus do not express the Gal oligosaccharide [6,7].
(Figure 1b) When the immune response to the Gal carbohydrate was thus eliminated from
the equation, survival of GalT-KO kidneys [27,28] and hearts [29,30] was prolonged in
nonhuman primates. (Figures 2,3) Notably, conventional immunosuppression (FK506,
rapamycin) at doses sufficient to protect an allograft did not prevent an elicited anti-non-Gal
antibody response [28]. In contrast, an elicited antibody response against non-Gal pig
epitopes could not usually be detected in the serum of baboons selected for low
pretransplant anti-non-Gal antibody titers and treated with costimulation-based
immunosuppression (ATG induction, anti-CD154, MMF and tapered steroids) that was
associated with few infectious complications [27,29]. Similarly, the mixed lymphocyte
reaction, reflecting cellular immunity to pig antigens, remained unresponsive. These
observations suggest that the primary B- and T-cell immune responses to a pig organ
xenograft were very efficiently controlled by the CD154 costimulation pathway-based
regimens employed. However, focal deposits of immunoglobulins and complement were
detected in the hearts and kidneys at the time of graft failure, and anti-non-Gal anti-pig
antibodies were readily detected after heart graft removal [30]. If, as this observation
suggests, residual “costimulatory” T-cell “help” for B cell immune function contributed to
graft failure, improved control of costimulation-dependent adaptive immune responses will
be required.

Importantly, elicited anti-non-Gal immunity is often detected in association with
consumptive coagulopathy or DXR of GalTKO pig organs when CD154 costimulation-
based regimens are used in baboon recipients with higher pretransplant levels of anti-non-
Gal antibody [31]. This finding underscores the importance of improved approaches to
control secondary anti-non-Gal antibody responses to achieve clinically-applicable
xenograft protection.

Controlling T cell-dependent anti-xeno responses

Human T-cells emerge from the thymus bearing a unique T-cell receptor selected on that
individual's “self” major histocompatibility complex (MHC) class I or 11 molecules. They
are activated in the periphery by a “foreign” — but not “self” — protein fragment antigenic
peptide bound inside the peptide binding groove of MHC molecules on specialized antigen
presenting cells. During evolution, this pathway of antigen recognition has allowed the
“host” to mount a highly effective immune response to invading pathogens, including those
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with a high spontaneous mutation rate, because of the large number of antigens that can be
recognized in this way. (Figure 4 Dorling antigen presentation)

In the context of transplantation between genetically-distinct humans, the transplanted organ
releases proteins that can be processed into antigenic fragments by the same specialized
cells, for display inside MHC molecules. If these are “foreign” to the recipient, they can be
recognized by T cells in exactly the same way as a pathogenic antigen would be. Because of
the way our understanding of transplantation immunology developed, this natural pathway
of antigen recognition is known as the “indirect antigen presentation pathway” in the
transplantation literature. This is to distinguish it from another pathway, the “direct
pathway” in which mismatched donor MHC protein antigens on donor antigen presenting
cells are engaged by the recipient's T-cell receptors directly, leading to T cell activation.
This direct pathway is unique to the setting of transplantation. The combination of T cell
activation by direct and indirect pathways makes T cell immunity to MHC-mismatched
organs particularly strong. Similarly, for the clinically-relevant cross-species combination
(pig-into-human), both the direct and indirect antigen presentation pathways operate
relatively efficiently to activate a significant proportion of human T-cells.

Following the initial response, protective “memory” of prior infections is usually retained
within a long-lived subset of the responding T-cell population. If the recipient has
previously “seen” a pig xenograft, or has “memory” T-cells that happen to cross-react with
pig antigens, the secondary immune response is likely to be vigorous and difficult to restrain
using currently available immunosuppressive drugs or other methods.

For a T-cell to respond efficiently after its unique T-cell receptor encounters a foreign
transplant or infectious protein antigen, one or more “costimulation” molecules must also
adhere to a binding partner (ligand). Costimulation must occur in close physical (nearby on
the same cell) and temporal (within minutes or hours) proximity to tight (“high-affinity”) T-
cell receptor engagement by MHC bearing the antigenic peptide fragment. (Figure 4) CD40
and the B7 family proteins (CD80, CD86, and others), which are expressed on “antigen
presenting cells”, bind to CD154 and CD28 or CTLA-4, respectively, ligands which are
expressed mainly on responding T-cells; these are paradigmatic examples of costimulation
pathway interactions that mediate effective protective immunity. For the indirect
Xenoantigen presentation, these interactions are always between human ligand pairs. For the
direct xenoantigen presentation, efficient costimulation relies on porcine ligands interacting
with their human counterparts and in general, all the important costimulatory molecular
pairs have been shown to function efficiently between pigs and non-human primates or
humans [30,32-34]. Thus for pig antigens, both the direct and indirect antigen presentation
pathways are available to activate human or non-human primate T-cells, and in vivo
adaptive immune responses to xenoantigens are robust due to efficient costimulatory
function.

Several studies show that, relative to allo responses, the xeno immune response is
particularly dependent on CD4 T-cells and on particular costimulation pathway interactions
[35-38]. Thus adaptive xenoimmunity is potentially more vulnerable to suppression by
selective blockade of these pathways. Blockade of the CD154 costimulation pathway, used
with only low-dose mycophenolate mofetil and tapering corticosteroids, is associated with 2
to 6 month survival of GalT-KO pig hearts, notably better than in prior studies with intense
immunosuppression using conventional agents [21], with few infectious or other drug-
related complications [29]. Antibodies targeting the CD154/CD40 pathway were also a
component of the four most successful regimens reported to date for protection of pig islet
grafts in nonhuman primates [39-42]. We conclude that T-cell and B-cell responses to
xenoantigens are particularly dependent upon efficient costimulatory function, especially
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pathways governed by CD154. By inference, safe, effective clinical strategies may depend
on efficiently blocking this pathway. If so, the widely publicized thromboembolic
complications associated with direct anti-CD154 therapy in humans [43,44] have directed
current efforts toward CD40 blockade [45], and development of alternative approaches to
target CD154.

Targeting other costimulation pathway molecules such as CD28 or the B7 family is one
strategy that might prove effective for controlling T-cell-dependent immunity to
xenoantigens [46]. Importantly, there is a negative-regulator pathway that functions
inefficiently in the reverse direction - human B7 molecules fail to efficiently engage porcine
CTLA-4. Soluble porcine CTLA-4 has been used as a tool to selectively block co-
stimulatory interactions between porcine B7 and human CD28, one of the key interactions in
the “direct” pathway, while its low affinity for human B7 theoretically preserves the human
recipient's ability to respond to infectious antigens. The utility of this approach has been
shown in a pig-to-mouse model of islet transplantation, and resulted in indefinite graft
survival when the indirect pathway was simultaneously inhibited [47]. This observation
raises the possibility that the organ-source pig could be genetically engineered to express a
graft-specific CD28/B7-blocking agent (for example, porcine CTLA4-1g), thus providing
continuous protection of the graft from the direct T cell response [48]. Ideally, therapeutic
gene expression would be controlled using a conditional or inducible gene promoter
sequence, to allow control of protein expression in case potentially harmful systemic
exposure was detected in the recipient's bloodstream.

Although “natural” anti-nonGal antibodies are typically associated with lower levels of
cytotoxicity than anti-Gal antibodies [49,50], early graft failure (EGF, within three days of
transplant) of GalT-KO organs in nonhuman primates is associated with anti-non-Gal
antibody titers higher than are found in pooled human serum [31,51]. EGF incidence is
markedly lower in recipients with low pretransplant anti-non-Gal antibody titers, or when
GalT-KO organs express hCD46 or hCD55 [31]. Finally, when GalT-KO kidneys fail
[27,28] or when TM develops in GalT-KO hearts [29,31], focal antibody and complement
deposition are usually found, supporting the conclusion that both preformed and elicited
anti-non-Gal antibodies are the principal mediators of Gal-TKO xenograft injury [17,28,52].

Importantly, and contrary to conventional immunological dogma, costimulation pathway
inhibition modulates secondary antibody responses [21-23], albeit less efficiently than
primary responses. Interestingly, depletion of B-cells with rituximab as induction therapy
delays elicited immunity both with conventional immunosuppression [19] and when
combined with costimulation pathway blockade (Mohiuddin and Pierson, personal
communications). This observation suggests that CD20-bearing B-cells play a pivotal role in
Xenoantigen presentation, as recently suggested for alloantigens [53,54]. Targeting plasma
cells with proteasome inhibitors such as bortezomib remains to be explored in
xenotransplantation, but has shown efficacy in allosensitized renal allograft recipients
[55,56].

Identification of non-Gal porcine antigens

It is likely that most humans’ immune systems will recognize a relatively restricted range of
particularly antigenic pig proteins and carbohydrates [57-59]. Recent work has begun to
elucidate the pig protein targets recognized by elicited anti-non-Gal antibody [60,61]. In
principle this restricted repertoire could be used to advantage to facilitate xenograft
acceptance by administering the specific immunodominant antigen to the recipient before
transplant under carefully controlled circumstances [62]. Alternatively each antigen can be
genetically modified to the human form, peptide scavenging reagents fashioned to
specifically block antibody binding, or masking accomplished, as by antigen-specific Fab
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fragments engineered for long serum half-life. In practice managing an array of multiple
different antigens becomes exponentially more difficult, but would be addressed
comprehensively by an effective tolerance induction approach.

Tolerance to promote xenograft acceptance

All available evidence suggests that induction of tolerance based on mixed hematopoetic
chimerism should prevent adaptive immune injury to an allo- or xeno-graft [27,63,64]. With
xenotransplantation, the genetically or pharmacologically manipulated donor can be
identified well before the transplant is planned, and the recipient exposed to donor antigen
under tolerogenic, controlled circumstances at consistent prescribed intervals, options not
logistically feasible using organs from deceased human donors. Thus xenotransplantation
offers a great opportunity to take advantage of major advances in immunology to
reproducibly promote antigen-specific tolerance once the barriers to accomplishing this
long-term goal are better defined [65]. Encouraging progress in rat- and human-to-mouse
systems [66] has not yet been translated effectively into preclinical models, although
significant progress is apparent in human renal allograft recipients [67] and with pig
“thymokidney” grafts in baboons [27].

Blocking complement activation to protect GalT-KO organs

Most experts expect that initial organ xenograft trials will use GalT-KO source animals that
additionally express one or more hCPRPs, based on the presumption that complement-
activating antibodies against non-Gal antigens will contribute to the pathogenesis of DXR in
GalT-KO organs, and that expression of these proteins will be protective. (Figure 1c) Indeed
four groups have now presented data in support of this hypothesis. (R. Pierson, personal
communications) Other strategies to efficiently prevent complement injury have emerged
from the past decade of work in this field [26]. Recent studies show that complement
activation within the “immunologic synapse” between the T-cell and antigen presenting cell
provides non-classical costimulation, and that increased expression of CPRPs promotes
antigen-specific immunoregulation [68,69]. This potentially pivotal observation suggests
that high levels of hCPRP on the xenograft may mute xenoimmunity and promote xenograft
acceptance.

Coagulation Dysregulation

Histology of the failed GalT-KO organs under anti-CD154 therapy exhibited a previously
unusual form of DXR, “thrombotic microangiopathy” (TM) [15,23,29]. When GalT-KO pig
organ xenografts fail, evidence of coagulation pathway activation is usually detected both in
the graft and systemically [18,51,70], although some groups have not observed this
phenomenon [19]. Thus considerable attention has been directed to understand the cause of
coagulation pathway activation by a xenograft.

In other contexts TM is associated with abnormal intravascular coagulation due to impaired
endothelial anticoagulant function. It is clear that antibody- and complement-mediated
endothelial cell (EC) activation can be sufficient to initiate the coagulation abnormalities
associated with xenograft rejection [11,17]. Assault by antibody and complement converts
the EC from the normal anticoagulant phenotype to a procoagulant state, leading to loss of
vascular integrity as well as infiltration by various immune cells.

However, there is compelling in vitro data as well as increasing in vivo evidence that
intrinsic cross-species coagulation cascade incompatibilities also contribute primarily to TM
and that other coagulation cascade phenomena arise after organ xenografting without an
obvious requirement for an antibody or complement immune trigger. As recently reviewed
[71-74], human and pig coagulation pathway interactions are partially incompatible in
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several physiologically important ways. Interaction between GalT-KO pig endothelium,
human platelets, and human monocytes promote clotting after interaction even in the
absence of serum, although antibody and/or complement amplify some procoagulant
mechanisms [75]. Several human clotting cascade proteins are activated “non-
physiologically” (inappropriately) by quiescent, resting pig endothelium. In particular,
quiescent porcine endothelium catalyzes formation of human thrombin from prothrombin
[11,76]. In addition, quiescent human platelets interact constitutively with porcine von
Willebrand factor, causing adhesion and activation, without first requiring GP1b receptor
activation (which normally occurs after GPIIbllla receptor activation) as would be necessary
for human GP1b to bind to human von Willebrand factor [77]. CD39, an endothelial
nucleotidase that prevents local ADP-mediated vasoconstriction and platelet aggregation, is
expressed at low levels on pig endothelium [78], and increased CD39 expression attenuates
the associated procoagulant phenotype [79]. Porcine tissue factor pathway inhibitor (TFPI)
may inefficiently disable activated primate tissue factor [74,80], while porcine
thrombomodulin is inefficient to inhibit human thrombin due to inefficient binding to human
Protein C [81]. The result is that porcine coagulation pathway regulatory molecules poorly
protect pig endothelium in the context of primate coagulation pathway activation. In
aggregate, these incompatibilities mean that clotting occurs more readily in a xenograft than
in an allograft, and that, once the clotting cascade is initiated, mechanisms that would
normally counteract intravascular clot propagation do not function well. (Figure 5 Rees
Pierson cartoon coag) Similarly removing or temporarily disabling a pro-coagulant protein,
such as fibrinogen-like protein 2, may protect pigs that do not express this inducible
thrombin-generating enzyme from DXR [82].

Several recent studies suggest that coagulation dysregulation may be playing a role not only
in xenograft thrombosis but also by amplifying immune injury to the graft. In a mouse-to-rat
model where control mouse hearts in immunosuppressed rats fail from DXR after 6 days,
hearts from transgenic mice expressing membrane-tethered human TFPI (hTFPI) or leach-
derived hirudin survived indefinitely (>100 days) [83]. No graft injury occurred despite
antibody and complement deposition on the xenograft endothelium. This surprising result
suggests that coagulation pathway activation on the graft endothelium is a critically
important amplifier of the adaptive cellular and humoral immune responses to the xenograft.
Increased expression of CD39 also dampens nonclassical costimulation and amplifies T-
regulatory cell function [84], and could theoretically promote xenograft acceptance.

Overall, our current understanding suggests that strategies to prevent dysregulated
intravascular coagulation are attractive targets to prevent both procoagulant and immune
facets of DXR and TM. The constitutive and acquired molecular incompatibilities that
together constitute the “coagulation barrier” might be overcome through systemic drug
therapy, such as supplementation of antithrombin 3 [85] or selective inhibition of binding
between porcine vVWF and human GP1b [86]. In this context, the initial prostacyclin and
prolonged high-dose heparin infusions used in most GalT-KO organ studies may have been
an important therapeutic adjunct, perhaps protecting the grafts from earlier thrombotic injury
and delaying consumptive coagulopathy in the organ recipients. On the other hand genetic
manipulation of the organ-source pig, adding human coagulation regulatory proteins at the
endothelial interface between graft and host, will likely be preferable to minimize recipient
complications. These modifications should not only prevent EC activation by minimizing
coagulation, but may also help control the immune response to the pig organ by modulating
non-classical “costimulation” within the immunological synapse and thus muting T-cell
proliferation. GalT-KO pigs are currently being engineered to express hTFPI, hirudin,
thrombomodulin, and CD39; regulated or tissue-specific expression of one or more of these
genes may be necessary to viability of some pig constructs. Currently, several groups are
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studying whether these modifications will yield clinically important graft protection from
TM or other DXR phenomena in the context of the GalTKO background.

Cellular Non-T-cell Xenograft Responses

Macrophages: a bidirectional barrier to xeno-engraftment

Induction of central tolerance by infusion of donor bone marrow or mobilized hematopoietic
progenitor cells into an irradiated host has already had some success in clinical organ
allotransplantation [87] and is established therapy for hematopoetic malignancies. However,
after infusion into baboons, porcine hematopoietic cells are avidly scavenged by primate
macrophages and perhaps other reticuloendothelial system cells, a phenomenon not
attenuated by absence of the Gal antigen (reviewed in [88]). Human Kupffer cells recognize
and phagocytose porcine erythrocytes by a lectin-dependent mechanism [89]. A similar
mechanism probably underlies the recognition and removal of porcine cells by host
macrophages in vivo in baboons [89a]. Current work seeks to characterize the specific
lectin-carbohydrate molecules involved in this recognition event, and to identify preventive
strategies. In addition, absence of functional inhibitory interactions, such as those mediated
by SIRP-1a and CD47, may promote xenogenic cell phagocytosis by macrophages [90].

This phenomenon also operates in the other direction: human erythrocytes are rapidly
engulfed by pig macrophages by a carbohydrate-lectin interaction [91,92]. For example pig
livers perfused ex vivo with human blood phagocytose approximately one unit of human
erythrocytes from the circulation every 24h [93]. This process may be mediated by direct
recognition of erythrocytes by pig Kupffer cells or endothelial cells, unrelated to antibody
binding and complement activation [94]. A solution to this problem will be required if
extracorporeal pig liver support of pig liver transplantation is to become an effective,
practical clinical therapy. Similarly, severe thrombocytopenia has limited survival of pig
GalTKO.hCD46 livers in baboons, probably mediated by “inappropriate” ligation of human
GP1b by porcine VWF or “scavenging” associated with absence of “self” antigens [DKC
Cooper, submitted]. Strategies to prevent these phenomena are currently being tested, and if
successful, may justify the use of extracorporeal pig liver support of patients in fulminant
hepatic failure as the first clinical trial involving xenogeneic solid organs.

Using a variety of techniques that essentially prevent the occurrence of hyperacute rejection,
many investigators have demonstrated the crucial role of monocytes [95,96] and
macrophages in mediating DXR [97-105]. Reciprocal “cross-talk” between macrophages
and T cells links innate to adaptive immunity in xenograft rejection [106]. For example,
activated macrophages elaborate chemokines that recruit T cells to initiate the adaptive
immune response in the graft, and act as direct effectors of rejection in response to contact-
dependent and cytokine-mediated T cell help. Xeno-specific strategies to regulate
macrophage activation await identification of the exact molecular mechanisms involved so
that these can be manipulated to protect the graft without crippling host defenses against
environmental pathogens or neoplasia.

NK cell xenograft rejection mechanisms

Several lines of evidence indicate that natural killer (NK) cells are involved in DXR
[95,107-109]. In addition to possessing activating “non-self” receptors [110-113], NK cell
activity is tightly regulated by inhibitory receptors that recognize “self” ligands on target
cells, such as human MHC Class | antigens [114-117]. Adhesion and recruitment of human
NK cells to porcine endothelium and subsequent tissue infiltration has been demonstrated in
pig organs perfused ex vivo with human blood. Subsequently the molecular mechanisms
involved in human NK cell-porcine endothelial cell interactions have been studied
extensively in vitro by several groups in order to identify targets for therapeutic
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interventions. NK cell rolling is mediated by CD49d interacting with porcine CD106
(VCAM-1) and by CD62L and its porcine ligands, while the following firm adhesion mainly
involves interactions between b2-integrins and ICAMs, as well as CD49d and CD106.
Human NK cytotoxicity against porcine endothelial cells depends on the absence of
interactions between human NK-MHC class | specific inhibitory receptors and porcine
MHC class | molecules, and the cross-species binding of NK-activating receptors (NKp44
and NKG2D) to ligands on porcine EC such as porcine ULBP-1 [110-113]. Importantly,
expression of Gal on pig endothelium does not seem to play a role in direct xenogeneic NK
cell recognition [118,119]. Strategies to overcome human anti-pig NK cell responses include
(1) the blocking of the molecular events leading to recruitment (chemotaxis, adhesion,
transmigration) [120], (2) the expression of human MHC class | molecules on pig
endothelium [114-117,121,122] and (3) the elimination or blocking of pig ligands for
activating human NK receptors (Figure 6 Seebach cartoon NK). Presently, the most
advanced of these three options is the second with the advent of HLA-E transgenic pigs
[123]. Whether pharmacological therapies are efficient to prevent xenogeneic NK responses
remains to be elucidated; the effects of classical T-cell immunosuppressive drugs on NK
cells are not known in sufficient detail.

Islet Xenografts

Life-supporting preclinical islet xenograft survival for over 6 months has recently been
achieved in non-human primates by five different groups [123a]. Wild-type pig islets
maintained insulin-independence for periods of up to 6 months in cynomolgus monkeys [39]
and 9 months in rhesus monkeys [40-42] using CD154- or CD40-directed
immunosuppression combined with induction IL2 receptor blockade and chronic
administration of a “target of rapamycin” (TOR) inhibitor with either lefuonimide and
FTY720 or a B7 inhibitor (belatacept, also known as LEA29Y). Embryonic pig pancreatic
tissue transplantation restored long-term insulin independence in two monkeys using a
similar immunosuppressive regimen without anti-CD154; one animal maintained excellent
xenograft function for almost 400 days [124].

Insulin-independence for over one year was achieved using Gal-expressing islets expressing
hCD46, using induction immunosuppression with polyclonal, depleting T cell antibodies
and maintenance treatment with CD154 blockade and mycophenolate mofetile [125].
Immuno-isolation of whole islets by encapsulation has generally been less successful in
primates than in rodents, but a recently reported islet disaggregation technique with
subcutaneous implantation may represent an important advance, perhaps by improving beta
cell nutrient access [126]. If success with either of these experimental regimens or with
conventional immunosuppression can be replicated consistently, these results appear likely
to approach XA interim consensus recommendations for preclinical benchmarks necessary
to justify initiation of a clinical islet xenograft trial [127].

The mechanisms of islet xenograft injury in primates and particularly the role of Gal antigen
in islet cell injury are becoming better defined. Given that highly purified and cultured
pancreatic islets from adult wild-type pigs express little or no Gal antigen [128,129]
(although remaining intra-islet contaminating endothelial cells do) and absence of detectable
anti-Gal antibody after failure of wild-type islet grafts [39, and B Hering, DKC Cooper,
unpublished observations], use of islets from adult GalT-KO pigs appears to offer little or no
advantage. In contrast, there is growing evidence for a role for anti-nonGal antibodies in
islet xenograft injury [130-132], and for both cytokine [133] and T cell-mediated immune
responses [38,134,135].
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Innate immunity and in particular coagulation pathway dysregulation pose a substantial
barrier to intravascular (usually portal vein) administration of xenogeneic islets. When islets
from pigs, or from a concordant species, are infused into the recipient's portal vein, a
phenomenon termed “immediate blood-mediated inflammatory response” (IBMIR) often
occurs. IBMIR is characterized by rapid release of insulin, suggesting immediate islet
destruction, and prolific complement activation. In an in vitro model, rapid upregulation of
tissue factor expression on the islets has been observed [136], analogous to the
proinflammatory coagulation pathway activation events observed with porcine endothelial
cells exposed to human blood. IBMIR and the associated platelet consumption and fibrin
generation are significantly inhibited by administration of low molecular weight dextran
sulfate [137], supporting the hypothesis that platelet and coagulation cascade activation are
integral to this phenomenon. IBMIR may also be amenable to pharmacologic
anticoagulation, anti-inflammatory medication, and complement inhibition [138].
Alternatively, genetic manipulation of the source pigs to inhibit coagulation or complement
pathway activation, or to selectively inhibit other local pathogenic mechanisms shown to
participate in the response, may increase the resistance of the islets to this injury. As noted
earlier, some of the best results to date with adult pig islet xenografts have been achieved
using adult islets from Gal+ pigs that express hCPRPs, which may modulate both
complement and T-cell-driven pathogenic pathways. Nevertheless, the relevance of IBMIR
and its contributing factors remain poorly understood. IBMIR did not prevent the restoration
of normoglycemia and insulin independence after intraportal transplantation of a high dose
of cultured adult [39] or neonatal [40] islets in monkeys. It is conceivable that control of
IBMIR would reduce the number of islets required to reverse diabetes after intraportal
transplantation. Transplantation of islet grafts to nonvascular sites would also mitigate post-
transplant activation of the coagulation cascade.

Infectious Disease Risks

An important concern for clinical xenotransplantation is the potential transmission of
pathogens from the xenograft donor to the human recipient, and subsequently to the
community at large [139]. The risk of disease transmission is a component of any form of
transplantation and is enhanced by the immunosuppression required to maintain graft
function. However, over the past decade significant progress has been made in identifying
potential human pathogens from swine, defining their biology, and developing quantitative
molecular assays for each. Such assays will be useful in the monitoring and safety of future
clinical xenotransplant trials.

Of the potential pathogens specific to a pig donor, most are likely to be similar to those
observed following human allotransplantation, such as herpesviruses including porcine
cytomegalovirus (PCMV) and porcine lymphotropic herpesvirus (PLHV-1, -2, -3). Each of
these pig herpesviruses has exhibited pathologic effects in preclinical studies: PCMV
activation has been associated with consumptive coagulopathy in pig-to-primate models;
PLHYV causes a form of post-transplant lymphoproliferative disease in pigs, but has not been
seen in primate xenograft recipients where the virus does not appear to replicate [140-143].

The safety of xenotransplantation will be enhanced by careful breeding of animals that are
free of specific pathogens. For example, early weaning and hysterotomy derivation have
yielded “defined pathogen free” herds that have no PCMV, parvovirus, trichinosis, or
influenza virus. These swine may also be safer in some respects than human allotransplant
donors in that many human pathogens are not present in swine (e.g., hepatitis viruses) and
swine pathogens may not infect human cells.
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A recent study addressed a different question: Does human cytomegalovirus (HCMV) infect
and activate the porcine endothelium following pig-to-human solid organ transplantation?
Indeed, HCMV cross-species infection was demonstrated to modulate MHC class-1 and
adhesion receptor expression on pig endothelial cells and induced the secretion of mediators
promoting the recruitment and activation of human leukocytes, which are important
contributors to xenograft rejection [144]. Current work to better understand the mechanisms
of CMV infection may lead to strategies that render the porcine endothelium resistant to
HCMYV infection.

The recurring concern regarding the infectious safety of xenotransplantation revolves around
the porcine endogenous retroviruses [139]. Porcine endogenous retrovirus (PERV) is the
only identified, replication competent retrovirus of pigs with some potential to infect human
cells. Three forms of PERV have been identified (PERV-A, -B, -C) and a recombinant form
(PERV-AC) [145,146]. The infectious potential for human cells appears to be increased with
serial passage in culture of PERV-AC and some transformed human cell lines are
susceptible to PERV infection. In contrast, most normal human cells are relatively resistant
to productive infection by PERV. In pig-to-primate preclinical studies, PERV transmission
cannot be demonstrated. Further, infection with PERV has not been detected in a series of
studies of humans exposed to living pig cells and tissues. The basis of the relative blocks to
productive infection is under investigation. Importantly, exposure to PERV has not been
associated with identifiable clinical sequelae, although insertional or other cellular effects
cannot be conclusively excluded.

For clinical trials, monitoring strategies must be developed for potential pathogens as well as
strategies to explore the possibility of transmission of unknown or unrecognized organisms.
To this end, recipient surveillance must be coupled with archiving of tissues from xenograft
donors and recipients to allow the future detection unknown organisms. The initial patients
must be willing to participate in such a prolonged monitoring scheme and in the use of
barrier protection against the potential transmission of pathogens with sexual contacts. The
use of internationally acceptable standards [8,127,139] will enable epidemiologic
investigation of any possible infectious syndromes in xenograft recipients or their close
contacts. In this context, the risk-benefit ratio for society at large of expanded access to life-
saving transplants will likely favor proceeding with clinical trials when preclinical data
shows that the probable benefits of a particular clinical xenograft outweigh the likely risks
for the individual.

Perspective on Current Prospects for Clinical Xenotransplantation

Heterotopic (non-life-supporting) hearts from transgenic pigs have survived for almost 6
months of in nonhuman primates [29]. In addition, 2 month survival of baboon recipients of
orthotopic pig hearts has been achieved with a conventional, clinically acceptable
immunosuppression strategy [147]. However these regimens have been associated with a
relatively high rate of complications, particularly from infection, or with graft failure
associated with DXR or TM [14,19,21,148]. An approach which achieves similar efficacy
but with lower toxicity and reduced infectious complications could be considered for clinical
trial, as patient monitoring and therapeutic interventions that are routine in the clinic are
difficult or unavailable in preclinical trials. Recommended benchmarks for proceeding to
clinical heart or lung transplant trials include prevalent life-supporting graft function of >3
months, associated with physiologic and histologic findings consistent with a high
probability for intermediate-term (years) clinical success [149].

Based on the relatively limited risks associated with graft failure and expected progress in
preventing early and late graft injury, we expect trials in islet [150] or perhaps other cell
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transplantation [151] to occur in the near future. Resumption of clinical trials will be
predicated on identification of a clinically-tolerable immunosuppressive regimen. Preclinical
success with a reduced immunosuppressive regimen may in turn be facilitated by cell
implantation in an immune privileged site, encapsulation, or genetic modification of the islet
donor, approaches designed to reduce immunogenicity and/or isolate cells from immune
insults. If xenogeneic immunity can be controlled successfully and safely in clinical xeno
islet recipients or in preclinical life-supporting organ transplant trials, the risk/benefit
estimates for pig organ xenografts could become competitive with current conventional and
allo islet-based therapies for some patients.

Extracorporeal wild-type pig liver support of patients in fulminant hepatic failure has
demonstrated efficacy similar to that achieved with human liver perfusion (Table 1), and
may be expected to be improved using GalTKO livers that express hCPRPs. Rapidly
deteriorating liver transplant candidates may be an appropriate initial clinical trial population
given that the patient will not necessarily receive immunosuppression during support, is
likely to die without the intervention, and the organ can be rapidly disconnected if adverse
effects attributable to the xenograft are appreciated. Further, new insights would result
regarding immunologic and biochemical xenogeneic interactions.

Heart or kidney xenografts may first be used in contexts where access to a subsequent
human organ might be facilitated, such as in a highly-sensitized patient without secure
dialysis access, as a “bridge” to a renal allograft. Alternatively, "bridge” or “destination”
heart xenografts could be considered if systemic anticoagulation were contraindicated in a
patient likely to otherwise require long-term biventricular mechanical circulatory support.
Demonstration in non-human primates of life-supporting heart function for almost two
months, and of life-supporting renal function approaching 4 months suggests that
physiologic, biochemical, or neurohumoral incompatibilities are unlikely to prevent use of
these porcine organs to support life in humans.

Of importance to the planning of clinical trials, there is evidence that antibodies against
HLA antigens do not generally cross-react with porcine antigens [152,153], and would
therefore probably not constitute an additional barrier to efficacy for xenotransplantation,
although this evidence is not definitive. Nor does prior exposure to a pig organ or cells
appear to sensitize humans or primates to alloantigens [154]. Thus “bridge” therapy with a
xenograft is unlikely to be detrimental to the immunologic outcome of a subsequent
allotransplant as long as the immunomodulatory regimen used does not cause significant
morbidity.

Ethical and scientific guidelines for undertaking clinical xenotransplant trials have been
carefully developed [8,127,149,155-157]. Public acceptance will depend upon deliberate
scientific progress supported by transparent peer review, ethical probity in trial design and
conduct, and effective communication to the public of the societal risks, costs, and potential
benefits associated with clinical xenotransplantation. Perhaps most worrisome with respect
to the credibility of the xenotransplantation field, procedures that involve transfer of poorly
characterized animal cell “products” to vulnerable or gullible patients are being advertised —
and apparently performed — in unregulated markets without scientific justification, evidently
for commercial gain. The IXA [127], TTS, and WHO [8] have published recommendations
that articulate the strong case against unregulated, scientifically unjustified
xenotransplantation ventures.

Substantial prolongation of Gal-expressing cell and GalT-KO organ xenograft survival in
preclinical models has resulted from our improving understanding of the residual barriers to
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discordant xenograft survival. Thus, expression of hCPRPs or anticoagulant molecules on
porcine passenger leukocytes or in association with pig antigens shed by the graft may not
only attenuate inflammation and thrombodysregulatory phenomena, but also mute immune
responses to the wild-type or GalT-KO graft. As new tools are rapidly becoming available to
control well-defined pathogenic mechanisms, it is highly likely that sufficient additional
progress will soon be achieved to justify resumption of clinical xenotransplantation trials.
With effective, internationally-consistent regulation, robust infection surveillance, and
systematic education and engagement of health care and lay communities,
xenotransplantation is poised to emerge as an effective treatment option over the coming
decade, and to deliver on its substantial promise to favorably impact public health.
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Abbreviations and definitions

CPRP complement pathway regulatory protein

DXR delayed xenograft rejection

EC endothelial cells

Gal Galal,3Gal antigen

GalT-KO al,3-galactosyltransferase gene-knockout

hDAF human decay-accelerating factor protein

IBMIR immediate blood-mediated inflammatory response
mAb monoclonal antibody

MHC major histocompatibility complex-associated antigen
NK natural killer

PCMV porcine cytomegalovirus

PERV porcine endogenous retrovirus

PLHV porcine lymphotropic herpesvirus

TFPI tissue factor pathway inhibitor

™ thrombotic microangiopathy
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Figure 1. Genetic modifications to attenuate hyperacute rejection

According to the conventional model, hyperacute rejection of pig organs in humans is
triggered by binding of preformed human “natural” antibody, which is predominantly
directed against Gala1-3Gal sugars that decorate many molecules on the surface of pig cells.
Panel A: Complement is activated by bound antibody, triggering retraction and lysis of
endothelial cells. Loss of endothelial barrier function contributes to leakage of blood into the
interstitium. Blood clotting within vessels is activated by injured endothelium and exposed
basement membrane, leading to downstream tissue ischemia and necrosis. Panel B: When
the galactosyl transferase gene is disabled by gene knockout, pig cells lack the Gala1-3Gal
target antigen. If present in sufficient quantity, antibody against other pig antigens that is
either preformed or induced after transplant can trigger complement-mediated injury and
associated coagulation pathway activation. Panel C: Human proteins that regulate (abort)
complement activation (complement pathway regulatory proteins, CPRPSs) disable human
complement more efficiently than do their pig analogues. Organs from pigs genetically
engineered to express human CPRPs are protected from hyperacute rejection, although this
protection can be overcome by high-titer antibody, or if endothelial injury occurs due to
other mechanisms (ischemia-perfusion injury or coagulation pathway activation, for
example). GalT-KO, human CPRP, and perhaps additional gene modifications may be
necessary to yield clinically useful, reliable protection of pig organs in man.
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Figure 2. Effect of genetic modifications and treatment regimens on survival of pig kidneys in
baboons

Survival of life-supporting kidneys from wild-type (WT, n=24), hDAF transgenic (n=42), or
GalT-KO pigs (n=20) in immunosuppressed baboons. With intensive conventional
immunosuppression, with or without additional complement depletion, hDAF kidney
recipients succumbed to infectious complications or developed DXR at a median of 15 to 25
days, significantly later than do similarly treated recipients of wild-type organs (~6-10 days).
The incidence of early graft failure (<3 days) was reduced in recipients of GalT-KO kidneys.
Six GalT-KO kidneys in baboons treated with conventional immunosuppression exhibited
DXR associated with induction of anti-pig antibodies, demonstrating that the regimens
tested in this experience were subtherapeutic. Using an anti-CD154 antibody,
mycophenolate mofetil, T-cell depletion, and vascularized donor thymus tissue, 8 of 14
recipient baboons in the GalT-KO kidney group died with functioning grafts (serum
creatinine <2.0mg/dL) from treatment complications. (Results in 3 recipients of hDAF
kidneys treated with anti-CD154 antibody, which survived for 28, 29 and 29 days, are
omitted from the figure due to the relatively small experience.)

Data for conventional immunosuppression is abstracted and aggregated from all peer-
reviewed pig-to-baboon kidney transplant studies published since 1998. Pig phenotype
(GalT-KO, hDAF, or WT) and treatment regimen (anti-CD154-based or conventional
(Conv.) treatment (Rx)) are indicated. Similar results were achieved with conventional
immunosuppression in over 250 cynomolgus recipients of hDAF kidneys that used
comparable approaches.
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Figure 3. Effect of genetic modifications and treatment regimens on survival of pig hearts in
baboons

Survival in immunosuppressed baboons of heterotopic hearts from wild-type (WT) pigs
(n=26), pigs transgenic for human decay-accelerating factor (hDAF), human membrane
cofactor protein (hMCP), and/or human CD59 (n=125), and GalT-KO pigs (n=8). In
conjunction with neutralization of anti-Gal antibodies, conventional or anti-CD154-based
immunosuppression (using a monoclonal antibody that selectively blocks the CD154-CD40
“costimulation” pathway important to T- and B-cell activation) was associated with median
survival of hDAF or hMCP transgenic hearts approaching one month in some series, and for
over 2 months in the Mayo Clinic's recent experience. Infectious or treatment-associated
complications caused the death of over 50% of recipients treated with conventional
immunosuppression, but were unusual with anti-CD154-based treatment. Lymphocyte and
antibody responses against pig antigens were generally undetectable during either anti-
CD154 or intensive conventional therapy. Grafts failed with DXR histology in association
with both conventional and CD154-based treatment regimens.

Eight GalT-KO hearts in baboons treated with anti-CD154 antibody, mycophenlate mofetil,
and perioperative T-cell depletion, did not exhibit early graft failure (<3 days), and median
survival exceeded two months. Typical DXR was rare in GalT-KO hearts, but thrombotic
microangiopathy, which was also observed in long-surviving hDAF and hMCP hearts, was
prominent in association with GalT-KO cardiac xenograft failure.

Data are abstracted from all peer-reviewed pig-to-baboon heart transplant studies published
since 1988, aggregating data from studies that used similar therapeutic approaches. Pig
phenotype (GalT-KO, hDAF, hMCP, or WT) and treatment regimen (anti-CD154-based or
conventional (Conv.) treatment (Rx)) are indicated. Similar results were achieved with
conventional immunosuppression in over 65 cynomolgus recipients of hDAF hearts.
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Figure 4.
Available routes for presentation of pig antigens to primate T-cells (Editor's note: Legend is

incorporate into the figure.)
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Figure 5. Dysregulated coagulation in pig-to-primate xenotransplantation

Coagulation is occurring continuously within the blood stream, but is normally restrained by
a network of inhibitory pathways involving endothelial proteins such as thrombomodulin
and tissue factor pathway inhibitor (TFPI) (Panel A). Increased coagulation is normally
initiated when endothelium retracts or becomes “activated” by injury, in part because von
Willebrand factor (vVWF) is expressed and tissue factor (TF) is liberated into the circulation.
The coagulation cascade then becomes amplified by the factors shown (VIla/TF complex,
I1Xa and Xa) which in turn activate thrombin. Thrombin amplifies the clotting cascade by a)
activating Xla (not shown), b) activating platelets, c) cleaving fibrinogen into fibrin
monomers that form the primary clot matrix, and d) activating factor Xllla (not shown),
which cross-links fibrin monomers into an insoluble clot.

TFPI and thrombomodulin normally inhibit coagulation on healthy endothelium, while
soluble antithrombins inhibit thrombin by forming a complex with its active site.

Porcine EC activation — whether by xenoantibodies, complement, or other factors — results
in loss of natural anticoagulant proteins (TFPI, thrombomodulin) and acquisition of a
procoagulant phenotype (Panel B). In addition functional incompatibilities in the
coagulation system between pigs and humans cause both inappropriate or accelerated
thrombin formation and inefficient restraint of clot activation. Our current hypothesis is that
xenografts succumb to an otherwise insignificant humoral or cellular immune response
which amplifies endothelial injury and intravascular thrombosis, and becomes manifest as
™.

Blue arrows designate cascade amplification steps, while red lines identify loci of inhibition.
The relative intensity of clot formation, the net product of coagulation pathway enzyme
effects, is symbolized by arrow weight at the thrombin and fibrin steps. Pathways where pig
endothelial proteins inefficiently dampen coagulation are indicated with hatchmarked red
lines in Panel B. For simplicity, only the activated clotting factor intermediaries and key
points at which regulation occurs are shown.
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Figure 6.

Molecular interactions between human NK cells and pig endothelial cells NK cells are
tightly regulated through signals mediated by inhibiting and activating receptors expressed
on their cell-surface. Many of the inhibitory NK receptors recognize MHC class | molecules
and therefore allow NK cells to discriminate between self and non-self. Activating receptors
on NK cells include natural cytotoxicity receptors (NCR) and the C-type lectin receptor
NKG2D.

(A) Human endothelium is normally protected from NK cytotoxicity by dominant inhibitory
signals provided by HLA, e.g. recognition of HLA-E by CD94/NKG2A. (B) In contrast,
porcine endothelium is susceptible to human NK cell-mediated lysis likely due to the
inability of swine leukocyte antigen (SLA) MHC class I molecules to signal through human
NK inhibitory receptors. Human NK cytotoxicity against porcine EC is mediated primarily
through NKG2D-pULBP-1 interactions and the NCR NKp44. (C) Transgenic expression of
HLA class | molecules on porcine endothelium resulted in partial protection whereas
additional blocking of activating NK receptors and their porcine ligands provides complete
protection from human NK cytotoxicity.
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