Preface

No field of medicine has engendered greater excitement or enjoyed
greater success than the field of transplantation. Organ transplantation
alowsthe“cure’ of disease by replacing failing organs with physiologi-
cally normal organs. Tissue trangplantation and tissue engineering alow
not only the replacement of abnormal cells, such asbone marrow cells, but
asothe possibility of using atransplant to impart novel physiologic func-
tions. Themajor limitation to applying transplantation for the treatment of
disease is a shortage of human donors. This shortage limits transplant
proceduresto asfew asfive percent of thosethat would be carried out if the
supply of organsand tissueswere unlimited. Because of this shortage and
because of recent advances in fundamental knowledge, there has been a
crescendo of interest in xenotransplantation, the use of animalsin lieu of
humans as organ and tissue donors.

For many years, xenotransplantation has seemed only a distant prospect
because of the savereimmune responses of the host againgt the graft. Recent
studies, however, havereved edthemol ecul ar basi sof theseimmuneresponses
and have given riseto novel therapeutic approaches for circumventing them.
For example, the generation of transgenic animal sexpressing human comple-
ment regulatory proteinsor humanglycosyltransferasesrai sestheprospect that
theseverest typeof rej ection can beavoi dedwithout mani pul atingthexenograft
recipient. Thus, xenotrangplantation has quickly moved to center sageinthe
fidd of trangplantation, engaging theinterest of clinicians, basic scientists, and
academicians.

Xenotransplantation: Basic Research and Clinical Applicationscom-
pilesand explainsthefundamental molecular and cell biology that hasbeen
applied with such advantagein the emerging fiel ds of transplant immunol-
ogy and xenotransplantation. The contributorsto thisbook are established
authoritiesin transplant immunology and molecular and cell biology. This
book providesabase of knowledgefor the practitioner, fellow, and student,
and those involved in biotechnology and related sciences.

Jeffrey L. Platt, mp
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INTRODUCTION

Theideaof transplanting animal organsinto patientswith organ fail-
ure is not new. When the development of vascular anastomosis made
organtransplantationfeasiblefrom asurgical perspective, afew clinical
renal xenografts were attempted. In 1906, Jaboulay (1) described the
xenotransplantation of pig and goat graftsinto humans. Neither pig nor
goat grafts functioned, and the failure of the xenograft did not allow
vascular thrombosisto be observed. At the sametime, Unger performed
xenotransplantati on using organsfrom nonhuman primateswith similar
results (2). In 1923, Harol Neuhof affirmed that thrombosis or hemor-
rhagein the xenotransplant could be prevented (2). However, technical
imperfection and the lack of understanding of immunological host
reactivity led to waning interest in xenotransplantation.

Thefirst reports of successful clinical xenotransplantation appeared
intheliteratureasrecently as1960. Theinitial attemptswere performed
withmonkeysand baboonsasdonors. Reemtsmaet al. (3) utilized chim-
panzees and Starzl et al. (4) reported use of a series of baboons-to-
human renal xenografts. These transplants did not suffer immediate
failurelikethose performed by Jaboulay, and, indeed, some of thetrans-
plants functioned for months. However, the outcome of the transplant
was generally unsatisfactory, as the recipients suffered repeated
episodesof rejection or transplantationinfectionand all eventually died.
The pathological changes in cross-species xenotransplantation are
described by Porter etal. (5) asinterstitial cellular infiltrateswith edema,
patchy hemorrhage, and patchy infarction. Althoughtheseearly attempts
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failedfromaclinical perspective, today they are perhapsresponsiblefor
the rise of interest in xenotransplantation.

In 1966, Kissmeyer-Nielson et al. (6) describe * hyperacute rejection”
of clinical allotransplants as a cause of early graft failure. By thistime,
Perper and Najarian (7) find that xenotransplantation might have two
different outcomes. Organs transplanted between closely related spe-
cies such as sheep-to-goat or chimpanzee-to-human function for a pe-
riod of daysbefore rejection ensues, and the characteristics of rejection
resemblethoseof allografts. However, speciesthat are phylogenetically
distant, such as guinea pig-to-rat and pig-to-human, exhibit a course
dramatically different owing to a hyperacute rejection reaction much
likethat described by Kissmeyer-Nelson (6). 1n 1970, Calne(8) formal -
ized this concept. Species combinations in which xenografts are not
subject to hyperacute rejection are called “concordant” and species
combinations in which xenografts are subject to hyperacute rejection
are called “discordant.”

It would seem logical that the best xenograft donor from a physi-
ologic andimmunol ogic perspectivewould bephylogenetically closeto
the recipient (concordant xenograft). However, although these proce-
duresmay helpindividual patients, they will not solvethe overall prob-
lem of donor shortage because few nonhuman primates of appropriate
sizecanbefound. Thetransplantation of pigorgansispreferred because
organs of appropriate size might be available in large numbers at low
cost and because the transplantation of porcine organs engenders less
risk of zoonosis than the transplantation of primate organs (9). These
advantages have prompted surgeons and scientiststo focus on a pig-to-
primate model asthefinal preclinical model. However, the use of por-
cine organs represents a discordant model owing to the presence of
preformed natural antibodiesto pig antigens. In the study of discordant
xenografts, small animal models, such as guinea pig-to-rat models,
constitute the most abundant source of information about histologic and
immunologic changes. The different antibody—antigen systems and
complement activation pathwaysinvolved in small animal models dif-
fer significantly from the processesin humans and nonhuman primates.
Thus, the information from small animals is insufficient for clinical
application.

Thefollowing section describesthe pathol ogy of xenograftsinapig-
to-baboon model with insightsinto the causes and pathogenesi s of vari-
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ous types of xenograft rejection and suggests new rational therapeutic
strategies for future clinical application of xenotransplantation.

HYPERACUTE REJECTION

An organ transplanted into unmani pulated, phylogenetically dispar-
ate recipients is subject to hyperacute rejection, which destroys the
graft. Hyperacute rejection begins immediately on reperfusion of a
xenogeneic organ graft, destroying the graft between minutesto hours.
Thefirst clinical and pathological description of hyperacuterejectionis
commonly creditedto Kissmeyer-Nielsenin 1966 (6). The pathol ogical
featuresof therejected organscontai ned extensivemicrovascular throm-
bosisand neutrophil infiltration similar to what is seenin ageneralized
Schwartzman reaction. The recipients had titers of antibodies directed
against donor kidney extracts. Based on these findings, Kissmeyer-
Nelson et al. (6) concluded that the rejection reaction is caused by pre-
existing antibodies directed against foreign antigensin the graft. Thus,
what Kissmeyer-Nelson et al. provided for thefirst timeisnot only the
pathologic description of hyperacute rejection, but they proposed that
antibodies against tissue antigens of the donor could mediate aform of
rejection that is unique clinically and pathologically.

Platt et al. (10) describe this kind of rejection in heart, kidney, and
lung xenografts. Macroscopically, blood flow to the transplant organ
beginsto declineand changesin col oration of theexternal surface of the
xenograft are evident. The tempo of hyperacute rejection varies from
experiment to experiment and in the combination of donor and recipi-
ent. In species combinations such as pig-to-primate, in which hyper-
acute rejection is initiated by natural antibodies, the titer of these
antibodiesis probably the most important factor in determining therate
of rgjection. In other species such as guinea pig-to-rat, where hyper-
acute rejection does not depend on natural antibodiesbut rather reflects
direct activation of the recipients’ complement system on donor cells,
hyperacuterejectionisespecially rapid and explosive. Microscopically,
hyperacute rejection is characterized by platel et aggregates and eryth-
rocyte sludgeinthelumen of blood vessels. Asrejection progresses, the
pathological features are dominated by interstitial hemorrhage and
thrombosiswith posterior destruction of vessels. At ultrastructural lev-
els, the damage to endothelial cells becomes more evident, showing
alterationincellular junctions, with platel et attachment to blood vessel s
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and small vessels appearing to be collapsed. In the evolution of this
picture of hyperacute rejection, electron microscopy showsadistortion
of the endothelium with irregular surfaces and separation from the
underlying matrix. At this point, many capillaries are often found to be
occluded by platelets with some erythrocytes. Advanced |esions show
rupturing of vessels with extravasation to the interstitium. The immu-
nopathology of hyperacute rejection has been described in detail by
Platt et a. (10). Platt and colleagues reveal classical pathway compo-
nents C1q, C2, and C4 deposited along blood vessels. The aternative
pathway components factor B or properdin are observed in some, but
not in all, tissues. Also, the presence of immunoglobulin deposits of
recipient origin is found along the endothelial cell surfaces of graft
blood vessels. Theimmunopathol ogical studiessuggested by Platt et al.
are asfollows:

1. The endothelial cells constitute the primary target of the immune
reaction.

2. In most cases, complement activation in pig-to-primate xenografts is
initiated by activation of the classical complement pathway.

ACUTE VASCULAR REJECTION

Experimental approaches to the prevention of discordant xenograft
hyperacute rejection are explored in pig-to-primate experimental mod-
els(Tablel1). All of these manipulations combined with heavy pharma-
cologic immunosuppressive therapy extend graft survival. Although
hyperacute rejection can be prevented by those approaches, another
kind of rejection can also occur, namely, acute vascular rejection (11).
Acutevascular rejection hasal so beenreferred to asdelayed hyperacute
rejection by others (12).

When hyperacute rejection is averted according to approaches that
have been mentioned, the xenograft becomes subject to acute vascular
rejection, which destroys the graft over a period of hoursto days. This
type of rejection is now viewed as a major immunologic barrier to the
clinical application of xenotransplantation. Although acute vascular
rejection might be considered to be adelayed form of hyperacuterejec-
tion, there is much evidence that suggests acute vascular rejection is
distinct from hyperacute rejection because the pathogenesis and the
pathology of acute vascular rejection are different from that of hyper-
acute rejection.
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Table 1
Therapeutic target Therapy Mechanism References
Xenoreactive Plasmaphersis Depletion of Ab+C 14
antibodies
Absorbent columns  Depletion of Ab+C
Anti-idiotype Inhibition of Ab
antibody production/binding
Anti-B-cellsagents  Inhibition of Ab
production
Soluble antigen Inhibition of Ab
binding
Complement (C) Cobravenom factor Depletion
of complement 11, 23-26
SCR1 Inhibition
of complement
Gammaglobulin Diversion of binding
Donor modification Transgenic 27,28

for human
complement
regulatory
proteins
H-transferase
transgenic pigs

Acute vascul ar rejection may berelated pathogenetically to the acti-
vation of graft endothelial cells, but the events that incite endothelial
cell activation are subject to controversy. Bach and co-workers (12)
propose that acute vascular rejection is caused by biological processes
that occur independently of the immune reaction of the host against the
graft. Based on four lines of evidence, Platt and co-workers (13) pro-
pose that acute vascular rejection is triggered by persistent interaction
of xenoreactive antibodies with graft tissue as follows:

1. Primates from which xenografts are removed after rejection have a
sudden increase in antidonor antibody levels, implying that the
xenograft is continually exposed to xenoreactive antibodies and is
actively absorbing them from circulation.
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2. Acute vascular rejection of allografts and concordant xenografts is
associ ated with the presence of antidonor antibodiesin theblood or can
be induced by administration of antidonor antibodies.

3. Patients exposed to porcine antigens from extracorporeal circulation
through porcineliversexperienceanincreaseinthetiter of xenoreactive
antibodieswithinafew days, coincidingwith thetimewhen axenograft
issubject to acutevascular rejection, and suggesting that immune stimu-
lation has occurred.

4. Cytotoxicagentssuchascyclophosphamidethat inhibit thesynthesisof
antibodies appear to delay or avert acute vascular rejection.

Although the importance of antibodies in the development of acute
vascul ar rejection seems evident, the exact nature of those antibodiesis
less certain (14).

Thehistopathol ogical changesobserved ontransgenic porcineorgans
after transplantation into baboons begin as soon as 1 h after transplan-
tation. The most common changeisprominent endothelial cell swelling
in the capillaries with some red cells trapped within the lumen of the
vessels. All thevesselsareintact and myocytesarewell preserved. After
24 h, endothelial cells exhibit marked swelling with increased nuclear
size. Some capillaries appear to be occluded with a“rope-like” appear-
ancethat isdescribed astypical of acutevascular rejection in allografts.
Some vessels appear congested. In general, cardiomyocytes are pre-
served at 24 h, although in some areas myocytes show shrinkage with
moderate nuclear pyknosis. Biopsies taken 72 h after transplantation
and at later times, closeto thetime of rejection, have capillarieswiththe
samefeaturesasat earlier times. Somecapillariesremain open but some
vesselsshow fibrinin thelumen and are occluded by swelling of endot-
helial cells and by various types of blood cells. Cardiomyocytes that
lack striations and vacuolization of the cytoplasm are seen. Swelling of
endothelial cells remain the main feature, whereas destruction of the
vascular wall isnot often observed. Cardiomyocytes appear to be dam-
aged, having a wavy shape and pyknotic nucleus in areas associated
withinfiltrate of mononuclear cells, and in other areas, mildinfiltrate of
neutrophils. Infiltration of mononuclear cells appears around the blood
vessels first and later in the interstitium, destroying the cardiac cells.

Electron microscopy confirms, at the ultrastructural level, the find-
ingsby light microscopy and the events shown by immunofluorescence.
M oreover, electron microscopy allowsthestudy of vascular structurein
detail. In biopsies taken in the first hour, endothelial cells show slight
swellingwithout inflammatory cellsintheinterstitium. Nofibrinisseen



Pathological Responses to Xenotransplantation 51

in the vessels or subendothelial domains. After 24 h, biopsies reveal
histologic features of various grades of “damage” to endothelial cells.
At the beginning, the normal flat cytoplasm of endothelial cellsisdis-
rupted by the appearance of multiple pinocytic vesicles. The vesicles
appear alongtheluminal surfaceaswell ascentral and peripheral aspects
of the cell. In contrast to normal endothelia cells, which contain few
organelles, the cytoplasm of endothelial cells in the organ transplants
containnumerousribosomes. At thisstage, thebasal membraneremains
intact. The endothelial cellsarethicker than in normal cells. Moreover,
the flattened nucleus of the normal cell is changed by a protrudent
nucleusintothelumen, giving thevessel ageneral undulant appearance.
The interendothelial junctions are dense, long, and irregular.

The most prominent characteristic in electron micrographs is an
irregular lumen surfacethat contrastswith thesmooth surfaceon normal
endothelial cells. Cytoplasmic blebs or evaginations of the plasma
membrane are a common feature of the lumen. This change appears
more prominent at early time points. During this process of blebbing,
cytoplasmic material appearstobelost. Inthese early lesions, theinter-
gtitium is increased in area, but inflammatory cells are not observed.
Vessels are surrounded by edema (with fibroblasts and collagen).
Myocytes show some damagein patches observed by lack of striations.

Biopsiestaken 3—7 d after transplantation, beforetheorganisrejected,
show invariable changes present on the endothelial cells. The cytoplas-
mic volume of endothelial cellsisincreased. Endothelial cells protrude
into the capillary lumen and, because of severe swelling, endothelial
cellsappear to be enfolding and occluding almost the total lumen of the
capillaries. The cytoplasm reveals pallor, probably owing to excess
water uptakediluting the cytoplasm matrix, and appearsrel atively struc-
tureless. Organelles and inclusions are separated by electron-lucent
areas of cytoplasm. The endothelial cellsin other larger vessels reveal
moderate swelling of the cytoplasm with irregular and undulant sur-
faces. The endothelial cell surfaces develop long projections, called
filopodia, important for binding blood cells. Platelets and white cells
appear to be trapped or attached to the endothelium. The lumen of cap-
illariesin advanced stages of rejection appearsto be occupied by fibrin
strands and sometimes the lumen is occluded by fibrin clots containing
white cells and platelets. Platelets appear to be degranulated and in
contact with fibrin and white cells. Subendothelial fibrin is observed
and sometimes there is evidence of discontinuity between endothe-
lial cells.
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Itisimportant to mentionthat theprocessof rejectionisdynamic, and
it is common to see the juxtaposition of moderately damaged vessels
next to severely damaged vessels. Ultrastructural changesin the stages
of rejection show many necrotic endothelial cells and myocytes.
Betweenthemyocytesitispossibleto observefibrin strandsthat disrupt
the cardiac cells.

The immunopathological study of acute vascular rejection reveals
the presence of IgM on the vessels within 1 h after transplantation. In
some cases, |gM fluorescence decreases at 24 h and remainslow for as
long as3d. Inother cases, IgM deposition remainsat the sameintensity
as seen in thefirst hour. Deposition of 1gG is not observed at 1 h after
transplant; however, after 24 h, and especially after 3d, IgG stainingis
apparent. The presence of 1gG isseen evenin theinterstitium, suggest-
ing that 1gG isleaking from the vessels.

Endothelial cells in normal porcine tissues are positive for MHC
class| and MHC class II. MHC class | protein levels remain the same
until 3 d after transplantation, at which time MHC class| expression on
the surface of cardiomyocytes increases. The increase of MHC | is
coincident with the presence of cellular infiltration, although the infil-
tration appearsaround vessel sfirst. After 3d, blood vesselsarestrongly
MHC Il positive, while amild cellular infiltrate outside the vesselsis
also positivefor MHC I1. The presence of MHC |1 fluorescence around
the vessels correlates with the presence of infiltrate. Biopsies taken
early after transplantation do not show cellular infiltration. Infiltration
by CD16" cells is occasionally seen, and the presence of CD2* cells
appearsaround thevesselsat d 7 and later in theinterstitium. Theinflux
of macrophages and PMN is present in biopsies associated with the
presence of ischemia. Although platelet thrombi in capillaries are a
typical feature of hyperacute and acute vascular rejection, the presence
of plateletsalong the vesselsis observed asasmall component with the
presenceof fibrin. Theanalysisof vessel sshowsprogressive deposition
of fibrin, with small fibrinthrombi inthevesselsby thethird day. Asthe
lesion progresses, the presence of fibrin is detected in the interstitium,
reflecting barrier failure provided by endothelial cells.

DELAYED HYPERACUTE REJECTION

Although acutevascular rejection might beconsidered to beadel ayed
form of hyperacute rejection (12), there is much evidence that acute
vascular rejection is distinct from hyperacute rejection. First, acute
vascular rejectionisobservedin allograftsand concordant xenograftsin
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which hyperacute rejection normally does not occur (15,16). Second,
the pathol ogy of acutevascul ar rejection differsfromthat of hyperacute
rejection (16,17). Third, although the pathogenesis of acute vascular
rejectionisgenerally thought to reflect activation of endothelial cellsin
the transplant (18,19), the course of hyperacute rejection proceeds too
rapidly to allow significant effects from endothelial cell activation.
Fourth, acute vascular rejection devel opswhen the complement system
of therecipient isinactivated, a condition that invariably precludesthe
development of hyperacute rejection. Thus, we think that the term of
delayed hyperacute rejection could be reserved to the pathological pic-
ture dominated by occlusion of erythrocytes, venular and capillary
thrombi, interstitial hemorrhage, and influx of neutrophilsin the same
proportion to the extravasated erythrocytes and disruption of the capil-
laries. Thepathological featuresof thiscondition arethusindistinguish-
able from hyperacute rejection.

CHRONIC REJECTION

The possibility that pig-to-primate xenografts may be subject to
chronic rejection, asallografts, remainsto be explored. A limited num-
ber of studiesinsmall animal model ssuggest that graft vascul ar disease
may be an important impediment to long-term xenograft survival.
Scheringaet a. (20), using ahamster-to-rat aortatransplantation model
(concordant xenograft), show that featurescommonto allograft chronic
rejection, namely, intimal proliferation and infiltrating macrophages
and T-cells, arethe same with this xenograft model. Recently, Shen
et al. (21) induced chronic rejection in hamster heartstransplanted into
Lewisratstreated with leflunomide. Such lesionsin xenograftsinvolve
arterial tree damage with histological similaritiesaswell asdifferences
with alografts. In summary, they describe differences in the injury
pattern mainly involved with larger sized arteries in xenografts with
morphologically more aggressive lesionsin xenografts than allografts,
such asfibrinoid necrosis, marked intimal edemawith alarge accumu-
lation of extracellular matrix with or without mononuclear cell infiltra-
tion. Thus, xenograftsrepresent amoreintensiveand aggressive process
of arterial injury that isless favorable to long-term graft survival.

At least two considerations have to be made in the interpretation of
theabovedescriptions. First, themodel used inthedescription of chronic
rej ectionisaconcordant xenograft, and, second, the use of small animal
models cannot address many of the problems seen in the large animal
discordant xenografts. For instance, the significance of anti-Gal anti-
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bodies(IgM or 1gG) in chronicrejection could not beeval uated properly
in these models.

Understanding the role of these antibodies could provide important
information in the search for new immunosuppressive drugs or an
approach to tolerance induction. Galili (22) evaluates the role of anti-
Gal 1gG in chronic xenograft rejection and the association between
o-Gal epitopeexpressionandinflammatory infiltrates. Galili concludes
that anti-Gal 1gG would induce xenograft destruction by antibody
dependent cell-mediated cytotoxicity (ADCC) by activation of endot-
helial cells and by increasing activation of T cells against xenograft
antigens. Although the histopathology of chronic rejection in pig-to-
primate transplants is unknown, one can easily imagine that this kind of
rejection could bemoreintenseand aggressivethan seenin allograftsand
would justify a search for new immunol ogic approaches to overcome.
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