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Introduction

Recent advances in immunosuppression. operative tech-
niques and patient management have improved short
rerm one vear survival rates after kidney. liver and heart
transplantation to more than 80% at most experienced
centers. In fact. organ allograft recipients without major
post-operative complications are being discharged from
the hospital within several weeks of the operation. a sce-
nario almost unheard of even as little as a decade ago.
These developments have shitted considerable attention
in research away from short term problems such as acute
rejection. to the major obstacles to long-term. morbidity-
tree survival: chronic rejection (CR). the subject of this
review. and the adverse effects of maintenance immuno-
suppression. which is needed to prevent CR.

The nature and magnitude of the problem
CR can be broadly defined as a largely indolent. but
progressive torm ot allogratt injury characterized primar-
iy by tibrointimal hyperplasia of arteries. or obliterative
arteriopathy (OA). interstitial fibrosis and atrophy of
rarenchymal elements. For the most part. it is irreversible
and eventually results in allograft failure. Currently. CR
1s the most significant medical obstacle to long term mor-
bidiny-free allograft survival. The incidence is thought to
progressively increase with time after transplantation. but
arter a period of five vears it affects about 10% of liver to
around 60¢ of lung allograft recipients (table 1) [1-11].
The term “chronic™ implies a temporally prolonged
course and in general. CR more indolently compromises
organ tunction. in contrast to acute rejection that can
precipitously cause allograft tailure because of vascular
necrosis: thrombosis and infarction. However. many cases
of CR clearly evolve from severe or inadequately control-
led acute rejection episodes and in patients not compliant
with chronic maintenance immunosuppression. In such
patients. persistent immunologic injury leads to a progres-
sive decline in organ function over a period of weeks to
months. There is however. asignificant number of patients
who do not fit these profiles. and slowly develop graft
tailure over a period of years. This more indolent presen-
tation may be attributable to “clinically silent™ rejection
episodes that go undetected or to other factors.

Alloimmunity was the suspected etiology of CR when
it was first reported over 3-4 decades ago [12. 13]. Indeed.
from an immunological perspective, CR could be thought
as an iatrogenicallv-induced autoimmune disease that
shares many teatures with chronic graft versus host disease
(CGVHD). However. CR appears to more selectively
damage the arterial tree in comparison to autcimmune
diseases and GVHD. In fact. obliteration of the arterial
lumen because of tibrointimal hvperplasia. or obliterative
arteriopathy (OA). is the pathognomonic lesion of CR.

The premise that CR is immunologically mediated. is
best supported by the fact that isografts rarely suffer this
complication and if they do. it is much delaved and less
severe in comparison to allografts [14-17]. The impor-
tance of immunologic injury is also supported by many
clinical studies. in which severe or persistent acute rejec-
tion [10. 18-26]. inadequate immunosuppression [8. 27].
donor recipient racial or ethnic differences[28-32]. sex
mismatching[24. 33]. viral infections [34-41] and the use
of immune activating drugs are cited as risk factors [42].

The erfect of MHC matching on long term ailogratt
survival is also used as evidence of an immune etiology [ 23,
29.31.532.43-46]. However. the actual impact of impertect
matching on long term allogratt survival has been less than
expected [28.31.43.44.47-51]. With complete six antigen
matches, immunological causes of allograft failure arc
minimized [32.33]. Any degree of mismatching usually
results in a progressive attrition of graft function over time
[28.29.31.32.43-46]. which is in large part. related to CR.
Liver allogratts however. are an exception. They are refa-
tivelv resistant to CR (table 1) [51} and HLA matching
appéars to play a dualistic role [34.55]: Mismatching in-
creases the incidence of acute rejection. but MHC match-
ing might contribute to a greater susceptibility to recurrent
inflammatory liver discase [54].

Despite a convincing body of data. a level of uncertainty
still exists about OA pathogenesis. largely because 1t is
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Table 1. Estimates of the incidence of chronic rejection in various solid organ ailografts
Allograft Incidence of OA at § Years References I
Heart 25% - 60% (11.(21. (3]
Heart-Lung 8% - 20% (OA) 01 (4]

50% - 60% (OB) [ (5. 171, (8]

Lung 28/45% (single/double lung) N ;
Liver 3-17%; 10% and decreasing [91. (10

1 Pancreas alone 30-70%"(late graft loss) (1

| Pancreas and kidney 20-40%"° (on

" Esurnates based on grat survivai rates aiter one year. with the assumption that most late grait failures are due to CR.

difficult to study in clinical material. Prior to graft failure
or death when the entire organ can be histopathologically
examined. invasive diagnostic procedures are often
needed to make the diagnosis of CR. These tests are often
subjectively interpreted. The issue is further confused by
atherosclerotic donor disease [36-38]: the development of
atherosclerosis after transplantation. and the observation
in some studies that OA is associated with conventional
risk factors for atherosclerosis [39-62]. Lastly. the various
organs are atfected ditfferently by CR. so there is no
generic definition that can equally applied across all or-
gans. For example. in heart allografts. the primary mani-
testation of CR is OA and progressive ischemic damage
[1.63-65]. In lung allogratts. destruction of the small bron-
chioles (obliterative bronchiolitis) is the major insult lim-
iting long-term survival [1.7.22.66-68]. whereas the vascu-
lar disease is generally considered to be of secondarv
importance [1.7.22.66.67]. In the liver. both bile duct loss
and OA (see below) together contribute to allograft fail-
ure [69-73]. Nevertheless. there are many similarities in
the various manitestations of CR between solid organ
allografts {63.74.75]. which enable us to initially cover the
topic from a common pathophysiological perspective. The
organ-specitic peculiarities that exist. often arise as a re-
sult of physivanatomic variations. some of which in turn.
can influence the immunological mechanisms responsible
for the injuryv.

Common features of chronic rejection

Introduction

In this section. we will review the common findings of CR
in various solid organ allografts. which include: 1) graft
vascular disease or obliterative arteriopathy(OA); 2) lym-
phohistiocvtic interstitial inflammation: 3) patchy intersti-
tial fibrosis. 4) destruction and atrophy of parenchymal
cells: 3) destruction and atrophy of organ-associated lym-
phoid tissues and lymphatic vessels.

Graft vascular disease or obliterative arteriopathy
(0A)

Distribution of the Lestons

The characterization of OA as a diffuse concentric intimal
thickening involving the entire intra-organ arterial tree
[03.64.74-76] is generally helptul in distinguishing it trom
atherosclerosis. which is endemic in the general popula-
tion. However, in an individual lesion. it is not always

possible to distinguish between the two disorders [60,77.78).
This is particularly true for organs such as the heart that
are normally prone to atherosclerosis. but less of a prob-
lem in athero-resistant organs, like the liver. In an effort
to avoid confusion. “obliterative arteriopathy” (OA) will
be used throughout this review to refer to allograft arterial
disease associated with rejection, whereas the term “athe-
rosclerosis™ (AS) will be used for the common endemic
disease. realizing that the distinction is less than perfect.

The distribution of OA lesions in allografts is one of the
key teatures used to distinguish it from AS. Whereas AS
preferenually arfects the large extracorporeal arteries
[1.63.64.74] : it has been repeatedly shown that OA more
often involves borh the extra-organ (e.g.. epicardial. he-
patic hilar. etc.) and first, second and third-order medium-
sized intra-organ muscular arteries [1.63.64.74-76]. How-
cver. it has been our experience that OA lesions are not
as diffuse as one might expect trom a review of the pathol-
ogy literature [1.63.64.74-76] . Even though smaller arter-
ies are involved. the lesions in both large and smaller
arteries are otten patchy in distribution. and it has also
been our impression that they often begin and evolve more
quickly near branch points [63].

Small arteries (40-30 um in external diameter) and
arterioles commonly sampled in liver. heart and intestinal
allograft biopsies can also be involved with OA: but it is
much less common than large and medium-sized vessel
disease [63.79] and the changes seen are less specific for
the diagnosis of CR [63]. Medial hypertrophy and/or mu-
ral hyalinization and eventually, frank destruction of the
microvasculature. have been described in renal and liver
allografts with CR [69.80.81]. Misorientation and com-
partmentalization of medial smooth muscle cells and ad-
ventitial fibrosis have been described in small subendo-
cardial arteries from cardiac allografts [79], but these
lesions do not necessarily correlate with the presence or
absence of OA.

Arterial inflammation

Because OA is so strongly correlated with an alloimmune
response. it is tempting to conclude that arterial inflam-
mation causes the damage by recognizing normally ex-
pressed or upregulated class [ and [T donor MHC antigens
on the endothelium [63.82-86] . However. arterial inflam-
mation is not always observed [87.88] and fibrointimal
hyvperplasia can progress without it {88-92]. When inflam-
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Fig. I. a) This section shows a hepatic artery branch in the hilum of a liver allograft. it s stained with a double immunolabeling procedure for smooth muscle
actin(red) and macrophages(CDé8: brown). Note the severe iumenal narrowing because of obliterative arteriopathy and destruction of the media along one
half of its circumference(A = adventitia; M = media: | = inuma). Note aiso the concentric ring of myofibrobiastsiarrow; that separates the deep intimal
macrophages from the endothelium. which is intact and uninflammed. Extension of the macrophages from the advenutia through te the deep inuma suggests
that some of the arterial inflammation may begin in the adventitia and may contribute to the development of OA witnout directly invoiving the intma.
b) A higher magnification of the subendothelial ring of myofibroblasts shows them to be mitotically active{arrow: doubie staining for smooth muscle acun
(red) and proliferating cells, Ki-67 (brown)}. ¢) The ring of deep intimal inflammatory celis 1s aiso mitoticailv acuve { double staining for macrophages (CD68:
red) and proliferating cells. Ki-67 (brown)}. d) Double labeling for smooth muscie celisiacun: brown) anc maie cells |Y chromosome ir situ hybridization.
yellow dot) shows that the intumal myofibroblasts in the female recipient of a male iiver are of donor origin

mation is not seen. it is thought that antibody alone initi-
ates the damage. or that the stereotypic vascular repair
response can proceed without continued immunologic
injury [89.92].

Even though OA can apparently occur without intlam-
mation. most investigators would concede that cellular
immunity importantly contributes to its development in
many cases. The preferential localization of leukocevies in
the adventitia and intima suggests that these are the most
important antigenic targets or sites of damage [63.77.
82-83.93]. The adventitia is rich in lvmphatics and donor
dendritic cells making it @ site of both peripheral sensiti-
zation and a conduit for ecrmigrating leukocvies in acute
rejection [63.82.83.87.93.94]. When rejection is mild. the
inflammation is usually limited to the adventitia [N7].
When it is unusually severe. orwhen the recipient harbors
anti-donor antibodies. mononuclear und or neutrophilic
endothelitis. respectively. are usually also present [74.77,
82.95-101]. In many cases the intimal inflammation is

quickly followed by fibrointimal hyperplasia. which marks
the beginning ot OA.

The intlammation often persists in O {esions showing
fibrointimal hyperplasia. A this stage. the vmphoeyvtes
present might be recognizing non-MHC untigen(s). ke
heat shock protein [T02] Tnany eventoitis hkely that toxic
effector molecules und evtokines released by the mtlam-
muatory cells contribute to disruption ot arterial wall ho-
meostasis and arterial remodehng. siee the two often
co-exist [03N2-N2n0]0 However, the intlammutory cells
often become separated trom the endothelial fuver by g
concentric ring of intimal myotibroblasts ¢tig. 1), Thus. the
inflammation is no fonger directly associated with the
endothelium. Instead. o forms aorng e the deep mtima.
which is separated fromacutt ot adsentiial macrophages
I the median The two mtlammuatary il populutions are
connected with cach other via o ~stream of individual
inflammatory cells that permeate betweenyacuolated me-
dial myoevtes. This suggests that dynamie tratticking oc-
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Fig. 2. Schematic of the sequential steps in the development of obliterative arteriopathy, which is the common feature of chronic rejection in all solid organ
allografts. A normal artery is shown in frame |, illustrating the important anatomic features including the endothelial lining (endo), which is flattened and
inactive-appearing, the internal elastic lamina (iel), the media (med) and the dendritic cells(dc) located near draining lymphatics in the adventitia of arteries.
Frame 2 shows early arterial changes during acute rejection and two distinct, but not mutually exclusive pathways of arterial injury. In severe acute rejection(a)
the endothelium and intima can be directly injured by antibodies/complement and/or inflammatory cells, which leads to an intimal repair response and
myofibroblast proliferation. However, arterial damage can also occur in less severe rejection episodes. illustrated by pathway (bj. Inflammatory cells
accumulate near adventitial donor dendritic cells and draining lymphatics. This causes edema of the media and intima with damage of individual mediai
myocytes. and indirect injury of the endothelium. Endothelial hypertrophy and activation occur with both insuits and the arterial repair response is triggered.
Frame 3 illustrates some of the latter changes in the development of OA. A concentric ring of myofibroblasts develops immediately subjacent to the
endothelium, which returns to a more quiescent appearance. The media also becomes thinner, presumably as a result of migration of myocytes to the intima
and/or compensatory arterial dilatation. The macrophages and lymphocytes now accumuilate in the deep intima and focally stream through the disrupted
media. This resuits in a connection between the intimal inflammatory cells and the cuff of macrophages and lymphocytes in the adventitia. The arrangement
suggests that adventitial to intimal trafficking of immune cells is an important entry route. It occurs at a time when fibrosis is developing in the adventitia

around affected arteries and in the interstitium.

curs between the adventitial and the deep intima. while
the endothelium remains intact.

[mmunophenotypic analyses have shown that the arte-
rial inflammation consists primarilv ot an admixture of
T-lvmphocytes and macrophages [60.63.82.83.86.103]. In
some studies. CD8+ T cells are the most common [83.
103] . a subset of which show perforin positivity. identity-
ing a cytolytic effector pathway [83.86]. CD4/CD8 double
negative and o T cells have been cultured in vitro from
affected vessels [104]. The presence of occasional den-
dritic cells, signals ongoing antigenic presentation [82].
Macrophages however, often become the predominant
inflammatory cell population. which may be related to the
increased deposition ot ground substance and lipid trap-
ping. both ot which stimulate phagocytosis(see below) [60.
63.32.86.103.103-107]. The macrophages permeate the
adventitia. media and intima. and proliterate within the
artery [63]. Foam cell transtormation is more common in
early lesions and most often scen in liver allografts [60.63.
72.74.75.103-108]. An adventitial-to-intimal macrophage
size gradient is also often observed: those nearest to the
lumen have abundant toamy cytoplasm, ones in the adven-
titia are smaller. Other inflammatory cells. such as den-
dritic cells [82]. B cells [63.82]. eosinophils [109] and
plasma cells are much less commonly observed [63.82].

Mural histopathology
In practical terms, graft vascular discase can be equated
with obliterative arteriopathy (OA). because vein involve-

ment is both significantly less common and less severe [66.
74.108]. The reason for preferential arterial targeting is
uncertain, but hemodynamic factors. the prototypic arte-
rial response to injury {110-112] , endothelial antigenic
differences and unique mechanical factors related to lvm-
phatic disruption [87] . are possible explanations.

[t seems clear that OA evolves trom a repair response
to vessel wall injury. and all three layers of the artery wall
are involved: intima., media and adventitia
[63.74.111.113]. Documentation of the sequential changes
have largely relied on a reconstruction of events from
tailed human allogratts and autopsy specimens, and from
detailed sequential analyses ot experimental animal mod-
els. Common early findings include endothelial activation.
which histologically manifests as hypertrophy or a “hob-
nail™ appearance with eosinophilic transtormation of the
cvtoplasm [63.85.87.114]. This impression is supported by
the appearance of functional endothelial activation [114.
115] . including upregulation of class II MHC and adhe-
sion molecules [63.87.116-120] , and damage that can be
objectively documented via a Fas-based apoptotic path-
way [86]. In turn. endothelial damage results in loss of
barrier function and the intlux of clotting proteins(includ-
ing fibrin). platelets. blood cells and lipids. all of which
disrupt intimal homeostasis and contribute to the repair
response and vascular narrowing(see below). Edema and
an increased deposition of intercellular matrix and lipid
[105] . and a local turnover of cells [86.87] are seen in all
threc layers, but are especially common in the intima.
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which results in recruitment of medial myocytes and infil-
tration of foamy macrophages [74.77.82.95-100]. This is
followed by intimal myofibroblast proliferation. that even-
tually replaces the entire intima. Breaks in the internal
elastic lamina are variably present [63}].

In the media, early changes include edema, and degen-
eration or frank necrosis of individual myocytes [87. 93].
Later, the media can become thinned [63.81], presumably
as a result of intimal migration of medial myocytes in
response to injury. In fact. the media can be completely
replaced by foam cells and/or fibroblasts so that the artery
is no longer a flexible muscular conduit. but a rigid or
loosely-wall tube formed by fibroblasts or foam cells, re-
spectively.

Changes in the adventitia of arteries have received far
less attention than they deserve. Early after transplanta-
tion. the adventitia is a primary site of sensitization. which
results in inflammation and edema [87.94]. The adventi-
tial inflammation often persists [63.82.87] and is followed
by adventitial fibrosis [79.87] in the fully developed le-
sions. Ultimately, disruption of arterial wall homeostasis
and lumenal narrowing predisposes to thrombosis and
organ ischemia. Prototypic events are reconstructed in
fig. 2.

Lipid and glycosaminoglycan deposition

OA is not commonly thought of as a lipid-dependent
disorder. but there is evidence to suggest that hyper-
lipidemia can hasten its development [59.61,62.97] and
measurement of the lipid content of arteries affected by
OA show increased mean total cholesterol. esterified cho-
lesterol. free cholesterol. and phospholipid content and
concentration [121]. However. grummous atheroma, cal-
cification and cholesterol clefts are less frequently ob-
served in OA than in AS. McManus and colleagues [103.
121] compared the patterns of lipid and glycosaminogly-
can deposition in arteries affected by OA to that seen in
AS in the general population. The lipoproteins seen in OA
consist primarily of Apo(a) and apoE. which is in contrast
to AS. where apoB is more prominent. Also. the apoE
deposits can be seen in endothelia and in the extracellular
space of the superficial intima with mild disease early after
transplantation. and in the deeper intima with severe OA
[107]. Co-localization of glycosaminoglycans shows that
biglycan is particularly prominent in the intima of evolving
OA lesions. but not in AS. Decorin is present mainly in
adventitia of all vessels and in the intima of AS. Prominent
versican accumulation is seen in the intima and media of
arteries with OA. associated with smooth muscle and foam
cells and the intimal biglvcan and versican deposits posi-
tively correlate with the extent of luminal narrowing in OA
[106). Interestingly. the areas of Apo(a) and apoE depo-
sition are also the sites of prominent proteoglvcan sedi-
ments. especially versican. McManus. et al hypothesize
that arterial injury. either mechanical and/or immuno-
logic, leads to dramatic increases in intimal lipoprotein
permeability and increased lipid retention within the ar-
terial wall. This presumably occurs because the lipid inter-
acts with chondroitin sulfate proteoglycans. including ver-
sican, which in turn, results in accelerated lipid endocy-
tosis by macrophages and smooth muscle cells [107]. and
foam cell transformation.

Interstitial inflanmination
Chronically rejecting liver, heart. intestinal and pancreatic
allografts often show very mild and patchy inflammation,
whereas in renal allografts. it can be more pronounced
because of withdrawal of immunosuppression prior to
allograft nephrectomy. The inflammation consists mostly
of lymphocytes, macrophages and plasma cells. Forma-
tion of nodular lymphoid aggregates. some of which also
contain germinal centers. suggests ongoing antigen pres-
entation and continual stimulation [87.122]. The aggre-
gates are often located in the adventitia of arteries. and
near the serosa or capsule of organs [87.122.123], which
are also the site of draining lymphatics. Inflammatory cells
are also individually scattered throughout the intersti-
tium, where they are seen in close association with pa-
renchymal cells undergoing damage and atrophy.
Immunophenotypic studies have shown primarily
CD4+ and CD8+ T cells. occasional eosinophils [109]
and macrophages [87.122.124-127], the latter which can
be quite prominent. Compared to acute rejection, there
are usually more B cells [116.127.128]. and formation of B
cell follicles is not uncommon. Increased transcripts for
granzyme B: the presence of Thl-like cytokines IL-2 and
IFN-y [126] and the prominence of macrophages. suggests
that CR is mediated by an immune response tilted toward
the TH1 pathway.

Damage and atrophy of parenchyvmal cells and interstitial

fibrosis

Epithelial cells which rest on a conventional basement
membrane. particularly those that line conduits used for
exchange of substances with the environment (e.g.. bron-
chioles. bile ducts. pancreatic ducts. renal tubular epithe-
lium). are particularly prone to damage during CR. There
are at least several possible explanations for this observa-
tion, which are covered in greater detail in a recent review
of the immunopathology of liver allogratt rejection [129].
Basement membranes contain matrix components impor-
tant to the migration. positioning and co-stimulation of
T-cells [129]. In addition. epithelial cell “immunogenicity”
1s enhanced by unique antigenic profiles [129] and their
ability to upregulate immunologically active adhesion and
co-stimulatory molecules and to produce cytokines and
growth factors [129.130]. Since the epithelial-lined con-
duits also transport antigens to and from the environment.
they are often intermixed with antigen presenting cells.
and surrounded by a rich lvmphatic plexus (see below).
which drains to the regional lvmph nodes. This is normally
a site of local immune activation to environmental and
microbial antigens. which In an allograft. could trigger
rejection. Lastly. the bile ducts and bronchioles are almost
exclusively supplied by an arterial circulation. obliteration
of which can cause ischemic injury. Thus. both direct
immunologic injury and ischemia likely contribute to the
damage and loss of small bile ducts and bronchioles during
CR [69.1531].

Patchy interstitial fibrosis is another hallmark feature
of CR. but alone. it cannot be used as a reliable predictor
of CR in peripheral biopsy samples {132]. Small scars are
frequently scen as a result of previous biopsies or other
insults. Nevertheless. fibrosis is a constant feature of CR.
and it often manifests as expansion and collagenization of
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the connective tissue normally surrounding the arteries
affected by OA. This is combined with more localized
interstitial widening [63], especially in areas of ongoing
immunologic damage. which are often associated with the
deposition of tenascin and other matrix components [133.
134]. endothelin [133] and activation of interstitial myofi-
broblasts [134]. Larger scars representing healed infarcts
and fibrosis in watershed regions supplied by the terminal
circulation. suggest that ischemic injury also contributes
to fibrogenesis [63].

Disruption of Ivmphatics and organ associated lvmphoid
1ssues

Complete revascularization of an allograft results in the
circulation of recipient immune cells through donor or-
gan-associated lymphoid tissues(GALT. BALT, portal
lymphoid tissue) [136-140] and regional donor lymph
nodes [141]. Early after transplantation. this results in a
“in vivo mixed lymphocyte response”. which typically
manifests as acute rejection [136-139.141]. Transplanta-
tion also disrupts the etferent lymphatics. which results in
organ edema and contributes to the re-implantation re-
sponse. The lvmphatic channels reconnect within two to
three weeks [142. 143] in the absence of additional insults.
Acute rejection however. results in the increased produc-
tion of lymph tluid and at the same time. disrupts the
lymphatic microvasculature, both of which contribute to
the reappearance of graft edema and swelling during
rejection reactions [142.144-147]. In CR. the organ-asso-
ciated lymphoid tissue. such as the BALT [147,148] or
GALT [139], is destroved and replaced by tibrosis. Patchy
interstitial fibrosis also focally disrupts intra-organ lym-
phatics [87. 149]. Both of these changes undoubtedly con-
tribute to an inability of chronically rejecting allografts to
adequately process infectious agents and antigens that are
normally cleared via these pathwavs [8.37.40,148.130-
132]. In addition. disruption of lymphatic drainage alone
has been shown to produce arterial injury. which resem-
bies changes seen with developing OA [133]. Thus. we [87]
and others before us [149]. have suggested that this poten-
tial mechanism of arterial injury might importantly con-
tribute to the development of OA.

The direct injury model of pathogenesis

Cause(s) of the anterial injurv

Animal models are an excellent way of controlling experi-
mental conditions to isolate the various arterial insults.
Many models that study immunological injury ameliorate
acute rejection. so the allograft survives long enough to
develop CR and OA. One approach exploits a weak im-
munological barrier. where only minor histocompatibility
barriers are crossed(e.g. LEW to F-344 rats) [95-99,154.
135]. Another approach uses transient treatment with
various torms of immunosuppression with the most popu-
lar being a short course of anti-CD4 monoclonal antibod-
ies [85.115]. The percentage of animals surviving long
term and developing OA can be adjusted by titrating or
adding immunosuppression. depending on the model.

In these models. there is relentless direct immunologi-
cal injury to the allogeneic arterial endothelium from
prolonged. non-lethal acute rejection. that appears to be
mediated primarily by T lvmphocytes. macrophages and

anti-donor antibodies [85.95,98,99.114,115,154,156). This
quickly evolves into CR and OA, much like the clinical
cases that directly evolve from an inadequately controlled
acute rejection. Indeed, on the basis of these models and
clinical studies [63. 75, 77, 157], many investigators would
support the following pathogenesis of OA: direct lymphohisti-
ocytic inflammation of allogeneic endothelium or alloantibody
binding — endothelial cell damage — release of cytokines and
growth factors by endothelial cells, myofibroblasts and inflam-
matory cells - disruption of intimal homeostasis - intimal
myofibroblast proliferation - lumenal narrowing. For the
purposes of discussion, this will be called the “DIRECT
INJURY HYPOTHESIS".

Substitution of immune deficient and/or knockout
mice as recipients into these schemes, has further clarified
the nature of the immunological injury by isolating the
contribution of humoral and cellular components [88,91].
The development of OA in combined immune deficient
mice treated with repeated injections of exogenous anti-
donor antibodies [88] nicely illustrates the importance of
antibodies. Other models also clearly show a role for
antibody-mediated damage [158.159]. However. OA also
develops in B cell knockout mice that presumably are
incapable of an antibody response [88.91], showing an
important contribution by cellular immunity. Other in-
sults that could contribute to the arterial injury or repair
response include preservation/peri-operative ischemic in-
jury [160.161]; cytomegalovirus infection [34.64]; altered
mechanical or hemodynamic tforces because of either de-
creased renal nephron mass [6], or immunologically-me-
diated lymphatic disruption [87]; and other well-known
atherogenic insults such as hypertipidemia. hypertension.
diabetes and smoking.

Mechanisms of myofibroblast proliferation

Experimental animal models have also nicely shown that
the initial arterial insult may be immunologic(antigen
dependent). but the stereotypic repair response that fol-
lows does not appear to require the persistent influence
of alloimmunity at some stage in its development(antigen
independent) [89. 90. 92]. Thus. regardless of the source
or mechanism of injury. the response of the vessel wall s
the final common pathway for the development of disease
and ultimately. organ dystunction. This has led to a natural
pre-occupation with understanding the molecular mecha-
nisms of myotibroblast proliferation [162]. To study this
response. a number of investigators use the isolated aortic
allograft model. introduced by Hiyry [19]. Although it
lucks the organ parenchyma [92. 94, 163-166], this model
offers a quick way of screening agents that might be ot
potential therapeutic benefit(Hayry, personal communi-
cation).

Research to date has implicated multiple and redun-
dant signaling molecules that initiate and/or promote
smooth muscle cell proliferation and fibrogenesis [19,97.
162.167-171], similar to the situation observed with AS in
the general population [172-175]. This includes growth
factors. cvtokines and chemokines [17,19.97,118,156.162.
167-171.176-180]. For example. it has been shown thut
platelet-derived growth factor A and B [167.168.181], fi-
broblast growth tactor [167.170.182], insulin-like growth
tuctor-1 [162] and interleukin-1[162] can be released by
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myofibroblasts, endothelial and inflammatory cells into
the arterial intima and all of them can stimulate smooth
muscle cells to migrate to the site of injury and proliferate.
Macrophages appear to be an important source of mole-
cules causing damage. and initiating the repair response
and fibrogenesis [17.97.118,126.134-156.176.177.183].
This helps explain the inhibition of OA by an essential
fatty acid deficient diet. which interferes with leukocyte
chemotaxis [97]. Transforming growth factor-beta 1 might
importantly contribute to fibrosis [134.167.169.171.179].
Interleukin-6 might has been linked to the glomerular
proliferative lesions in chronic renal allograft rejection
[118]. The reader is referred to several excellent reviews
for a more detailed accounting of this complex area [19.
21.161.162.167,172-174,185.184].

Manifestations of chronic rejection in specific organs
Liver allografis

Chronic liver allograft rejection usuaily is not seen before
2 months [185] after transplantation and most frequently
develops after: 1) an unresolved episode of acute rejec-
tion: 2) multiple episodes of acute rejection; or 3) indo-
lently over a period of months to years. with few or no
clinically apparent acute cellular rejection episodes [27].
Risk factors have already been discussed. Often the oniy
reliable early indicator of CR is persistent and preterential
elevation of y-glutamyl transpeptidase and alkaline phos-
phatase [27. 186]. which is related to bile duct damage and
loss [26.27.69.71.75.187-191]. If clinical symptoms are pre-
sent. they usually resemble those of acute rejection. until
allograft dysfunction becomes severe enough to cause
jaundice [26.27.69.71.73.187-191]. Biliary sludging or ap-
pearance of biliary strictures. hepatic infarcts. and finally
loss of hepatic synthetic tunction. which can manifest as
coagulopathy. malnutrition. and hepatosplenomegaly
[27]are late tindings presaging allograft failure.

Chronic liver allograft rejection is histopathologically
detined by two main features: severe damage and loss ot
small (<60 um) bile ducts and. as in all other solid organs.
0A [26.27.69.71.73.187-191]. Cases with either isolated
bile duct loss or foam cell arteriopathy alone may occur.
but usually both features are found together [72. 73].
Unfortunately, arteries with pathognomonic changes are
rarely present in needle biopsy specimens. and theretore
what has been observed about OA in the liver has come
from examination of failed allografts removed at the time
of re-transplantation. Therefore. in biopsy specimens. sig-
niticant weight is usually placed on damage and loss of
small bile ducts. but ductopenia can be non-specific find-
ing that occasionally occurs as a result of non-rejection-re-
lated complications [192].

As with CR in other organs, the inflammation is often
inconspicuous. consisting of lymphocytes. plasma cells
and macrophages [116, 126. 193]. Despite a paucity of
portal inflammation. intra-epithelial lymphocyvtes are lo-
cated adjacent to degenerating biliary epithelial cells [26.
27.69.71,73.187-191]. which show uneven spacing of indi-
vidual epithelial cells. eosinophilic transformation of the
cvtoplasm and ducts only partially lined by bile duct cells
(fig. 3) [194]. The portal infiltrate is T ccll predominant in
CR and contains both CD4 and CD8 subsets [116.126.
193], with the latter predominating in and around the
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Fig. 3. a) This secuon shows some of the most cnaracterisuc changes
associated with the eariier pnases of chronic hiver aliograit rejecuion. Note
the “atrophic” appearance of the biliary epitneliumiarrow: There is uneven
spacing of the epitheliat ceils. eosinophiiic zransformat:on of the cytopiasm
and focal pyknosis. b) Interstingly ever tnough trese cuc:ai cells are “atro-
phic” appearing. they can snow anincreased proliferaton rate. as determineg
by Ki-67 stainingiarrow:. ¢) Eventually, the smail biie aucts are completeiy
destroyed in chronic iver allograft rejection Cytokeraun staining can be used
to help idenufy the ducts. but it is usually not needec {2887 Whether these
few periporzl cytokeraun-i9 = cells in this cnronicaily retected livertar-
rows). represent progenitor ceils caoable of regenerating the ducts, 1s worthy
of further studytsee tex?).
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biliary epithelium [193]. Increased y-interferon. IL-2.
granzyme B transcripts [126] have also been detected. the
last of which strongly suggests that a cytolytic effector
pathway of injury is involved. The damaged ducts can also
show “inappropriate” expression of the major ABO blood
group antigens [193]. the significance of which is uncer-
tain. The diagnosis of CR at these “earlier” stages [192.
194. 196-198] can be difficult. Review of previous biopsies
and clinical correlation typically show a patient with docu-
mented acute rejection. that has progressed to chronic
injurv and prolonged liver dysfunction. which has not
responded to appropriate anti-rejection therapy [27]. The
diagnosis of CR can also be supported by selective hepatic
angiography that shows pruning of the intrahepatic arter-
ies with poor peripheral filling and segmental narrowing
[26.191.199.200].

Interestingly. despite the destruction of small ducts. a
ductular reaction. or compensatory ductal proliferation in
the marginal zone is not generally seen. unless the patient
recovers. In such cases a “ductular reaction” has been
described before clinical improvement [71,201.202].
Whether the recovery of ducts is related to proliferation
of residual ductal epithelium. maturation of liver progeni-
tor cells. or metaplasia of periportal hepatocytes. is a
intriguing question about liver growth and development
[129].

The portal tract connective tissue assumes a “scarred”
appearance by routine light microscopy. which is related
to a destruction ot the peribiliary plexus [80]. An increase
of extracellular matrix proteins tfibronectin. tenascin. un-
dulin. and collagen VI [1534] have been described in the
perivenular regions and this is associated with an accumu-
lation of alpha-actin-positive cells and TGF-betal-ex-
pressing macrophages in the areas [134].

Since the presence of foam cell arteriopathy can rarely
be confirmed by a core needle biopsy. other "surrogate”
features are often used to suggest the presence of OA.
Features that suggest but do not prove the presence of
foam cell arteriopathy include loss of arterioles and small
(<20 um) portal tract arteries. centrilobular hepatocellu-
lar swelling. perivenular sclerosis. and centrilobular hepa-
tocyte dropout [26.27.69.71.73.187-191].

Lobular changes commonly seen in CR include cen-
trilobular hepatocanalicular cholestasis. intra-sinusoidal
foam cell clusters. mild spotty acidophilic necrosis of he-
patocytes. centrilobular hepatocyte atrophy and/or bal-
looning and perivenular sclerosis [26.27.69,71.73.187-191].
The centrilobular degeneration and perivenular sclerosis
may be related to either ischemia or damage from re-
peated bouts of “central venulitis” during acute rejection.

As with other organs. the diagnosis of CR is easier to
establish in an explanted fuiled allograft. The presence ot
significant foam cell OA. should be seen in at least some
of the muscular arteries in the hilum [26.27.69.71,73, 187-
191]. Major hilar bile ducts may show sloughing of the
epithelium. focal necrosis. intraluminal papillary hyper-
plasia of the epithelium, mural fibrosis and acute and
chronic intflammation [203].

There are two tascinating aspects of chronic liver allograftt
rejection: its potential reversibility [71.202]. which has al-
ready been discussed: and an appreciably lower incidence
than other allografts (table 1. [31]). Experimental animal

studies have also shown that a liver allograft can also
protect other organs from the same donor from CR [87).

Resistance of liver allografts to CR can best be ex-
plained by the immunological theories of so called “he-
patic tolerogenecity”. They can be broadly separated into
two general categories. based on whether emphasis is
placed c¢n the parenchymal or non-parenchymal portion
ot the liver. which in turn. results in: 1) deletion or 2)
functional anergy in the responding T cell repertoire.
Release of soluble donor MHC class I antigen from the
allograft, supporting the importance of the parenchyma.
does not seem to be a tenable hypothesis [204]. Murine
liver allografts are routinely accepted between strains of
mice that show no difference between the class I loci. but
are mismatched for class II [205]. In addition. fully allo-
geneic liver allografts from class I or II MHC deficient
mice, which do not shed soluble MHC antigens [205.206],
are also accepted. Moreover, other organs also secrete
soluble MHC antigens [207] but they are routinely re-
jected. and infusion of exogenous soluble MHC usually
leads to only slight graft prolongation.

One potential explanation for the importance of the
parenchvma relies on the concept that allogeneic hepato-
cvtes provide only one of two signals needed for allogeneic
lvmphocyte activation [208]. Lack of important co-stimu-
latory molecules is thought to result in the induction of
anergy in the responding lymphocyte populations [208].
However, when transgenic mice that aberrantly express
the allogeneic MHC class [ molecule H-2Kb (Kb) in the
liver. using a metallothionein promoter [209], are crossed
with a strain that develops CD8+ T cells specitic for the
Kb molecule. lymphocyte-mediated “autoimmune” liver
damage can be induced under certain conditions. Inter-
estingly. most of the CD8+ cells responsive to Kb were
climinated by the intense intrahepatic activation. but
some of the liver continued to show chronic low grade
intflammation [209]. However. greart care had to be taken
to assure that alloantigen expression was limited to the
liver [209]. Interpretation of these complicated experi-
ments is ditficult. but it appears that the liver may be able
to etfect an activation-induced partial clonal deletion of
allogeneic lymphocytes [209], as originally proposec by
Kamada [210]. This may represent a special circumstance,
because alloantigen expression on other non-hematolym-
phoid cells such as pancreatic islets. does not lead to
anergy [211]. but to immunological “ignorance™ [212].
which is an important difference. Induction of true anergy
may in fact. require presentation of antigen by profes-
sional antigen presenting cells.

[t has been our contention that so called “hepatic
tolerogenecity” is in large part. a result of hematolym-
phoid microchimerism [48.213.214] sustained by donor
hematopoietic stem contained within the liver [215-217] .
The immunologic mechanisms involved in graft accep-
tance is initially. a non-deletional. active process that
appears to require the presence of donor APC [87.218].
In microchimeric recipients, the donor cells cause low
grade proliferation and activation of the recipientimmune
system [31.87.218-220] . including activation of B cells
[219.221] and alterations in [L-4 production [222]. This in
turn. leads to hyporesponsiveness to donor antigens and
graft acceptance.
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A recent series of investigations by Bishop et al [223-

226] add credence to the viewpoint that hematolymphoid
cell-induced activation of the recipient is important in
liver graft tolerance. Comparing spontaneously accepting
and rejecting rat strain combinations. they have shown
that acceptance of the original liver allograft and sub-
sequent grafts from the same donor. resides with a popu-
lation of radio-sensitive hematolymphoid cells within the
liver [226]. Destruction of the hematolymphoid cells by
irradiation or blockage of the response by a short course
of methylprednisolone reduces survival of subsequent do-
nor strain skin gratts [226].

Heart

Obliterative arteriopathy is the major manifestation of CR
in cardiac allografts. Untortunately, cardiac allografts are
also susceptible to AS that is endemic in the general
population. This results in the frequent transmission of
coronary artery disease from the donor to the recipient
(36-38]. Thus. AS and OA both contribute to the arterial
disease seen in allogratts betore and atter cardiac trans-
plantation {38.227-230].

Cardiac dysfunction associated with CR is largely be-
cause of ischemic damage to the heart. However. the
classical symptoms of myocardial ischemia like angina
pectoris, are thought not to be reliable indicators in the
heart transplant recipient. since the allograft is dener-
vated [3]. Nevertheless. in a series of 23 myocardial in-
tarcts in heart transplant recipients [231] . symptoms in-
cluded chest pain (n=2). arm pain (n=3). weakness
(n=16). dvspnea (n=11) and palpitations (n=8). Three
episodes were clinically silent, detected only as new elec-
trocardiographic changes during routine follow-up and
two patients had old Q waves. Of the 8 patients hospital-
ized with symptoms, only 7 had tvpical Q-wave changes on
electrocardiography: 3 had nonspecific ST-segment chan-
ges and 2 had no documented changes. Serial creatine
phosphokinase levels were obtained in 13 patients. and
values were elevated in 8. Other manifestations of CR and
myocardial ischemia include cardiac enlargement with
ventricular dilatation: loss of papillary muscle function
and mitral regurgitation; ventricular wall dvstunction [3].
constrictive pericarditis [232] and the development of
congestive heart failure and/or cardiogenic shock. which
can be misdiagnosed as intection [231] .

One might expect that pre-existing coronary artery AS
would accelerate the development of OA. [ndeed. the use
ot older donors has been associated with a higher inci-
dence of vascular abnormalities early after transplanta-
tion [37.229.233). However. pre-existing donor artery dis-
case does not necessarily impart an increased risk for the
development of OA [37.234], which developed at ditfer-
ent sites in the vessels. This suggests that at least some of
the pathogenic mechanisms responsible tor OA are dif-
ferent from those involved in AS. Clearly. more detailed
investigation into the association between OA and AS i3
needed.

Some ot the cardiac pathology can be detected by
echocardiography or serial radionucleotide angiography
before classic symptoms and signs ot heart tailure arise [3].
Although these methods of observation are less sensitive
than histopathological examination of the entire allograft

[235], they are more reliable than evaluation of endomyo-
cardial biopsies. which can rarely detect OA (see below).

Gao et al. [236] originally classified the angiographic
abnormalities into three categories: type A, discrete or
tubular stenoses: type B. diffuse concentric narrowing:
and type C. narrowed irregular vessels with occluded
branches. Use of this classification or something similar,
has proved to be a useful approach when applied to allo-
graft coronary artery pathology. Tvpe A lesions of the
primary epicardial coronary vessels. with less frequent
secondary branch involvement are most commonly en-
countered in non-allograft hearts. Not unexpectedly, the
same tvpe of lesions are detected in the allograft popula-
tion shortly after transplantation. consistent with trans-
mission of donor disease. However. type A lesions involy-
ing secondary and tertiary branches develop more fre-
quently in allografts than in native hearts. In addition. type
B and C lesions (diffuse narrowing, tapering and oblitera-
tion), are much more common in allograft coronary arter-
ies than in native hearts and involve primary, secondary
and tertiary branches [236] . Total vessel occlusion is
found predominantly in the proximal or middle vessel
segments of atherosclerotic discase. whereas distal in-
volvement can be seen in up to one half of patients with
OA. Failure to develop collateral vessels is also more
common in allogratt recipients with OA. Based on these
observations. Gao et al. [256] concluded that coronary
artery disease in transplant patients represents a mixture
ot typical AS and unique transplant-related progressive
distal obliterative disease that occurs without cotlateral
vessel development [236].

Several investigators have drawn the same conclusion
using the more recently developed intravascular ultra-
sound [38.227-230]. This technique offers some advan-
tages over angiography in terms ot sensitivity [233.237.
238] and the abilitv to more precisely characterize changes
in coronary vessel shape and wall thickness [239], which
enables one to tollow the changes over time. In general.
lesions frequently detected earlv after transplantation re-
flect donor AS in the general population: segmental and
eccentric intimal thickening and lumenal narrowing, pri-
marily involving the epicardial coronary arteries and their
primary branches. Over time, more distal. diffuse non-
calcitic and concentric intimal hyperplasia develops [38.
228.230,238.240]. which likely represents OA.

Serial intracoronary acetylcholine intusions and quan-
titative angiography have concluded that endothelial cell
dystunction is trequently observed in allograft coronary
arteries and it otten occurs early after transplantation
[241.242]. A close association between endothelial dys-
tunction and intima abnormalities can be documented in
somg [241] but not all studies. presumably because of the
episodic nature of the immune injury [227]. Other abnor-
malities include an impaired responsiveness of epicardial
arteries to increased tlow [242].

Except for rare cases [243]. endomyocardial biopsies do
not show changes that can be reliably used to make the
diagnosis of CR [64.63.244-248]. Intimal thickening does
not usually affect the small penetrating intra-cardiac arte-
rioles present in endomyocardial biopsies [79]. and colla-
gen density in biopsy specimens does not appear to pre-
dictably increase with time in patients who develop CR
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[132). There is however, some evidence that nodular sub-
endocardial lymphocytic aggregates or Quilty lesions
[244] may be associated with OA.

Quilty lesions are present in 4-25 of human endo-
myocardial allograft biopsies and are detected on at least
one occasion in 38-78% of patients [246.247.249, 250].
Although they are not the equivalent ot therapy-requiring
acute rejection. some clinical studies show an association
with acute rejection in the underlying myocardium [247.
251-234] or with OA [248] . Patients in the Stanford series
with Quilty lesions who underwent transplantation in the
early 1980's had the highest incidence of graft vascu-
lopathy [123] . but more recently the incidence of OA has
significantly decreased in these patients [123]. This per-
plexing observation might be explained by the fact that
these patients had the most potential for improvement.
particularly with the addition of new immunosuppressive
regimens. For example. Tacrolimus has significantly less-
ened the incidence of Quilty lesions in our heart transplant
recipients [255] and significantly increased the half-life of
kidney allografts [256] . presumably by lessening CR.

Even though a causal association of Quilty lesions with
OA is unlikely. these observations suggest that Quilty
lesions might not be innocuous histopathological curiosi-
ties. Their presence in animal models with persistent al-
loactivation and developing OA [87] suggest that they
serve as a signal ot indolent ongoing immunological dam-
age. which has the potential to contribute to the develop-
ment of OA. Kemnitz et al. [253] offered an explanation
for the possible association berween Quilty lesions and
OA by speculating that thev may represent form of vascu-
lar rejection. since the heart develops embryologically
from primitive vessels.

Consistent with an immune etiologv [1.59.65.83.233.
243.237]. it has been our experience in humans, that pure
OA frequently involves bot/ smaller intramyocardial ar-
teries and epicardial coronaries and infrequently shows
eccentrically situated and grummous atheromas and cal-
cifications (tig. 4). In addition. the fibrosis in CR often
extends along the connective tissue septal containing the
affected arteries. This is in contrast to AS. that tends to
show proximal epicardial coronary involvement by eccen-
tric lesions with grummous atheromata and sparing of
intramyocardial branches. OA can also clearly be shown
to develop directly trom inflammatory and/or necrotizing
arteritis is some cases [77.83.235]. much like experimental
animal models [85.87.95]. However. as already pointed
out. even though OA involves both proximal and more
distal portion ot the arteries. OA is often not as diffuse or
concentric as one might expect from a review of the litera-
ture [1.59.65.83.235.245.257]. In our experience, OA is
often patchy in distribution (preterring branch points as
epicardial vessels penetrate the myocardium), shows a
significant adventitial components. can develop eccentri-
cally. and frequently does not extend to the smallest arter-
tes and arterioles present in endomyocardial biopsies [63.
79]. This is consistent with experimental animal models
where the OA lesions are definitely a result of immune
injury. but notoriously heterogeneous in distribution and
severity [83.87.95]. In fact, the distribution is so heteroge-
neous that elaborate scoring systems are required to quan-
tity the tindings [85.87.95].

However. in an individual lesion. the relative contribu-
tion of OA or AS may be difficult to determine. This is not
surprising since atheromas are frequently inflamed with
donor hematolymphoid cells and therefore would be more
immunogenic than other constituents of the allogratt.
Conversely. McManus et al. [105.107.121] have shown the
tendency for OA lesions to imbibe lipids. Thus, some
histopathological studies of tailed allografts and autopsy
specimens have encountered some of the same difficultics
as the imaging studies: Atherosclerosis and OA both con-
tribute to the coronary artery disease seen in allografts.
This might explain some of the more recent apparent
inconsistencies in the distribution of OA noted by investi-
gators using intravascular ultrasound [238].

Small intestine

Transplantation of the immunologically difficult small
bowel. has only recently been clinically achieved to any
significant extent [259-261]. This was largely because of
inetfective control of acute rejection. which was made
routinely possible by the use of FK506 (Tacrolimus) im-
munosuppression [262]. Thus. until recently, when the
entire spectrum of human pathology was delineated [23].
most of the CR changes small bowel allografts have relied
on experimental animal models [139.140.263-265].

In experimental animals. CR of the smail intestines
often evolves from suboptimally controlled acute rejec-
tion [140]. It is characterized by OA. hyperplasia of the
muscularis propria [266]. apoptotic death of epithelial
cells in the crypts of Lieberkuhn. villous blunting, focal
fibrosis of the lamina propria. and destruction of donor
mesenteric lymph nodes and the mucosal-associated lym-
phoid tissue(Peyer’s Patches) [140]. The last complication
results in focal mucosal ulcers [139.263-267]. Although
experience in humans is limited. detailed evaluation of the
few chronically rejected human allogratts [25] have shown
the same set of histopathological changes as seen in the
experimental animals (fig. 3).

As with other allogratts. the biopsy diagnosis of CR in
humans is difficult. The vessels atfected by OA. primarily
the distal branches of the mesenteric arteries and the
larger arteries of the serosa and muscularis propria. are
not routinely sampled. Therefore. one is forced to rely on
“surrogate” findings. These include focal, non-healing
ulcers: a distinctive combination of regeneration and evi-
dent crvpt epithelial apoptosis: and a disordered mucosal
and villous architecture with fibrosis [23]. Typical clinical
tindings that support the diagnosis of CR include, persist-
ent diarrhea with non-healing ulcers. repeated bouts ot
suboptimally controlled acute rejection: and either non-
compliance with immunosuppressive medications or de-
liberate withdrawal of immunosuppression because of
lite-threatening infections [23]. Endoscopic and radio-
graphic studies used to support the diagnosis of CR in-
clude focal loss of mucosal folds, focal ulcers and mural
thickening, and pruning of the mesenteric arterial arcades.
respectively.

Incompleteness of the direct injury model

In addition to immunological arterial injury. a number ot
clinical and experimental observations suggest that other
factors contribute to the development of OA [6.16,51.63.
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CR viewed as a “Incomplete Tolerance”

[mplantation ot any solid organ allogrart results in a char-
acteristic evele of heightened immune activation. brought
about the initial engagement of the donor and recipient
lvmphoid systems [43.214.218.268]. toliowed by evolution
toward u more stable relationship when immunosuppres-
sion cun be considerably lowered or even withdrawn [269.
270]. In the past. this prototvpic series of events was
attributed to the presence of passenzer leukocytes or
donor hematolymphoid cells [271-273]. It was thought
that they were essentially deleterious to allograft survival,
and served only to directly sensitize the recipient [271-
273]. When the donor cells were destroved or died out. the
donor recipient immunological intertace became less con-
tentious. However. in some clinical [43.274-277] and ex-
perimental systems [S7.278.279]. the exact opposite was
actually tound: donor hematolymphoid cells persisted in
successful long term allograft recipients. but were de-
stroyed in recipients with CR. This phenomenon called
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Table 2. Observations not adequately explained by the Direct Injury Hypothesis(see text)

Observation

Possible explanation(s)

Markers of severe acute rejection(alloanuobodies or inflammatory arteri-
tis). not always detected before development of OA.

Corcnary arteries of composite heart-lung ailograft recipients are less
frequently and less severely affected than coronary arteries in isolated
heart allograits (table I).

Pulmonary arteries are less severely affected than coronary arteries in
heart-lung transplant recipients [64]

Inadequate explanation for progression of OA in absence of immu-
nologic insuit [17.89].

i OAis not a feature of graft versus host disease

- Severe acute rejection and inflammatery arteritis not required

- Mechanical faczors involved
- Antigen quality or quanuty is of importance

- Mechanical faczors involved
~ Antigenic or microenvironmental differences important

- Initial injury tnggers self-perpetuating repair response, perhaps driven |
by normal physiclogy

- Mechanical factors involved in organ removal and implantation important |

"microchimerism™ uncovered a paradox [218], resolution
of which required a paradigm shift in transplantation
immunobiology [214.218]. The new. Two-Way paradigm
line of reasoning hypothesized that donor hematolym-
phoid cells are necessary. but alone. not sufficient for
tolerance induction and thus. treedom from CR [48.87.
213.214.218.278.279].

While attempting to study microchimerism. we inad-
vertently created a clinically relevant experimental animal
mode! of CR [87.280]. In this model. genetically identical
recipients were made CR-resistant or CR-prone by pre-
treatment with a donor liver allograft or bone marrow
infusion. respectively [87], and then challenged with a
cardiac allograft without immunosuppression. Both
groups underwent a transient acute rejection within days
after placement of the cardiuc gratts. but were operation-
ally tolerant. The cardiac grafts were accepted and remain
tunctional tor more than 100 days. However. those pre-
treated with a bone marrow infusion were incompletely
tolerant. because eventually they developed CR and OA.
whereas those pretreated with a liver were resistant to CR.

A more in-depth analysis showed that the acute rejec-
tion crisis in the two groups could be separated on the basis
of mucrophage migration. cvtokine production and altera-
tions in MHC antigen expression. Acute rejection in the
CR-prone animals was characterized by an influx and
accumulation of recipient macrophages: persistent and
strong upregulation of class II MHC antigens on the
vascular endothelia: loss of intra- and extra-graft and
donor hematolvmphoid cells [87] and a cytokine mRNA
response enriched in y-interferon. [L-12 and macrophage
activating chemokines(Murase. manuscript in preparation).
[n contrast. the strong upregulation of y-interferon and
[L-12 was not seen during acute rejection in the CR-resis-
tant animals. even though there was evidence of graft
inflammation bv histology and immune activation by cy-
tokine chemokine mRNA analysis [87]. In addition. endo-
thelial class [T MHC expression in the CR-resistant recipi-
ents was weak and transient and donor hematolymphoid
cells persisted in the graft and recipient lymphoid tissues.

Like other CR models. this one shows a clear link
between CR and macrophage infiltration. which in turn.
is likelv related to the production of y-interferon and other
macrophage activating cytokines [97.177.180.267.281].
There is also evidence of persistent endothelial and
smooth muscle cell activation. such as expression of MHC
class II [87] antigens and adhesion molecules [17.85.97.
114.115.118.155.156,163.176.241.282]. Unlike other mod-
els however. it shows that arterial remodeling starts to
occurs during acute rejection before any intimal inflam-
mation is sexn. In addition. this model enables the inves-
tigator to compare and contrast completely tolerant re-
cipients to those who are incompletely tolerant and de-
velop CR. Major ditferences between these two groups
are the persistence of donor hematolymphoid cells in the
former. and heightened recipient macrophage intlux in
the latter [87]. Thus. our model more closely resembles
the clinical cases that indolently develop CR.

The slower evolution of CR in some cases may be
related to the mode of ulloantigen presentation. As crigi-
nally predicted by Batchelor [283]. acute rejection is likely
dominated by direct presentation ot alloantigen by donor
APCs, whereas CR may be primarily mediated via indirect
alloantigen presentation by recipient APCs. consistent with the
prominence of recipient APCs within the graft. Conversely.
a bold and controversial hypothesis is that freedom from
CR requires the persistence of donor hematolymphoid
cells [48.87]. The idea is that to achieve tolerance. the
donor immune svstem is required., since one of its normai
physiological functions is to establish immunological boun-
daries. or the “self” [48.218]. Hopetully. the freedom from
CR that is seen with augmentation of chimerism using
harsh conditioning regimens in experimental animals
[284.285]. will be realized in unconditioned human recipi-
ents as a lower incidence of CR [38.286.287]. Whether this
line of reasoning is correct or not. only time will tell.
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