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Abstract Chronic allograft nephr-
opathy (CAN) is, besides death of
the recipient with graft function, the
most common cause of renal trans-
plant loss. It is characterized by loss
of function and replacement of tis-
sue by fibrotic material. The patho-
genesis is not clear, but seems to be
multifactorial and involves events
both early and late after transplan-
tation. Alloantigen-dependent
mechanisms seem to be crucial for
the development of chronic rejection
(CR). Although modern immuno-
suppressive drugs have reduced the

number and severity of acute rejec-
tion episodes, their effects on CR are
less obvious. In this review we dis-
cuss the role of direct and indirect
antigen presentation in the develop-
ment of CR, and we will focus on the
production of antibodies directed
against HLA and non-HLA antigens
on the graft and their influence on
CR.
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Chronic rejection

Chronic allograft nephropathy (CAN) is, besides death
of the recipient with graft function, the most common
cause of renal transplant loss [1]. It accounts for 50%-—
80% of graft failures in surviving patients and responds
poorly to treatment with increased amounts of steroids
or to antibody treatment [1]. CAN occurs at various
time points after transplantation (Tx), generally after the
first 6 months, but it can occur years after Tx and is
characterized by a slow decline in function of the organ.
Recent data show that over the past years, the survival
of kidney grafts has improved both in the short and long
term, indicating that there is some progress in preven-
tion of CAN [2]. Histologically, it is characterized by
vasculopathy, glomerulopathy, tubular atrophy and in-
terstitial fibrosis. The vascular lesions show intimal
thickening, smooth muscle cell proliferation and multi-
layering of peri-tubular capillary basement membranes
[1]. Various alloantigen-dependent and alloantigen-

independent factors result in a final common pathway of
excessive repair, resulting in replacement of the original
tissues by fibrotic tissue and in loss of function. One has
to establish the diagnosis of CAN by taking into account
other causes of diminished graft function, including re-
current or de novo renal diseases. CAN is a descriptive
term, referring to the histological lesions that can be
found in renal allografts with deteriorated function. One
of the causes of CAN is chronic rejection (CR), which is
the antigen-dependent immune process leading to the
lesions observed in CAN..

Allotransplantation of organs results in activation of
the immune system by alloantigen-dependent processes.
Recognition of foreign antigens on cells of the graft re-
sults in activation of specific immune responses. How-
ever, alloantigen-independent processes, including
donor brain death and ischemia-reperfusion, also induce
or amplify the immune response via the production of
reactive oxygen species, pro-inflammatory mediators
and growth factors, increased expression of adhesion
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molecules, and upregulation of both HLA class-I and
class-II molecules [3, 4, 5, 6 ]. In rat transplantation
models, grafts from brain-dead donors are lost at a
higher rate than those from living donors [3]. Brain
death causes upregulation of selectins on the endotheli-
um and thereby to leukocyte adhesion [7]. The upregu-
lation of major histocompatibility complex (MHC) class
I-and class-1I antigens after ischemia-reperfusion injury
is mediated by interferon (IFN)-y, which is induced by
interleukin (IL)-12 and 1L-18 production in response to
tissue injury {8]. Subsequently, the endothelium is acti-
vated, and upregulation of co-stimulatory molecules
facilitating T-cell interactions [3, 4, 5]. Tubular epithelial
cells can go into apoptosis as a result of increased
amounts of free radicals [9, 10]. Together, this results in
increased recruitment of inflammatory cells and inflam-
matory processes, independent of alloantigens [11, 12}.
Thus, these alloantigen-independent processes result in
upregulation of molecules involved in alloantigen-de-
pendent processes and can, therefore, be considered as
progression factors for CAN.

In this review we focus on alloantigen-dependent
processes in CR and the mediators involved. The con-
tribution of direct and indirect antigen presentation in
the induction of antibodies reactive with both HLA and
non-HLA antigens will be described in greater detail.

Mediators of chronic rejection

Transplantation models have shown that syngeneic
transplants remain free of CR lesions during the time-
span in which allogeneic grafts develop CR. The lesions
observed in syngeneic transplants resemble the lesions of
ageing. This implies that the transplantation procedure
by itself is not the sole factor inducing CR, although it
can result in activation of some of the inflammatory
mediators. However, syngeneic renal transplantation
does result in increased recruitment of professional an-
tigen-presenting cells [12]. Thus, CR is primarily allo-
antigen dependent and is influenced by early injury and
ongoing host allo-responses [13].

Additional evidence comes from rat kidney re-trans-
plantation models, in which allogeneic grafts were re-
transplanted into syngeneic recipients at various time
points after transplantation. A single, acute rejection
episode was completely reversible and did not progress
to CR if the kidneys were re-transplanted in the early
stages [14, 15]. Late after transplantation, re-transplan-
tation does not result in reversal of the lesions, sug-
gesting that later in time alloantigen-independent factors
become increasingly important [14].

Various factors and cells play a role in the pathogen-
esis of CR, but the mechanism by which it develops is not
yet clear. In experimental transplantation models, dif-
ferent cell types have been investigated to determine their

respective contributions to disease development. In the
initial phases of the transplantation procedure, during
ischemia-reperfusion injury, CD4™ T cells are essential
for the development of inflammatory responses [16].
Furthermore NUDE mice, that lack functional T cells, or
recombinase-activating gene (RAG-1) deficient mice
(RAG deficiency resulting in lack of functional B and T
cells due to lack of immunoglobulin or T-cell receptor re-
arrangements) have been used as recipients of mis-
matched aortic allografts in the presence of CD4™ or
CD8 ™ T cells. Mice that received CD4 * T cells developed
vascular lesions similar to CR, whereas mice that received
CD8™ T cells did not develop these lesions [17]. CD8 ™ T
cells and B cells seem to be the effector mechanisms, but
they are dependent on the CD4™ T-cell responses in this
model. However, in another mouse heart transplantation
model, CD8 " T cells have been said to play a causative
role in the induction of CR [18]. Recently, NK cells have
been implicated in playing a role in cardiac allograft
vasculopathy in the absence of a specific immune
response, using SCID and RAG-deficient mice {19).

The role of antibodies in chronic transplant rejection
has been studied in greater detail in various animal
models. In a mouse cardiac allograft model, which used
SCID mice (lacking B-cell and T-cell responses) as re-
cipients, almost no lesions developed [20, 21]. Injection
of anti-donor antibodies into the SCID recipient re-
sulted in development of obstructive coronary lesions
[22]. In another model, which used IGH knockout mice
(lacking functional B cells) as recipients of cardiac al-
lografts in the presence of neutralizing anti-CD4 anti-
bodies, no chronic rejection was found, in contrast to
wild-type animals treated with anti-CD4 antibodies [23].
Furthermore, an aortic allograft model with RAG-2-
deficient recipient mice has shown that donor-specific
cellular and humoral responses are required for both the
initiation and perpetuation of CR [24]. Altogether, these
data imply that humoral responses are important in
chronic rejection.

Binding of antibodies directed against HLA or non-
HLA antigens in the graft can result in activation of the
complement system, leading to formation of the mem-
brane-attack complex and lysis of the target cells. Al-
ternatively, or in addition, Fc receptors on the surface of
hematopoietic cells can interact with antibody-antigen
complexes, resulting in stimulation or inhibition of cel-
lular responses. This may lead to a variety of biological
effects, including activation of cell-mediated killing, in-
duction of mediator release, uptake, removal and de-
struction of antibody-coated particles, and regulation of
immunity. On the other hand, antibody binding to HLA
antigens can also exert its effects on the target cells.
Binding to endothelial or smooth muscle cells can lead
to increased expression of growth factors and their re-
ceptors, and increased proliferation resulting in trans-
plant arteriosclerosis [25, 26].
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Allo-immune responses

After organ transplantation the immune system of the
recipient encounters various foreign antigens in the
graft. All donor antigens that are different from those of
the recipient may evoke an immune response if they are
correctly presented to the immune system of the recipi-
ent. Individuals are not actually tolerant to self-proteins:
they are tolerant to the small subset of peptide fragments
from the self-proteins that can bind to any of their own
HLA molecules [27]. Presentation of these peptides to T
cells can thus result in an immune response. In clinical
transplantation, donor and recipient are HLA antigen-
matched as closely as possible, as increased HLA mis-
matching increases the immunogenicity of the graft,
stimulating host allo-responses [13]. Furthermore, the
sharing of HLA class-I antigens is associated with im-
proved graft survival {28]. These data implicate the im-
portance of antigen presentation in the pathogenesis of
CR.

Direct vs indirect antigen presentation

After transplantation of organ allografts, there are two
pathways of antigen presentation. Firstly, direct presen-
tation of donor alloantigens by donor-derived antigen-
presenting cells (APCs) to recipient T celis take place. This
will mainly result in activation of type-1 responses and
thus activation of CD8 ™ cytotoxic T cells. Secondly, do-
nor alloantigens can be presented after uptake by infil-
trating recipient APC to recipient T cells, the indirect
presentation route. Direct presentation is thought to be
mainly involved in acute rejection [13], whereas indirect
presentation is suggested to be important for chronic re-
jection (Fig. 1) [13, 29, 30, 31, 32, 33, 34]. Experimental
data that support a role for indirect antigen presentation
in CR include the observations that in a rat renal trans-
plantation model, depletion of donor APCs from the
graft does not influence the susceptibility to CR [35]. In
addition, transplantation of allografts into immunocom-
promised recipients and re-transplantation in immuno-
competent recipients results in CR, in the absence of acute
rejection [35]. Immunization of rats or miniature swine
with MHC class-1 or class-II peptides before cardiac
transplantation promotes transplant vasculopathy, sup-
porting a role for indirect antigen presentation in the de-
velopment of CR (Fig. 1) [34, 36]. In patients with CAN,
higher frequencies of CD4 " T cells activated by donor
antigens in an indirect manner have been found [37]. Since
it has been suggested that indirect presentation results in
production of alloantibodies, and it is correlated with CR,
antibodies are very likely to play a role in CR.

Induction of an immune response after recognition of
antigens requires a second or co-stimulatory signal be-
tween the APC and the T cell. These co-stimulatory
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Fig. 1 Organ transplantation results in activation of both direct
and indirect antigen presentation pathways leading to acute or
chronic rejection

signals are essential for the induction of immune re-
sponses and thus for transplant rejection [38]. Co-stim-
ulation blockade has been used in various allograft
models, involving different co-stimulatory pathways.
One of the co-stimulatory pathways frequently studied
involved the CD28-B7 molecules. CD28 on T cells binds
the B7 molecules on APCs after ligation of the T-cell
receptor with antigens presented by APC. Injection of a
single dose of anti-CD28 at the time of transplantation
prevents the development of histological and functional
characteristics of CR [39, 40]. In addition, blockade of
T-cell activation with CTLA4-Ig, also inhibiting B7-
CD28 interactions, prevents the development of renal
ischemia damage and improves long-term graft survival
[41, 42, 43]. This suggests that T-cell co-stimulation is
important for the early induction of CR.

Another important co-stimulatory pathway invol-
ved in CR is the CD40-CD154 (CD40 ligand) pathway
[44]. In various animal models this pathway has been
blocked, by use of an anti-CD154 antibody. In
mice aortic transplantation using CD40 knockout mice
or anti-CD154 antibodies and anti-CD8 depleting
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antibodies, the development of transplant arterioscle-
rosis is delayed, but it does not prevent the progression
[45, 46]. In these mice there was an increased production
of donor-specific IgG1 antibodies and an increase in 1L-
4 mRNA. The production of IL-4 seemed to be crucial
for the development of transplant arteriosclerosis, indi-
cating that Th2 responses are involved in this process
[45, 46]. However, the effects of CD40-CD154 co-stim-
ulation blockade are different in mice with impaired Th1
or Th2 responses. This indicates that the type of cyto-
kines present in the graft also determines the efficacy of
co-stimulation blockade [47]. In renal transplantation in
non-human primates, acute rejection is prevented with
anti-CD154 antibodies. In these animals antibodies that
are reactive with donor antigens can still be formed,
although the contribution of these antibodies to the
development of CR is uncertain [48]. Further evidence
for a crucial role of CD40-CD154 in CR is the induction
of CR with an activating CD40 antibody in the absence
of CD4" T cells [49]. Although blockade of CD40-
CD154 interactions seem promising, recent data suggest
that long-term blockade of CD40-CD154 is not suffi-
cient to prevent the development of CR [50].

T-helper subsets

Antigen presentation via the indirect pathway mainly
results in the activation of Th2 CD4" T lymphocytes
[13, 33, 34]. Activation of Th2 CD4" T lymphocytes
results in the production of cytokines, growth factors
and alloantibody production by B cells (Fig. 1). Polar-
ization of CD4" T cells into either Thl or Th2 types is
influenced by various factors, including the nature and
strength of the antigenic stimuli, the type of antigen-
presenting cells, the compartment where the response
takes place, and most importantly, the cytokine milieu
{33, 51]. Recently, it has been shown that the nature of
the transplanted organ determines whether direct or
indirect responses are evoked [52]. In the direct presen-
tation, T cells encounter APCs that present high levels of
allopeptides, resulting in differentiation into Thl cells. In
the indirect presentation, on the other hand, only limited
amounts of allopeptides are presented to the T cells,
resulting in Th2 differentiation [53]. Differences in
strength of T-cell receptor signalling affect several fac-
tors involved in the regulation of IL-4 transcription. If
sufficient IL-4 is present, Th2 responses are dominant
over Thl responses, thus IL-4 is a key-regulator in this
process [54]. Grafts with CR express mainly Th2 cyto-
kines, including transforming growth factor-g (TGF-p)
and IL-4, IL-5 and IL-10. Thl cytokines have also been
found, including IL-2 and IFN-y, suggesting that Thl
responses can also be involved [51, 55, 56, 57, 58, 59, 60].
The absence of IFN-y resulted in less-severe vascular
lesions in cardiac allografts [61], although severe

necrosis developed [62]. This supports a role for (locally
produced) Thl cytokines in CR.

Th2 cytokines, especially IL-4, are potent inducers of
antibody production by B cells. Th2 cytokines are in-
volved in the regulation of many processes, including
ECM production and degradation, vascular smooth
muscle cell proliferation and migration into the intima,
and alloantibody production [33, 63]. Type-2 responses
play a critical role in the regulation of matrix metallo-
proteinases (MMPs) that are involved in degradation of
ECM molecules, resulting in the release of growth fac-
tors and cytokines and generation of chemotactic pep-
tides. IL-4, IL-10, and TGF-f, typical type-2 cytokines,
inhibit the synthesis of MMP by smooth muscle cells
and macrophages and stimulate the synthesis of inhibi-
tors of MMP [64]. The action of both TGF-f and 1L-4
can result directly in upregulation of matrix production
[65, 66]. Together, the increased production of ECM
induced by TGF-f and the decreased degradation result
in accumulation of ECM in the graft.

Antibodies

Since alloantibodies seem to be major players in CR, we
will describe the various antibody responses in detail.
Antibodies are suspected of playing a role in CR of the
kidney, liver, heart, lung, and cornea (Table 1) [67, 68,
69, 70, 71, 74, 75, 87]. In acute rejection of renal allo-
grafts, antibodies have been shown to be involved if
vascular lesions are present. Antibodies are mainly re-
active with class-I and class-1I HLA antigens [72]. Long
cold-ischemia times during transplantation result in in-
creased immunogenicity, recipients of kidneys with
prolonged cold-ischemia times have significantly more
anti-HLA class-1 antibodies after transplantation [73].
Deposition of immunoglobulins in the graft is transient
and hard to detect. Since antibody binding results in
deposition of complement, and the complement split
product C4d is more stable, this can be used as a marker
for humoral rejection. Early humoral rejection (within

Table 1 Antibodies described in clinical and experimental organ
transplantation

Organ Target References

Kidney HLA [71,75, 76,77, 82}
Perlecan/collagen [78]
Mesangial cells [94,96]
Endothelial cells [85,86, 87,88]

Heart HLA [75,80, 81]
Endothelial cells/vimentin [90,91, 92,103]
Cardiac myosin [89]

Liver HLA [21,75]
Tissue antigens [67,93]

Lung HLA [75,78, 79]

Cornea HLA [68,75, 83]
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the first 6 months of transplantation) has a strong
impact on allograft survival [70]. Furthermore, in late
allograft biopsies, C4d deposits were detected in 34% of
the biopsies. In kidneys that already have advanced
lesions of CR, glomerular basement membrane lesions,
or allograft arteriopathy, C4d depositions have been
found in approximately 60% of biopsies [74]. The high
percentage of C4d positivity implies a role for antibodies
in the pathogenesis of these lesions. The presence of C4d
in biopsies correlated well with anti-donor HLA
antibodies; 88% of patients with C4d deposits had
antibodies in their circulation [70, 74].

Antibodies can be reactive with HLA, endothelial cell
antigens or tissue-specific antigens (Table 1) [69]. Anti-
bodies reactive with HLA can be detected easily by
various methods, including complement-dependent
cytotoxicity, flow cytometry and ELISA. The number of
reports on tissue-specific antigens is rather limited, pre-
sumably because not all antigens are identified and,
therefore, are hard to detect. After kidney transplanta-
tion, anti-HLA antibodies have been found in 12-60%
of recipients. Anti-HLA antibodies have also been found
in recipients of heart, lung, liver and cornea transplants
[75]. Renal transplant recipients with anti-HLA anti-
bodies were five to six times more likely to develop CR
{71, 76, 77]. Lung transplant recipients with antibodies
have a two to four times higher risk of developing CR of
their lung allografts; this is called bronchiolitis obliter-
ans [75, 78, 79]. Heart transplant recipients with positive
flow-cytometry cross-matching have increased rejection
and graft-loss rates [80, 81]. De novo formation of an-
tibodies after transplantation is correlated with the
poorest graft outcome, although the presence of anti-
bodies does not necessarily cause immediate graft loss
[75]. The presence of pre-transplant antibodies against
both HLA class-I and class-II antigens is most detri-
mental to graft survival, whereas the presence of only
antibodies against class-I or class-1T antigens does not
affect renal graft survival [75, 82]. In experimental cor-
nea transplantation, antibodies are capable of inducing
damage to the cornea in a complement-dependent
manner [75, 83]. In clinical liver transplant rejection,
anti-HLA antibodies seem to be less important [21, 75].

The majority (77%) of acute and chronic rejection
episodes occurs in the absence of the circulating anti-
HLA antibodies measured at the time of rejection [84].
At the time of rejection, antibodies might be not
detectable in the circulation due to their binding to the
inflamed tissue. However the de novo appearance of
anti-donor antibodies after transplantation is frequently
(84%) associated with acute or chronic rejection.

In addition to anti-HLA antibodies, antibodies
against endothelial cells have been found in renal
transplant recipients before and after transplantation
(Table 1) [72, 85, 86]. In a group of patients with at
least one failed graft, 14% had endothelial cell-specific

antibodies, compared with 3% for recipients with stable
graft function [87]. Endothelial cell activation induced
by antibodies could also contribute to increased ex-
travasation of allo-immune immunocompetent cells to
facilitate rejection.

In rat cardiac allograft models, antibodies against
both MHC and non-MHC antigens on endothelial cells
are produced, but only antibodies that are reactive with
MHC antigens are capable of activating complement
[88]. It is suggested that these antibodies contribute to
transplant vasculopathy via complement-mediated cyto-
toxicity [88]. Furthermore, in experimental cardiac
transplantation, B-cell responses to cardiac myosin, a
molecule specific for cardiac tissue, have been found
[89]. In clinical cardiac transplantation, antibodies
against endothelial cells are also present. One of the
antigens that is recognized is the protein filament vi-
mentin (Table 1). Antibodies against vimentin are in-
dependent predictors of transplant-associated coronary
artery disease during cardiac transplantation {90, 91, 92).

Antibodies reactive with tissue antigens were detected
in 71% of patients with chronically rejecting liver allo-
grafts [67]. Similar antibodies have also been found in
experimental liver transplantation, the antibodies seem
to recognize molecules that are not MHC [93]. The
contribution of these antibodies to the pathogenesis of
CR i1s not yet clear.

Antibodies to non-HLA, non-endothelial cell anti-
gens have been described in animal models of chronic
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Fig. 2 In the F344-t0-LEW rat model of CR we observed IgGl
antibodies reactive with F344 but not LEW GBM isolates in serum
of LEW recipients with rejecting F344 allografts. A LEW recipients
of long-term surviving F344 allografts do not develop antibodies.
In the rejecting F344 kidneys IgG1 deposits were found that were
not present in long-term surviving LEW allografts B Left picture:
F344 allograft at 60 days post-transplant; right picture: LEW
allograft at day 60. The antigens were identified as the heparan
sulphate proteoglycan perlecan and the «l chain of collagen
type VI in association with the «5 chain of collagen type IV
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renal allograft rejection (Table 1). In the F344-to-LEW
rat model of chronic renal allograft rejection, various
antibody responses against donor antigens have been
described [94, 95, 96]. Antibodies are present in LEW
recipients of F344 grafts, but not in F344 recipients of
LEW grafts or in recipients of syngeneic grafts (Fig. 2).
Antibodies are reactive with renal basement membranes,
mainly the glomerular basement membrane and
mesangial cells (Fig. 2) [94, 96]. We recently identified
the nature of the antigens involved as the basement
membrane components perlecan (a heparan-sulphate
proteoglycan) and the «l chain of collagen type VI in
association with the a5 chain of collagen type IV [95].
Both antigens are found in the glomerular basement
membrane {GBM) and can be synthesized by mesangial
and endothelial cells of the glomerulus. Alterations of
basement membrane charge or composition can directly
influence glomerular permselectivity. This has been
shown after injection of antibodies reactive with the
heparan-sulphate side chain in rats that resulted in
proteinuria and basement membrane alterations [97, 98].
In all rats that were investigated, the antibodies reactive
with GBM preparations were only of the IgGl isotype
[95], supporting a Th2 response.

In summary, we think that antibodies reactive with
both HLA and non-HLA antigens formed after Tx are
relevant for the pathogenesis of CR. In particular, an-
tibodies reactive with tissue-specific antigens are of great
interest because they can cause direct damage to trans-
planted tissue.

Immunosuppressive drugs

Modern immunosuppressive agents, including calcineu-
rin inhibitors, have decreased the incidence of acute re-
jection episodes. These drugs mainly inhibit type-1
responses and facilitate type-2 responses, therefore
modern immunosuppression seems to contribute to im-
mune deviation to Th2 responses [20, 33]. This might be

further enhanced by type-2 cytokines, such as 1L-4, IL-5,
IL-10, and IL-13 that are produced by activated mac-
rophages, NK, CD8 " T cells in the graft. Th2 cytokines
and growth factors activate B cells to produce alloanti-
bodies and activate endothelial and smooth muscle cells
to produce growth factors that contribute to interstitial
fibrosis, ECM deposition and vascular neointimal hy-
perplasia [33]. Th2 responses seem to be more fibrogenic
than Thl responses.

Mycophenolate mofetil (MMF) reduces the risk of
chronic renal allograft failure [99], independently of
decreasing acute rejection episodes. It inhibits the de
novo synthesis of purines, crucial to cell cycling of T and
B cells. 1t thus blocks clonal expansion of B and T cells,
preventing antibody production and the generation of
cytotoxic T cells, as well as other effector T cells [100]. In
contrast to other immunosuppressing drugs, MMF also
inhibits antibody production by B cells. There seems to
be a trend towards better graft survival at 3 years post-
transplantation in kidney graft recipients treated with
MMF [74, 101, 100, 102]. In cardiac transplantation,
patients that were treated with MMF produced fewer de
novo anti-vimentin antibodies than patients treated with
azathioprine [103]. These data suggest that treatment
with MMF prolongs renal graft survival due to
decreased alloantibody production.

Conclusions

The pathogenesis of CR is complicated and multifacto-
rial. Recent data suggest that indirect presentation of
alloantigens is important for the induction of CR. In-
direct presentation seems to favour type-2 responses and
might, therefore, promote the production of alloanti-
bodies. Alloantibodies can be reactive with HLA anti-
gens or with tissue-specific antigens, and result in
damage to the grafts. Future treatment protocols should
be directed more towards inhibition of indirect presen-
tation and B cell activation to prevent CR.
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