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Diagnosis and treatment

of antibody-mediated

kidney allograft rejection

Abstract Evidence of a significant
pathogenetic role of donor-reactive
antibodies (DRA) in kidney allo-
graft rejection is accumulating. At
least, partially owing to the recent
discovery of the complement split
product C4d as a valuable rejection
marker, antibody-mediated rejection
(AMR) has regained increasing
attention. We review here the value
of various diagnostic criteria,
including immunohistochemistry
(C4d staining), histomorphology
and posttransplant serology, for the
diagnosis of AMR. Furthermore,
the mechanisms underlying alloanti-
body/complement-mediated allo-
graft injury are discussed in detail.
Finally, a thorough discussion of
recently proposed ‘‘anti-humoral”
therapeutic strategies is provided.
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Abbreviations AHR Acute humoral
rejection - AMR Antibody-mediated
rejection - DARC Dufly antigen/
receptor for chemokines - DRA
Donor-reactive antibodies - FCXM
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Introduction

In kidney transplantation, potential deleterious effects of
donor-reactive alloantibodies (DRA) have been identi-
fied as early as the 1960 s, when it became obvious that
preformed antibodies directed against polymorphic
(primarily HLA) antigens can mediate severe and often
irreversible graft damage [1, 2]. Moreover, a critical role
of antibody-dependent immunity as mediator of graft
rejection is well established for ABO-incompatible
transplantation and xenotransplantation [3, 4]. Never-
theless, in contrast to the enormous scientific, diagnostic
and therapeutic efforts devoted to cellular (T-cell-medi-
ated) alloimmunity, for more than two decades, com-

paratively little attention has been paid to antibody-
mediated rejection (AMR) [5, 6, 7, 8, 9, 10]. Data are
accumulating that humoral immune mechanisms may
not only cause hyperacute rejection, a rejection type now
virtually eliminated by routine pretransplant crossmatch
testing, but may also mediate other types of rejection,
such as acute and chronic rejection [5, 6, 7, 8, 9, 10]. We
would like to emphasize that already in 1970, Jeannet
and co-workers [11] suggested a pathogenetic role of
posttransplant DRA in acute kidney allograft rejection.
In earlier reports, the diagnosis of AMR was mainly
based on posttransplant serology (testing for circulating
alloantibodies) and/or detection of particular histo-
morphologic lesions putatively pathognomonic for
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DRA-positive rejection [11, 12, 13, 14, 15, 16]. Diffuse
capillary deposition of immunoglobulin (Ig) turned out
to be a rare finding in rejecting allografts, possibly as a
result of rapid shedding of bound antibodies from the
endothelial surface [5]. Recently, a decisive improvement
in the diagnosis of AMR was enabled by Feucht’s dis-
covery of a novel rejection marker, i.e. C4d [17, 18]. This
complement split product is stably bound to capillary
walls, presumably as a result of classical pathway com-
plement activation, and can easily be detected immu-
nohistochemically. Numerous subsequent reports have
confirmed the high diagnostic value of C4d as a marker
of AMR in kidney transplantation. Very recently, a
standardization of diagnostic criteria for AMR,
including capillary C4d staining, was proposed in an
addition to the Banff 97 Classification of Renal Allo-
graft Rejection [19].

The complement split product C4d, a specific marker
of acute AMR

Diffuse C4d deposition along peritubular capillaries
(PTC), a major surface of contact between the recipient’s
immune system and the transplanted organ, may repre-
sent a valuable marker for alloantibody-mediated clas-
sical complement activation and, thus, AMR. Feucht
and co-workers [17, 18] were first to demonstrate peri-
tubular capillary C4d deposits in a subset of kidney
allografts. Furthermore, the authors demonstrated a
remarkable association between C4d deposition in PTC
and poor allograft survival [18]. Even though serologic
testing for posttransplant DRA was not performed in
this analysis, the association of recipient pre-sensitiza-
tion with positive C4d staining suggested a pathogenetic
role of humoral immunity in C4d-positive recipients [18].
Subsequent studies confirmed the presence of capillary
C4d deposits in a substantial proportion of kidney allo-
graft biopsies [20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31,
32]. In addition, many of these reports confirmed the
previously reported relationship between capillary C4d
staining and recipient pre-sensitization. In 1999, Collins
et al [21] were first to demonstrate a strong correlation
between C4d deposits in cortical peritubular capillaries
and the detection of de novo anti-HLA DRA in recipient
sera. This observation was critical in triggering a renewed
interest in the field of humoral allograft rejection [10]. In
subsequent studies, associations between C4d staining
and posttransplant serology were investigated in larger
patient cohorts [22, 27, 29] (Table 1). These studies re-
vealed circulating alloantibodies (posttransplant cross-
matching with donor cells or panel reactive antibody
(PRA) testing) in the majority (78-90%) of C4d-positive
cases, suggesting a high specificity of C4d for the
presence of DRA [22, 27, 29]. Data on the sensitivity of
C4d staining, however, are controversial. Using
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posttransplant flow cytometry (FCXM) or lymphocyto-
toxic crossmatch testing, Mauiyyedi et al [29] calculated a
95% sensitivity of C4d staining. In contrast, B6hmig et al
[27] described positive FCXM and FlowPRA test results
also in a considerable number of C4d-negative patients.
Accordingly, compared to posttransplant FCXM, a low
sensitivity was calculated for peritubular C4d staining
(31%). This finding may be explained by the particularly
high sensitivity of serologic tests employed in this anal-
ysis. Indeed, in the study by Bohmig et al [27], DRA were
detectable in as many as 60% of patients studied, com-
pared to only 28% DRA-positive patients reported by
Mauiyyedi et al [29]. The reported high specificity of
capillary C4d staining stresses its value as a marker for
AMR. Nevertheless, the occasional finding of capillary
C4d deposition in DRA-negative patients raises the
probability of antibody-independent C4d deposition.
Indeed, in a study evaluating cardiac allograft biopsies,
Baldwin et al [33] suggested C4d deposition as a result
of ischemic injury. This may be in accordance with
experimental studies demonstrating ischemia/reperfu-
sion-induced classical complement activation [34]. For
kidney transplants, however, there are no indications for
ischemia/reperfusion-induced C4d deposition. Most sig-
nificantly, Haas et al [32], who investigated 47 l-h po-
streperfusion allograft biopsies, found capillary C4d
deposits in only two patients. Both recipients subse-
quently developed AMR [32]. In addition, recent studies
did not reveal associations of capillary C4d staining with
acute tubular necrosis (ATN) [23, 30] or cold ischemia
time [23, 28].

Fig. 1 Linear C4d staining in
PTC on frozen- {A-C) and
paraffin sections (D) of an
allograft biopsy. Immunofluo-
rescence (A) and immunoper-
oxidase (B) stain employing the
monoclonal anti-C4d antibody
(Quidel). Immunoperoxidase
stain on a frozen section (C)
and on a paraffin section (D)
with the polyclonal anti-C4d
antibody (Biomedica). All sta-
inings have been performed on
sections from the same allograft
biopsy of a patient with severe s
acute humoral rejection [42] |

C4d staining properties in renal allograft biopsies

To date, various anti-C4d antibodies are commercially
available. Numerous studies have been performed with
monoclonal antibodies (mAb) supplied by Quidel (San
Diego, Calif.,, USA) [28, 30, 32, 35, 36] or Biogenesis
(Sandown, N.H., USA) [21, 25, 26, 29]. These, and the
mAb produced by Feucht and colleagues [17, 18, 37, 38,
39] have in common that they can only be used on fro-
zen, but not on paraffin sections. A novel polyclonal anti
C4d antibody termed C4dpAb (Biomedica, Vienna,
Austria; http://www.biomedica.co.at) was reported to be
applicable to frozen sections as well as to formalin fixed
paraffin embedded tissue [23, 24, 27, 31, 40, 41, 42]. All
above mentioned reagents nearly identically reveal the
diagnostically relevant linear staining pattern along the
walls of peritubular capillaries (Fig. 1). This linear
staining pattern is exclusively found in a subset of allo-
graft biopsies. Since staining signals in other locations
(glomeruli, arteries, veins) may also be observed in na-
tive kidneys and even in extrarenal tissues, they do not
seem be of diagnostic relevance for AMR [9]. Immu-
nofluorescence and immunoperoxidase can equally be
employed for detection of bound anti-C4d antibodies. In
addition, C4dpAb has also been used for immune elec-
tron microscopy [31]. So far, no systematic comparative
analysis of staining sensitivity of frozen versus paraffin
sections has been published. In a small series of 12
biopsies stained in parallel on frozen and on paraffin
sections, in all five biopsies with positive staining on
frozen sections, C4d deposits were also detectable on
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paraffin sections [23]. A similar result was reported by
Smith and co-workers at the Seventh Banff Conference
on Allograft Pathology (Aberdeen, Scotland, 2003) who
could demonstrate positive C4d staining both in the
frozen and the paraffin sections of 11 of 34 cardiac
biopsies. Immunofluorescent double staining for C4d
employing CD31 and Ulex europaeus lectin as endothe-
lial cell (EC) markers and Collagen type IV for identi-
fication of basement membranes revealed C4d being
predominantly bound to EC with only focal adherence
to basement membranes of PTC [21, 26, 31]. Staining
signals are invariably present in the mesangium and
along basement membranes of glomeruli on frozen sec-
tions, but, interestingly, they cannot be observed in these
locations on paraffin sections [23]. These different
staining properties might result from an alteration of
C4d, bound to extracellular matrix during fixation and
processing of tissue. Hence, using C4dpAb on paraffin
sections, it is not possible to use the glomerular staining
as “internal” positive control. However, on paraffin
sections, endothelial C4d deposits are readily detectable,
whereas in frozen sections such deposits might be hidden
by prominent constitutive glomerular staining. Glo-
merular endothelial C4d staining on paraffin sections
was demonstrated to be always associated with C4d
deposition in PTC and can be observed in 18 to 36% of
C4d-positive biopsies [23, 31]. Remarkably, glomerular
endothelial staining was described to be associated with
glomerulitis [23]. An independent diagnostic or prog-
nostic significance of glomerular endothelial C4d
deposits, however, could not be established so far.

The prevalence of C4d deposition as a marker
of AMR in renal allografts

Most studies on C4d published so far evaluated biopsies
that had been performed in dysfunctioning grafts {17,
18, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32]. In
some of these analyses only specimens with morphologic
evidence of rejection were selected. Prevalences of C4d
deposition in PTC were reported to range from 4% (1-
hour posttransplant biopsies [32]) to 55% (acute early
graft dysfunction {18]). These differences may in part
result from differences in patient selection (timing of
biopsy, indication for biopsy etc.). On the other hand,
divergent results may arise from the use of different
staining techniques or from differences in definitions of
positive C4d staining. A detailed evaluation of the true
prevalence of C4d deposition will require a systematic
evaluation of protocol biopsies performed also in pa-
tients with stable allograft function. Several such studies
are under way, but only one regular article on the sub-
ject has been published so far [35]. Sund et al [35]
reported a 30% prevalence of capillary C4d deposits in
37 protocol allograft biopsies performed 1 week after

transplantation. Only 2 of 11 C4d-positive patients had
stable renal function at the time of biopsy, and in one of
them acute rejection occurred 11 days after protocol
biopsy. C4d deposits were not found in 13 patients
without clinical or morphologic evidence of rejection. In
a much larger multi-center study reported by Mengel
and co-workers at the Seventh Banff Conference on
Allograft Pathology, only 16/467 (3.4%) protocol
biopsies (performed > 6 weeks post TX) exhibited C4d
staining in >25% of PTC. The prevalence rose to 18%
if even trace amounts of C4d were considered. In the
same study, the prevalence for > 25% C4d staining was
approximately 20% in 278 clinical biopsies (performed
for renal dysfunction) and reached 45% if cases with
minimal C4d staining were also included. Both studies
suggest a low incidence of C4d deposition in grafts with
stable function, but analysis of clinical follow-up data is
required to reveal the significance of C4d in well-func-
tioning allografts.

Histomorphologic features of AMR

Analyzing rejecting kidney allograft specimens obtained
from recipients developing posttransplant DRA (HLA-
class-1 antibodies) Halloran et al [13, 14] and later
Trpkov et al {15] could demonstrate the frequent finding
of severe vasculitis, capillary fibrin thrombi and accu-
mulation of granulocytes in PTC and glomeruli. These
histomorphologic lesions, however, were not invariably
present in antibody-positive rejection and could also be
found in some DRA-negative cases, suggesting that a
histomorphologic work-up alone may not be sufficient
for a reliable diagnosis of AMR. Nevertheless, some
authors reported frequent findings of distinct morpho-
logic lesions in C4d-positive biopsies, including capillary
margination of inflammatory cells [21, 24, 25, 28, 29, 36].
Very recently, Magil et al [36] analyzed the numbers of
monocytes (CD68+) and of granulocytes in various
compartments of 23 C4d-positive and 28 C4d-negative
biopsies with evidence of acute cellular rejection. All
biopsies had been performed within 6 months after
transplantation. The numbers of interstitial and glo-
merular mononuclear inflammatory cells and granulo-
cytes were significantly higher in C4d-positive grafts,
whereas numbers of T-cells (CD3 ™) did not differ be-
tween the two groups. The most marked difference was
found for monocytes in glomeruli with an average of 3.4
cells vs. 0.2 cells per glomerulus in C4d-positive and
C4d-negative biopsies, respectively. Whether interstitial
inflammatory cells were also located within PTC could
not be reliably determined in this study. Based on these
data, the authors proposed the addition of glomerulitis
by monocyte infiltration to the list of morphologic le-
sions required for diagnosis of AMR by the most recent
update to the Banff classification (see below) [19]. A
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previous study by Regele et al [31] investigating allograft
biopsies performed > 12 months post TX, found a
strong association of C4d deposits with an accumulation
of mononuclear cells in PTC and also with glomerulitis.
These data suggest that the presence of mononuclear
cells in PTC may indicate a more subacute or chronic
form of AMR.

Immunotyping of cells was not performed in this
study. Even in studies that did not reveal a significant
accumulation of granulocytes in PTC, glomerulitis was
found to be a prominent feature of AMR [23, 30, 31}. In
some cases, however, acute tubular damage was de-
scribed to be the only morphologically detectable injury
[8, 23, 35, 43]. Recently, a case of severe C4d-positive
graft dysfunction in the complete absence of histomor-
phologic signs of rejection was reported [41]. Simulta-
neous occurrence of capillary C4d deposits with signs of
cellular rejection, however, is not uncommon, and
Nickeleit et al [30] even observed a significant associa-
tion of C4d with intimal arteriitis and features of inter-
stitial rejection including enhanced MHC-class 11
expression in tubular epithelial cells. In another analysis,
however, no association of peritubular C4d deposits
with signs of cellular rejection could be demonstrated
[23].

Humoral alloreactivity and chronic rejection

Two recent studies analyzing C4d deposition in late
allograft biopsies suggest that humoral immune mech-
anisms might also be relevant in chronic rejection [26,
31]. Regele et al [31] detected C4d deposits in 34% of
late allograft biopsies and found a strong association of
C4d deposition with transplant glomerulopathy, redu-
plication of basement membranes of PTC and the above
mentioned accumulation of mononuclear cells in PTC.
Previously, Mauiyeddi et al [26] reported C4d deposits in
61% of cases with histomorphological evidence of
chronic rejection (i.e. transplant glomerulopathy or ar-
teriopathy), which is quite similar to C4d deposits in
53% of biopsies with transplant glomerulopathy ob-
served in the study by Regele and co-workers. Trans-
plant glomerulopathy and reduplication of peritubular
capillary basement membranes are commonly regarded
as signs of chronic allograft rejection [44, 45, 46, 47, 48].
These lesions, being characterize d by similar patterns of
basement membrane thickening and reduplication, tend
to occur simultaneously [44, 45, 46, 47, 49] and are be-
lieved to result from endothelial injury [45, 46, 47].
Putatively, antibody-mediated complement activation is
likely to play a major role in endothelial injury. Com-
plement-induced injury therefore might represent the
common pathogenic mechanism underlying basement
membrane changes in glomeruli and PTC, thereby
explaining the frequently observed simultaneous occur-

rence of these lesions. Given the close relation of endo-
thelial C4d deposition with circulating alloantibodies
reported for acute AMR, it is very likely that endothe-
lial-bound alloantibodies (inducing transplant glome-
rulopathy and reduplication of peritubular capillary
basement membranes) are a powerful stimulant also in
chronic rejection. The assumption of chronically active
AMR is further supported by numerous serologic
studies reporting an association of posttransplant DRA
with chronic allograft dysfunction [50, 51, 52, 53, 34].
These studies, however, do not provide information on
morphologic features of chronic humoral rejection [50,
51, 52, 53, 54].

Diagnostic criteria for acute AMR

Successful clinical management of humoral rejection
may critically depend on standardized diagnostic crite-
ria. Therefore, at the Sixth Banff Conference on Allo-
graft Pathology in 2001, an effort was made to establish
diagnostic criteria for acute AMR. Since serology, his-
tomorphology or immunohistochemistry, if applied
individually, might be insufficient for unequivocal iden-
tification of acute AMR (false-positive and/or false-
negative results), it was felt that a combination of all
three diagnostic procedures could compensate the per-
haps insufficient sensitivity and specificity of any indi-
vidual technique. The diagnostic criteria for AMR,
which are now incorporated into the Banff classification
[19], are summarized in Table 2. The methods for sero-
logic alloantibody detection, however, are not specified
in this proposal.

In previous studies, definitions of positive C4d
staining were quite variable, with some investigators
requiring diffuse (present in all high power fields)
staining of PTC [9, 21, 25] and others also accepting
focally accentuated staining [23, 24, 27, 28, 30]. How-
ever, there is general agreement that only linear (not
coarsely granular) and circumferential staining of PTC
(not of arteries or veins) is diagnostically significant
(Fig. 1). According to the Banff classification scale, C4d
staining of more than 50% of PTC is required to be
classified as positive. As already mentioned above, C4d
staining may coincide with signs of acute cellular rejec-
tion indicating the simultaneous presence of cellular and
humoral mechanisms of immunologic injury.

The role of complement as a mediator
of graft injury in AMR

Deposition of C4d has turned out to be a specific marker
of humoral allograft injury. The functional role of this
complement split product on its own, however, has still
to be established. Nevertheless, C4d deposition may be a
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Table 2 Criteria for acute AMR in renal allografts—3 cardinal diagnostic features (addition to the Banff 97 classification of renal

allograft rejection {19])

1. Morphologic evidence of acute tissue injury
(a) Acute tubular injury

(b) Neutrophils and/or mononuclear cells in peritubular capillaries and/or glomeruli, and/or capillary thrombosis; or
(c) Intimal arteritis/fibrinoid necrosis/intramural or transmural inflammation in arteries

2. Immunopathologic evidence for antibody action

(a) C4d and/or (rarely) immunoglobulin in peritubular capillaries
(b) Immunoglobulin and complement in arterial fibrinoid necrosis

3. Serologic evidence of circulating antibodies to donor HLA or other anti-donor endothelial antigens

good indicator of classical complement activation at the
surface of the capillary endothelium. There is now
increasing evidence that alloantibody-triggered classical
complement activation may critically contribute to tissue
injury in rejecting allografts [55, 56]. One can speculate
that the typical morphologic features described for
AMR, such as margination of inflammatory cells
(monocytes/macrophages, granulocytes) or the occur-
rence of capillary microthrombi are, at least in part, due
to effects of complement activation products on the
integrity and function of EC (Fig. 2). The membrane
attack complex (MAC), a multimer formed by the ter-
minal components C5b-C9 may thereby play a central
role as a trigger of endothelial injury. Indeed, in a series
of studies, defective MAC formation in C6-deficient rats
was demonstrated to prevent hyperacute, acute or
chronic rejection of solid organ allografts [57, 58, 59].
Furthermore, sublytic MAC concentrations or cytolyti-
cally inactive terminal complement complex (iTCC)
were found to induce a variety of proinflammatory
stimuli by EC activation, including enhanced expression
of specific adhesion molecules, cytokines/chemokines or
growth factors [60, 61, 62, 63].

Several reports indicate that complement activation
on EC might play a role in inflammatory cell margin-
ation, a typical sign of humoral rejection [28, 29, 36,
42, 64]. Recently, Segerer and co-workers [42] proposed
a contribution of the chemokine-binding protein, Duffy
Antigen/Receptor for Chemokines (DARC), which was
found to be expressed at high levels in PTC in C4d-
positive renal allograft specimens, to leukocyte
recruitment in AMR. DARC might bind and concen-
trate various chemokines and could therefore contrib-
ute to recruitment of inflammatory cells and tissue
injury [42]. In a recent experimental study, induction of
leukocyte adherence and transmigration across rat
mesenteric postcapillary venules was demonstrated by
topical application of iTCC [63]. Similar effects were
observed after treatment with CSa, reinforcing a sig-
nificant role of this anaphylatoxin in leukocyte
recruitment [63]. In addition, cell transmigration
experiments revealed that stimulation of EC with iTCC
or C5a led to increased adhesiveness and diapedesis of
granulocytes [63].

Activation of EC by alloantibody-dependent classical
complement activation may also promote a procoagulant
response resulting in the formation of capillary micro-
thrombi. Thrombotic microangiopathy represents one of
the morphologic signs of anti-HLA antibody- and/or
Cdd-positive renal allograft dysfunction [15, 24, 29]. In an
experimental study, Wasowska et al [65] reported that
passive transfer of complement-fixing alloantibodies in
immunoglobulin knock-out mice restores rejection of
cardiac allografts associated with extensive vascular
platelet aggregates and von Willebrand factor (VWF)
release. In-vitro studies suggest that induction of a
procoagulant state could be mediated by a MAC-induced
release of high molecular weight muitimers of EC-derived
vWF, exposure of factor Va binding sites on EC, or
endothelial expression of tissue factor [66, 67]. A critical
role of MAC in the induction of platelet thrombi is
reinforced by the observation that in C6-deficient rats,
delayed rejection is associated with decreased vascular
platelet aggregation [57]. In a recent experimental study,
Ren and co-workers [68] reported a rat model of anti-
endothelial antibody-induced thrombotic microangiop-
athy showing features of thrombotic thrombocytopenic
purpura. In this model, depleting animals of complement
with cobra venom factor prevented thrombopenia, sug-
gesting complement-dependency of experimental throm-
botic microangiopathy [68]. Sumitran-Holgersson et al
[69] reported an association of kidney allograft rejection
with the occurrence of alloantibodies directed against the
polymorphic, non-classical HLA class I molecule major
histocompatibility complex I-related chain A (MICA).
Interestingly, MICA antibodies were found to induce a
prothrombotic phenotype in renal microvascular EC in-
vitro. This phenotype was also induced by sera obtained
from three kidney allograft recipients, who had lost their
graft due to vascular thrombosis [69].

There is increasing evidence of a significant role of the
complement system as a regulator of specific immune
responses. Crucial interaction between complement and
cellular immunity was suggested by experimental models
of allotransplantation [70, 71, 72], demonstrating that T
and B cell immunity critically depend on distinct com-
plement proteins, such as C3 and C4. We can speculate
that the commonly observed simultaneous occurrence of
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Fig. 2 Alloantibody-mediated complement activation may induce
various phenotypic and functional alterations of endothelial cells.
Antibody-dependent complement activation may cause loss of
endothelial cells (most likely by apoptosis) or alternatively result in
activation of endothelial cells, associated with enhanced expression
of adhesion molecules, and release of mediators inducing recruit-
ment of inflammatory cells. Enhanced release of von-Willebrand-
Factor from activated endothelial cells or endothelial cell loss may
trigger thrombosis. Protective mechanisms, however, may induce
resistance to antibody-mediated endothelial cell injury resulting in
so-called accommodation. Even though C4d per se, does not seem
to play an active role in any of these processes, it represents a useful
diagnostic marker of complement activation. C1, C3a, C4b, C4d,
C5a components of the complement system, CD59 complement
regulatory protein, HO-I heme-oxygenase, M AC membrane attack
complex (C5b-9), Ms monocyte/macrophage, PMN polymorpho-
nuclear neutrophil granulocyte

C4d deposition with signs of cellular rejection in renal
allografts might, at least in part, result from a subtle
interaction between humoral and cellular immunity.

The clinical course of AMR

Numerous studies indicate an unfavourable influence of
antibody-mediated alloimmunity on kidney allograft
outcome. Recipient pre-sensitization uncovered by

PRA- and crossmatch testing is well known to be asso-
ciated with inferior kidney graft survival [40, 73, 74, 75,
76] and, in numerous reports, the occurrence of alloan-
tibodies during the posttransplant period was shown to
predict poor graft outcome [11, 12, 14, 22, 50, 51, 77, 78,
79, 80, 81, 82]. In recent studies, capillary C4d deposi-
tion as presumed marker of AMR, was demonstrated to
be associated with inferior renal function and graft
survival (Table 1). Feucht et al [18] observed a 1-year
graft survival rate of only 57% in patients with diffuse
and 63% in patients with focal C4d deposits, as opposed
to 90% in C4d-negative recipients. In a subsequent
publication, the same group calculated a mean graft
survival of only 4 years for C4d-positive recipients vs.
8 years for grafts without C4d deposition [22]. Similarly,
other studies confirmed an association of C4d deposition
with inferior graft outcome [25, 27, 28, 29]. The high rate
of steroid- and antibody-resistant rejection episodes in
patients with evidence of AMR [14, 23, 25, 27] may
suggest limited anti-humoral efficiency of drugs pri-
marily directed at cellular immune mechanisms and
further stresses the need for a specific anti-humoral
therapy. In contrast to the above mentioned studies,
Nickeleit et al [30] did not observe a significantly inferior
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outcome of C4d-positive patients in their study popu-
lation. This result was possibly due to the introduction
of more intensive antirgjection treatment (antilympho-
cyte antibody therapy) in cases of positive C4d staining.

AMR tends to occur early after TX, not uncom-
monly preceded by initially good graft function, it is
characterized by rapid deterioration of renal function
and an accelerated course towards renal failure (re-
flected by high 1-year graft loss rates). The condition
has therefore been termed acute humoral rejection
(AHR). The majority of studies investigating the rela-
tion of humoral allograft injury to clinical outcome,
were restricted to biopsies and clinical data obtained
within the first year after transplantation. However,
there is only scarce information about the significance
and the clinical course of AMR in long-term kidney
grafts. Remarkably, in a recent study published by
Mauiyyedi et al [26], superior graft survival rates (62%
vs. 25%) were observed if C4d was present in biopsies
with morphologic evidence of chronic rejection.
Application of a new, putatively anti-humoral therapy
to Cdd-positive patients might have accounted for this
surprisingly good outcome. In a subsequent study on
chronic humoral rejection published by Regele et al
[31], clinical data were not reported. There is, however,
no indication that chronic humoral rejection follows
the rapid clinical course that is characteristic of acute
humoral rejection.

Treatment of acute AMR

Mainly based on anecdotal reports or uncontrolled case
series, various therapeutic strategies have been proposed
for the treatment of acute AMR (Table 3). These “anti-
humoral” strategies include apheresis, i.e. plasmaphe-
resis (PP) and immunoadsorption (IA) therapy, intra-
venous immunoglobulin (IVIG), or the use of anti-CD20
mADb Rituximab. The true effectiveness of these modes
of treatment has still to be established in controlled
randomized trials. Due to the low incidence of acute
AMR, these will have to be designed as multicenter
studies. In addition to these above-mentioned thera-
peutic strategies, immunosuppressive agents with pri-
marily “anti-cellular” (anti-T-cell) action were recently
suggested to exert also anti-humoral activity. Pascual
and co-workers [83] suggested anti-humoral effects of
tacrolimus and/or MMF rescue therapy as an adjunct to
PP. Furthermore, antilymphocyte antibody therapy was
recently discussed to effectively reverse AMR [30].
Nevertheless, in a number of studies, many episodes of
acute AMR were reported to be refractory to antilym-
phocyte agents, suggesting the necessity of more effective
and favourably more selective anti-humoral treatment
modalities.

Table 3 Treatment strategies proposed for acute AMR. ALS an-
titymphocyte serum, /4 immunoadsorption, IVIG intravenous
immunoglobulin, mAb monoclonal antibody, MMF mycopheno-
late mofetil, PP plasmapheresis

Antilymphocyte antibody therapy (ALS, OKT3)

PP + standard “anti-cellular” antirejection therapy

PP plus 15-deoxyspergualin

PP plus tacrolimus/MMF

PP plus IVIG

IA (protein A, anti-human Ig-coated columns) +
cyclophosphamide

IVIG

anti-CD20 mAb (Rituximab)

Apheresis

The removal of Ig by apheresis, i.e. PP or IA is puta-
tively an effective anti-humoral strategy. Apheresis was
used as pre-emptive strategy in presensitized, in some
studies even crossmatch-positive recipients, in order to
prevent humoral rejection [84, 85, 86, 87, 88, 89, 90, 91].
On the other hand, apheresis was used as a strategy to
reverse established episodes of AMR. In the 1980 s the
efficacy of PP for the treatment of acute rejection was
controversially discussed. Between 1981 and 1990 sev-
eral controlled studies testing efficacy of PP for the
treatment of kidney allograft rejection were published
(Table 4). Notably, the majority of these studies did not
reveal a significant benefit for PP-treated recipients. In a
small controlled analysis, Soulillou et al [92] failed to
demonstrate effectiveness of PP for the treatment of
DRA-positive rejection. In this study, ten rejecting kid-
ney allograft recipients underwent either the conven-
tional treatment (corticosteroid/azathioprine) alone or
PP in addition. For both study groups, poor graft sur-
vival rates were reported with only one patient per group
with a graft survival exceeding 6 months. Similarly, in
two other controlled trials testing the effectiveness of PP,
no significant improvement of outcome was reported for
PP-treated kidney allograft recipients with severe vas-
cular rejection [93, 94]. In a randomized study testing 44
kidney transplant recipients, Bonomini et al [95], how-
ever, demonstrated effective reversal of steroid-resistant
acute vascular rejection by PP-treatment of. Of control
patients who were treated with a second steroid bolus
and cyclophosphamide, 81% lost their graft due to
uncontrolled rejection. Remarkably, PP-treatment in
addition to cyclophosphamide, was reported to decrease
graft loss rates to 30%. Differences in allograft survival
were reported to achieve statistic significance [95].

In more recent studies (all of them uncontrolled)
testing small patient cohorts, PP as part of combined
anti-humoral regimens was suggested effectively treat
AMR [83, 96, 97, 98, 99, 100]. These reports are listed in
Table 5. Gannedahl and co-workers [96] reported
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Table 4 Plasmapheresis as antirejection treatment—controlled studies. 4LS antilymphocyte serum, CP cyclophosphamide, d days, DSA
donor-specific antibodies, HD hemodialysis, # number (of included patients), PP plasmapheresis

Author, year N Rejection episode

Treatment

Clinical outcome

PP group (n=12): PP + steroid bolus

PP group (n=5): standard + PP

Kirubakaran, 24 Severe vascular rejection
1981

Soullilou, 10 Early (within 1 month)  Control (n=5): standard
1983 DSA-positive rejection (steroids+ ALS)

Bonomini, 44 Steroid-resistant acute Control (n=21, 71% DSA):
1985 vascular rejection steroids, CP

(most episodes DSA +)

PP group (n=23, 82% DSA): PP, CP
Controt (n=14). standard

Allen, 1990 27 Steroid-resistant acute

vascular rejection

PP group (n=13): PP in addition

Control (n=12): steroid bolus

No PP: Improvement in 6/12 patients
on day 28 (3 patients on dialysis)

PP: Improvement in 3/12patients on day 28
(8 patients on dialysis)
No PP: 1, 2, 2, 6, 12 months graft survival

PP: 1, 2, 2, 3, 13 months graft survival
No PP: 81% graft loss due to rejection
PP: 30% graft loss due to rejection (P <0.02)
No PP: 4/14 (29%) patients at HD after 6 days

PP: 3/13 (23%) patients at HD after 6 days
Comparable actuarial graft survival

Table 5 Plasmapheresis as treatment for acute AMR—recent
(uncontrolled) studies and case reports. ACR acute cellular rejec-
tion, ALS antilymphocyte serum, 4MR antibody-mediated rejec-

tion, CDC complement-dependent cytotoxicity, CX crossmatch,
FCXM flow cytometry crossmatch, IVIG intravenous immuno-
globulin, » number of patients, PP plasmapheresis

Author, year N Definition of acute AMR

Treatment Outcome

Gannedahl, 1992
Pascual, 1998
Montgomery, 2000
Rocha, 2003

Histology, CDC-CX

Histology, C4d +, CDC-CX
Histology, C4d +, CDC-CX
Histology, C4d +, FlowPRA

—
O\LA)LJI‘\)

Shimizu, 2002

1 Histology, C4d +, FCXM
Sayegh & Colvin, 2003 1

Histology, C4d +, FCXM

PP + 15-deoxyspergualin
PP + MMF/Tacrolimus (IVIG)
PP + IVIG

Reversal in 2/2 patients
Reversal in 5/5 patients
Reversal in 3/3 patients
PP + IVIG, steroid pulses, OKT3/ Reversal in 15/16 patients
ALS in patients with ACR 81% 1-year graft survival
PP Reversal of AHR
PP + IVIG + MMF/Tacrolimus Reversal of AHR

reversal of AMR by PP combined with 15-deoxy-
spergualin in two recipients of a renal allograft. These
interesting data suggest anti-humoral efficiency of 15-
deoxyspergualin. Unfortunately, however, this agent has
not been approved so far for clinical use. Pascual et al
[83] demonstrated effective reversal of refractory AMR
by PP combined with tacrolimus and/or mycophenolate
mofetil (IVIG in addition) in five tested kidney trans-
plant recipients. In a subsequent report, the entire Bos-
ton series (ten patients with refractory AMR, reversal of
the rejection process in nine of ten patients) was reported
[25]. Furthermore, Montgomery and co-workers [97]
reported effective reversal of AMR in a small study
group by means of PP plus IVIG. Similarly, in a very
recent report, Rocha et al [100] suggested high efficacy of
PP and/or IVIG for the treatment of acute AMR. It has
to be mentioned that also in these two studies, most
patients underwent immunosuppression with tacrolimus
and MMF, substances that might be important to
maintain DRA suppression. In this study, AMR was
primarily defined by histology. Notably, some recipients
showed negative peritubular C4d staining. Regarding
the rather low specificity of capillary margination of
inflammatory cells, the use of this sign as major inclu-

sion criterion may have led to the inclusion of patients
without AMR, especially in cases of negative Cdd
staining [100].

In contrast to PP, IA therapy allows selective and
nearly complete antibody removal. Notably, this strat-
egy, renders concomitant substitution of albumin solu-
tions and fresh frozen plasma unnecessary. These
advantages make the use of IA therapy especially at-
tractive for the treatment of AMR. Indeed, in a number
of uncontrolled analyses, IA was suggested to effectively
reverse a substantial proportion of DRA-positive rejec-
tion episodes resistant to standard antirejection therapy
(Table 6) {24, 41, 43, 101, 102, 103]. In these uncon-
trolled trials, IA was initiated as rescue therapy late
during the course of rejection, after other immunosup-
pressive strategies, such as high dose steroids, antilym-
phocyte antibody therapy or even PP had failed. Based
on a timely diagnosis of AMR, early initiation of IA
may further improve its therapeutic efficacy. Recently,
we reported the clinical course of a mother of five chil-
dren who received a kidney transplant from her husband
[43]. An episode of refractory AMR presumably caused
by preformed alloantibodies against the spousal al-
loantigens triggered by the previous pregnancies, turned
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Table 6 Immunoadsorption as anti-rejection treatment—recent
(uncontrolled) studies and case reports. 4ACR acute cellular rejec-
tion, AMR antibody-mediated rejection, ALS antilymphocyte
serum, CDC omplement-dependent cytotoxicity, CX crossmatch,

FCXM flow cytometry crossmatch, /4 immunoadsorption, IVIG
intravenous immunoglobulin, #» number of enrolled patients, PR4
panel reactive antibody

Author, year n Definition of acute AMR

Treatment Outcome

Persson, 1995 12 Histology, CDC-CX

Pretagostini, 1996 23 Histology, CDC-CX

Hickstein, 1998 11 Histology, CDC-PRA, ELISA

Boéhmig, 2000 1 Histology, C4d, CDC-CX/-PRA, FCXM
Bohmig, 2001 10 Histology, C4d, CDC-CX/-PRA, FCXM

1A

Habicht, 2002 1 C4d, FCXM, FlowPRA

IA + IVIG Reversal in 6/12 patients
+ steroids + ALS or OKT3 Reversal in 16/23 patients
IA + cyclophosphamide Reversal in 7/11 patients
1A Reversal of AMR
IA £ Tacrolimus (ACR: Reversal in 9/10 patients 80%
steroids, ATG) actuarial graft survival (14 months)
IA Reversal of AMR

out to be resistant to tacrolimus rescue therapy and
antilymphocyte antibody, but was reversible by 1A [43].
Subsequently, two further cases of humoral rejection of
spousal donor kidney allografts, which responded well
to IA or PP, were reported {41, 99]. Prompted by our
first case of IA-treated acute AMR we instituted routine
staining for C4d at our unit in December1998 and
introduced IA therapy for severe C4d-positive rejection.
Of 352 patients who had received a kidney allograft at
our unit between November 1998 and September 2000,
10 recipients had severe acute AMR. All ten patients
were subjected to IA with protein A. Seven recipients
with additional histological signs of cellular rejection
also underwent antilymphocyte antibody therapy. Acute
AMR was successfully reversed in nine of ten patients. A
1-year graft survival rate of 80% was reported [24].
Remarkably, in many sensitized or humorally
rejecting recipients, temporary removal of alloantibodies
over a short period, either to treat an established rejec-
tion or to prevent humoral rejection, was found to en-
able long-term allograft survival without recurrence of
humoral rejection. At least two mechanisms, i.e. trans-
plant accommodation and humoral tolerance, could
account for this phenomenon. Recent studies indicate
that donor-specific alloantibodies may not only occur
without causing graft injury, but even induce resistance
of grafts to humoral injury, a phenomenon termed
transplant accommodation. The mechanisms underlying
graft accommodation have been investigated in animal
models of xenotransplantation, where in accommodat-
ing xenografts, EC were found to express products of
distinct survival genes including products of the Bcl
family or heme oxygenase 1 (HO-1) [104]. In clinical
transplantation, the occurrence accommodation was
discussed for ABO-incompatible transplantation [105].
Furthermore, a potential protective role of endothelially
expressed survival genes has recently been demonstrated
for highly sensitized kidney allograft recipients subjected
to IA prior to transplantation. In these patients, Salama
et al [106] demonstrated recurrence of alloantibodies
without causing rejection. Interestingly, accommodating
grafts showed up-regulation of Bcl-xL in glomerular and

peritubular capillaries [106]. Alternatively, however,
temporary removal of alloantibodies by apheresis can be
speculated to promote a state of immunologic tolerance,
as supported by the reported prolonged donor antigen-
specific downregulation of humoral immunity after a 3-
week course of IA therapy in a case of severe AMR [43].

IVIG

It is well established that high doses of IVIG effectively
modulate immune responses in a variety of pathologic
conditions [107]. Numerous mechanisms have been
proposed to underly IVIG-induced immune modulation
[107]. Recent reports suggest an immunosuppressive
potential of IVIG also in the setting of kidney trans-
plantation. In a recent uncontrolled analysis, Luke et al
[108] reported reversal or improvement of refractory
rejection episodes by IVIG treatment in a cohort of 17
kidney transplant recipients. Furthermore, in a con-
trolled randomized study analyzing 30 kidney transplant
recipients, IVIG was reported to treat steroid-resistant
renal allograft rejection as effectively as monoclonal
anti-CD3 antibody OKT3 [109]. In addition, IVIG
combined with PP was suggested to be highly effective in
reversing humoral rejection [97, 100]. Very recently, high
doses of IVIG were reported to desensitize a substantial
proportion of sensitized allograft recipients and thus to
enable successful transplantation in most of these pa-
tients [97, 110, 111]. Remarkably, despite the use of very
high doses of IVIG exceeding 2 g/kg in some reports, no
substantial side effects were reported in these studies.
Nevertheless, the possibility of severe IVIG-induced side
effects including acute renal failure, a complication
particularly described for the use of sucrose-containing
preparations, has to be taken into account [112, 113].

Rituximab

Anti-CD20 mAb Rituximab may represent a promising
therapeutic option for the treatment of AMR. Ritux-
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imab leads to sustained elimination of circulating B cells
and was reported to (incompletely) suppress antibody
formation. This mAb is well established in the therapy of
various types of lymphoid malignancies [114]. Further-
more, there is evidence for efficacy of Rituximab for the
treatment of various autoimmune disorders including
rheumatoid arthritis and autoimmune thrombocytope-
nia [115]. Recently, Rituximab was also tested as rejec-
tion treatment in allograft recipients. Aranda et al [116]
reported a patient with humoral cardiac allograft rejec-
tion refractory to steroids, cyclophosphamide, and PP
who showed a sustained response to the addition of anti-
CD20 mAb therapy. Similarly, Garret et al [117] re-
ported that this antibody effectively cured a case of
humoral cardiac allograft rejection refractory to PP.
Rituximab has further been used in ABO incompatible
transplantation. In a case of erronous AB0-incompatible
lung allograft rejection, anti-A antibodies in a blood
type B patient were successfully reduced by IA, Ritux-
imab and recombinant soluble complement receptor
type 1. This treatment was suggested to have effectively
prevented humoral rejection in this patient [118]. Fur-
thermore, Sawada et al [119] reported effectiveness of a
preconditioning regimen including Rituximab, PP, and
splenectomy in a recipient of an ABO incompatible
kidney with anti-Al antibody titers not responding to
PP alone. At present, effectiveness of Rituximab as first
line therapy in humoral renal allograft rejection has not
been published. Considering the use of Rituximab in
transplant recipients, one has to keep in mind that
elimination of B cells from the periphery may not allow
a complete downregulation of alloantibodies, as plasma
cells are not targeted by this strategy. In a recent
experimental study, Alway et al [120] reported that in
baboons anti-CD20 antibody treatment effectively de-
pleted blood, bone marrow or lymph nodes of B cells,
but failed to change titers of xenoreactive anti-alphaGal
Ab antibodies. The authors concluded that future efforts
will have to be directed towards suppression of plasma
cell function {120].

Treatment of chronic humoral rejection

There is now accumulating evidence that alloantibodies
induce or contribute to chronic renal allograft rejection
[26, 31, 50, 51, 52, 53, 54]. However, optimal treatment
for humoral (C4d-positive) chronic rejection has still to
be established. The use of apheresis in this setting has, to
our knowledge, so far not been reported. Recently,

Theruvath et al [121] suggested anti-humoral activity of
tacrolimus plus MMF in the setting of chronic rejection.
In this analysis, four patients on CyA and azathioprine
maintenance immunosuppression were selected who
showed progressive deterioration of graft function, the
pathologic features transplant arteriopathy and glome-
rulopathy, peritubular C4d deposition, and de-novo
occurrence of donor antigen-specific antibodies. The
major finding was a rapid and sustained decrease in
antibody titers after rescue therapy with tacrolimus and
MMF, whereby in two patients, DRA became unde-
tectable after 9 months, and a biopsy performed
12 months later revealed a decrease in C4d deposition
[121]. These results may suggest that in patients, who are
on CyA and/or azathioprine, tacrolimus and/or MMF
rescue therapy could inhibit antibody formation. How-
ever, the true effectiveness of this treatment on long-term
kidney allograft outcome will have to be established in a
prospective controlled study. In a recent retrospective
study, Lee et al [54] demonstrated that in all tested
kidney transplant recipients with chronic rejection, the
occurrence of alloantibodies preceded the diagnosis of
rejection. Similarly, Regele et al [31] found that C4d
deposition in early biopsies without chronic histologic
changes is a substantial risk factor for the development
of chronic transplant glomerulopathy. According to
these results, we can presume that early introduction of
anti-humoral therapy is necessary to prevent chronic
rejection. Detection of early stages of chronic humoral
rejection would require serial serologic evaluation and/
or performance of protocol biopsies.

Conclusion

In recent years, the diagnosis of AMR, a rejection type
with unfavorable prognosis, has been significantly im-
proved by the establishment of capillary C4d staining as
a marker for alloantibody-triggered complement acti-
vation within allografts. In an addition to the Banff 97
scheme, a novel classification scheme has now been
proposed for AMR. A standardized definition AMR is
undoubtedly a prerequisite for the design of clinical
trials aimed to evaluate the effectiveness of anti-humoral
therapeutic strategies. Future prospective randomized
studies will have to clarify the true effectiveness of pro-
posed strategies, including distinct immunosuppressive
drug combinations (tacrolimus, MMF, or other new
drugs such as sirolimus), apheresis, IVIG and Ritux-
imab.
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