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Although the detrimental effect of preformed donor-specific
antibodies (DSA) became apparent in the 1960s, the possible
pathogenic role of de novo DSA production against allografts
after renal transplantation remained controversial for many
years (1). An interesting initial observation, however, had been
reported in 1970 by Jeannet et al. (2), who suggested that de
novo production of DSA against a transplanted donor organ
can lead to severe graft injury. In subsequent years, most
studies on the mechanisms of renal allograft rejection focused
on the central role of T cells and of other cellular mechanisms
of tissue injury (3). A critical step that stimulated a renewed
interest in the study of anti-donor humoral responses was the
work by Halloran et al. (4,5) in the early 1990s. These authors
established that acute rejection associated with the development of de novo anti-HLA DSA in recipient’s serum is a
defined clinicopathologic entity carrying a poor prognosis.
They subsequently described the histopathologic features of
acute renal allograft rejection associated with DSA and postulated that the “complement-neutrophil pathway is probably the
major mechanism of antibody injury” (6). However, a specific
in situ diagnostic marker of humoral immunity was not identified, and particularly deposits of immunoglobulins or C3 in
biopsies were not found to correlate with alloantibody-positive
acute rejections (6). Around the same time Feucht et al. (7,8)
detected C4d, a split product of C4 of the classical pathway of
complement, in capillaries of biopsies from patients at “high
immunological risk,” and they suggested that capillary C4d
deposition was evidence for humoral alloreactivity against the
graft. However, DSA detection at the time of allograft dysfunction, by performing repeat posttransplant crossmatches to
detect anti-HLA class I and/or class II alloantibodies against
the donor, was not reported in these studies (7,8).
Another important step was the demonstration by Collins et
al. (9) that staining of allograft biopsies for the fragment C4d
is a specific and reliable method for identifying lesions due to
humoral immunity, i.e., due to alloantibodies against HLA
class I and/or class II antigens. In this study, it was found that
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widespread and diffuse C4d deposits in cortical peritubular
capillaries correlate with the detection of de novo anti-HLA
DSA in recipient’s serum at the time of allograft dysfunction.
Contrary to immunoglobulins and most complement proteins,
the fragment C4d remains covalently bound to the nearby
endothelium or basement membrane collagen, thereby providing in situ evidence of complement activation by the classical
pathway following alloantibody binding to the peritubular capillaries. The specificity of capillary C4d staining for anti-HLA
alloantibody-dependent graft injury was further demonstrated
recently by Böhmig et al. (10), who analyzed a larger patient
population. Interestingly, it appears that capillary C4d deposition can also be used to diagnose antibody-mediated injury due
to non-HLA antidonor antibodies, as shown by a report from
Japan analyzing rejection patterns in ABO-incompatible renal
transplantation (11).
To date, two methods for the detection of C4d in allograft
biopsies are available and have already been included in the
routine work-up of biopsies in several centers. Depending on
the center practice, either a three-step immunofluorescence is
performed on unfixed frozen tissue with a monoclonal antiC4d antibody (9); alternatively, immunohistochemistry with a
recently developed polyclonal anti-C4d antibody can be done
when only paraffin sections of biopsies are available (12). Both
methods allow virtually identical endothelial staining of peritubular capillaries for C4d. Differences between frozen and
paraffin sections exist in the results of glomerular or mesangial
C4d staining, but these are likely irrelevant for the diagnosis,
prediction of transplant outcome, or for the decision of therapeutic interventions.
From a clinical perspective it has become evident that,
because acute alloantibody-mediated rejection (acute humoral
rejection, AHR) presents most of the time as severe allograft
dysfunction (19), its prompt diagnosis and optimal treatment
are essential. Indeed, the prognosis of renal allografts demonstrating capillary C4d deposition has been found to be significantly worse than that of allografts without evidence of C4d
deposits (8,10,13–16), but recent data suggest that intensified
antirejection therapy may improve the long-term outcome of
these grafts (17,18). By analyzing capillary C4d deposition in
renal allograft biopsies and correlating the results with DSA
detection in serum, it has been estimated that the overall
incidence of AHR is 3 to 10%, that is approximately 20 to 30%
of all acute rejection episodes have a humoral component
(15,16,19 –21). It should be emphasized that it is not uncom-
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mon for histopathologic findings of acute cellular rejection to
be present in allograft biopsies with AHR (mixed pattern of
cellular and humoral rejection). Furthermore, the term “acute
vascular rejection” should not be used, as this term can be
confusing. Indeed “acute vascular rejection” is not necessarily
restricted to an antibody-mediated process, as it can also reflect
a T cell–mediated pathology. Particularly endarteritis or endothelialitis, a form of “vascular rejection,” can be exclusively
due to cell-mediated immunity in the absence of antidonor
alloantibody (1). Acute humoral rejection most frequently occurs in sensitized patients or in those with a history of previously failed allograft(s). Recent studies have shown that donorspecific anti-HLA class I and class II alloantibodies detected
by sensitive methods (i.e., flow cytometric crossmatching
and/or detection of anti-HLA antibodies using HLA antigencoated fluorescent microparticles) before transplantation can
be associated with the occurrence of severe AHR posttransplant (20,22). Regarding the treatment of AHR, removal of
DSA with effective control of alloantibody production has
been successfully achieved only recently with regimens that
included various combinations of plasmapheresis (or immunoadsorption), mycophenolate mofetil, tacrolimus, and intravenous immunoglobulins (19,20,23–25). These therapeutic strategies have been often initiated to treat “refractory” AHR, that
is AHR resistant to both steroid and antilymphocyte therapy, or
based on C4d staining in the transplant biopsy as part of a
specific initial antirejection therapy (17,18).
Increased interest in the role of humoral immunity in acute
allograft rejection has triggered new investigations to determine whether active humoral mechanisms of injury might also
play a role in late allograft dysfunction leading to graft loss. In
the current issue of JASN, Regele et al. (12) analyzed capillary
C4d deposition in biopsies of patients with chronic allograft
dysfunction. The data obtained suggest that humoral immunity
indeed contributes to chronic rejection/chronic allograft nephropathy (CR/CAN) in a significant subgroup of kidney transplant recipients. Interestingly, the presence of C4d deposits in
peritubular capillaries was associated with chronic transplant
glomerulopathy (as evidenced by light microscopy) and with
tubular basement membrane multilayering (as evidenced by
electron microscopy), that is two pathologic features that have
been previously reported to reflect signs of subacute or chronic
immunologic damage. In addition, capillary C4d deposition
preceded the development of chronic transplant glomerulopathy in most patients in whom serial biopsies were available,
emphasizing the role of local complement activation in the
development of chronic transplant glomerulopathy in
allografts.
An important issue, however, remains: the determination of
the precise contribution of humoral mechanisms of tissue injury to the pathogenesis of CR/CAN, which remains an important cause of late allograft loss in the modern era of renal
transplantation (26). Indeed, it is now recognized that both
antigen-specific immune mechanisms and nonimmunologic
factors play an important role in CR/CAN; it is often difficult
to ascertain the relative contribution of each factor to the
development of tubulointerstitial, vascular, and glomerular le-
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sions in allografts (27,28). In an earlier study, Mauiyyedi et al.
(29) found that 61% of cases with typical chronic rejection
(i.e., allograft biopsies with histologic criteria of chronic allograft glomerulopathy and/or transplant arteriopathy) had capillary C4d deposition (chronic humoral rejection), and most of
the C4d-positive chronic rejection cases had circulating antidonor HLA antibody. However, Theruvath et al. (30,31) reported that the prevalence of chronic humoral rejection in
recipients with chronic allograft dysfunction of all causes was
only 13%. It is therefore interesting to note that in the current
study by Regele et al. (12), which included a larger number of
cases, capillary C4d deposition was found in 34% of allograft
biopsies performed for chronic allograft dysfunction. Clearly,
more prospective studies with protocol biopsies will be needed
to further delineate the contribution of humoral mechanisms of
rejection to late allograft pathology, i.e., beyond the first 6 to
12 mo after transplantation.
Mechanistic studies on the processes initiating the production of alloantibodies resulting in de novo capillary C4d deposition late posttransplant are important to better understand
the fine mechanisms involved in the pathogenesis of CR/CAN.
Among these, more investigations analyzing the possible role
of the indirect pathway of allorecognition in the production of
DSA in patients with CR/CAN will be required. The importance of indirect allorecognition has been acknowledged in
acute rejection, but perhaps more importantly in CR/CAN
(32,33). In renal transplantation, Vella et al. (34) showed that
T cells of patients with chronic allograft dysfunction are
primed to recognize and respond to specific donor-derived
major histocompatibility complex allopeptides, suggesting that
T cells primed via the indirect pathway may be critical in
initiating mechanisms of CR/CAN. In addition, Baker et al.
(35) found increased frequencies of indirectly primed T cells in
patients with CR/CAN, while these patients exhibited direct
pathway hyporesponsiveness. Recently, Najafian et al. (36)
also reported that patients with a history of acute rejections
have evidence of indirect alloreactivity compared with patients
with an uneventful posttransplant course. As CR/CAN is also
more likely to occur in patients experiencing acute rejection
episodes, this suggests that monitoring of indirect alloreactivity
may allow for predicting the development of CR/CAN. The
contribution of CD4⫹ cells primed via the indirect pathway on
the induction of effector mechanisms of chronic allograft rejection (e.g., production of alloantibodies with subsequent local complement activation) remains to be further studied. It
will be interesting to determine whether indirect alloreactivity
alone may be sufficient to stimulate humoral responses. Such
information may provide more insight into the possible causal
relationship between indirectly primed T cells and anti-donor
alloantibody production, which is suggested by two studies in
animals. Recently, Lee et al. (37) showed that lesions of
chronic rejection, i.e., cardiac allograft vasculopathy, occurred
in an accelerated fashion in miniature swine primed with donor
peptides via the indirect pathway of allorecognition. In their
study, they were also able to demonstrate the deposition of
alloantibodies in vessels. These results are in line with earlier
observations in mice indicating that CD4⫹ cells are essential

2422

Journal of the American Society of Nephrology

helper cells for B cell alloantibody production and that indirect
alloresponses are required for IgG switching (38).
It is likely that a better definition of the role of ongoing
humoral mechanisms of tissue injury will be important to
optimize the treatment and prevention of late allograft loss. In
particular, sequential monitoring of intragraft C4d deposition
in allograft biopsies with measurement of DSA in serum may
be helpful to identify patients at increased risk of late allograft
failure. These individuals could also benefit from tailored
immunomodulatory interventions. The efficacy of newer immunosuppressants such as tacrolimus, mycophenolate mofetil,
and sirolimus (used alone or in combination) in controlling
anti-donor humoral responses in patients with chronic allograft
dysfunction remains to be determined prospectively in controlled clinical trials. Preliminary data, however, indicate that
the combination of tacrolimus and mycophenolate mofetil can
effectively suppress antidonor antibody production in recipients with chronic rejection, thereby providing a basis to investigate new means to modulate the humoral limb of the immune
response in humans (30). In the future, drug combinations that
will control both T cell and B cell responses may improve
long-term graft survival, if the immunoregulatory efficacy of
such regimens is not hampered by an increase in infectious,
neoplastic, or cardiovascular complications.
Taken together, C4d staining of renal allograft biopsies has
emerged as an important tool for the diagnosis of alloantibodydependent allograft injury independent from its occurrence
early or late after transplantation. On the basis of several recent
studies, it appears that routine C4d staining should now be
incorporated in the work-up of all renal transplant biopsies. By
analyzing the presence or absence of C4d deposits in peritubular capillaries, the contribution of humoral immunity to the
pathogenesis of allograft rejection is currently being clarified.
Nevertheless more studies will be needed to further elucidate
the role of humoral mechanisms in the late loss of function of
renal allografts, and to investigate novel treatment strategies
that could be guided, at least in part, by the results of C4d
staining in transplant biopsies.
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