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Until recently, most studies on the mechanisms of
renal allograft rejection have focused on the central
role of T cells and of other cellular mechanisms of
tissue injury. Over the years, it has been established
that CD4 T cells are crucial in initiating most acute
rejection episodes, and that alloactivated CD4T cells,
cytotoxic CD8T cells, monocytes/macrophages and
NK cells play a major role in cell-mediated mecha-
nisms that eventually result in allograft destruction1.
These research efforts in the cellular immunity of
organ transplantation have been illustrated in a re-
cent study by Li y cols., in with measurement of uri-
nary mRNA encoding perforin and granzyme B was
used as a noninvasive means of diagnosing acute
renal allograft rejection2. Perforin and granzyme B
are two proteins that are present in the cytoplasmic
granules of cytotoxic T cells and NK cells which are
an integral part of the effector mechanisms of cell-
mediated allograft rejection.

In recent years, however, it has become increa-
singly appreciated that detection of anti-HLA donor
specific antibodies (DSA) de novo after transplanta-
tion is associated with specific «humoral syndromes»
which are due predominantly, or in part, to antibody-
mediated effector mechanisms of tissue injury. The
identification of the complement fragment C4d as a
specific marker for humoral rejection in peritubular

capillaries of renal allograft biopsies has helped to
define and characterize these syndromes, which we
have recently termed acute humoral rejection (AHR)
and chronic humoral rejection (CHR)3-7. In this arti-
cle, the three different clinical settings in which hu-
moral immunity appears to play an important role
in clinical kidney transplantation are reviewed. In
addition, new therapeutic approaches to control the
production or the detrimental consequences of allo-
antibodies are discussed in the light of our recent
studies and those of others.

HYPERACUTE REJECTION

The rejection of an allograft within minutes to hours
after transplantation is termed «hyperacute rejection»
(HAR). HAR is generally mediated purely by humoral
mechanisms, that is by the binding of recipient’s DSA
to the donor graft vasculature which triggers comple-
ment activation. Both preformed DSA to HLA antigens
or anti-ABO isohemagglutinins can result in «hypera-
cute rejection»8, 9. Preformed anti-HLA DSA have ge-
nerally been induced by previous exposure to allo-
antigens through prior transplantations, pregnancies or
multiple blood transfusions10. Anti-ABO blood group
natural antibodies are present in recipients who re-
ceive a blood group-incompatible transplant 11.

The detrimental effect of preformed DSA became
apparent in the 1960s. In the presence of pre-exis-
ting DSA («positive crossmatch» at the time of renal
transplantation), hyperacute destruction of grafted
kidneys occurred almost inevitably8, 9. The histopa-
thologic findings of HAR revealed intense neutro-
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philic infiltrate, edema, focal interstitial hemorrhage
and thrombosis, and fibrin thrombi in capillaires asso-
ciated in some cases with fibrinoid necrosis of small
arteries. Importantly, the absence of a mononuclear
cell infiltrate indicated that HAR was not due to cell-
mediated immunity. This initial experience stimula-
ted the requirement for demonstration of a pre-trans-
plant «negative» crossmatch and, in most centers,
ABO compatibility to perform kidney transplanta-
tion12, 13. HAR has become a very rare clinical event
in kidney transplantation. Renewed interest in HAR
(and in humoral rejection in general) has originated
from the field of discordant xenotransplantation, in
which natural xenoantibodies are responsible for
complement-mediated HAR that has proved difficult
to overcome. Removal of circulating natural xeno-
antibodies and/or inhibition of complement activa-
tion are two methods that have been succesfully
used to prevent HAR in pig to primate models14.

ACUTE HUMORAL REJECTION

In the early 1990s, P. Halloran y cols., proposed
that acute rejection associated with the development
of de novo anti-HLA DSA in recipient’s serum (i. e.
AHR) is a clinico-pathologic entity carrying a poor
prognosis15, 16. In a subsequent report, these authors
analyzed the histopathologic features of AHR. Neu-
trophils in peritubular capillaires, glomerulitis, fibrin
thrombi, infarction, severe vasculitis and fibrinoid ne-
crosis in vessels walls were found to correlate with
circulating DSA against HLA class I antigens17. These
findings are distinct from those of cell-mediated acute
rejection (without circulating DSA), which is charac-
terized predominantly by a mononuclear cellular in-
filtrate with tubulitis and/or endothelialitis18. In the
past, the terms «accelerated rejection», «delayed hy-
peracute rejection» or «acute vascular rejection»
have been used to describe what most likely was
AHR in a majority of cases5. However, it should be
noted that these other terms may be confusing. For
example, «acute vascular rejection» or «accelerated
rejection» are entities not necessarily restricted to an
antibody-mediated process, as they can also reflect
T cell-mediated injury3, 18. In particular endarteritis or
endothelialitis, a form of «vascular rejection», can be
exclusively due to cell-mediated immunity5. For
these reasons, we prefer to keep the term «AHR»
which is based on pathogenic mechanisms.

In 1999, B. Collins y cols., demonstrated that stai-
ning of allograft biopsies for the fragment C4d, a split
product of complement C4, is a reliable method to
identify AHR4. It was found that widespread C4d de-
posits in cortical peritubular capillaries correlated

with the detection of de novo anti-HLA DSA in re-
cipient’s serum (de novo positive crossmatch). After
activation of the classical pathway of complement
by antibodies, the fragment C4d is released and re-
mains covalently bound to the nearby endothelium
or basement membrane collagen, thereby providing
in situ pathologic evidence of antibody-mediated in-
jury. These observations extended prior work by H.
Feucht y cols., in 1993. These authors found that
allografts with early dysfunction whose biopsies de-
monstrated capillary deposition of C4d were at a
singnificantly increased risk of failure when compa-
red to allografts with no C4d19. In their study, ho-
wever, repeat posttransplant crossmatches were not
performed so that the presence of de novo circula-
ting DSA was not assessed.

Clinically, AHR typically presents as early and se-
vere allograft dysfunction3, 5, 6. The risk of allograft
failure (50-80%) is particularly increased in the first
three months posttransplant17, 20, 21. We have recently
analyzed the Massachusetts General Hospital expe-
rience over a four-year period and found an inci-
dence of AHR within the first three months after
renal transplantation of 7.7%, that is 20-25% of all
acute rejections had a humoral component6. Most
often, DSA were IgG against HLA class I antigens,
but in some cases specificities against HLA class II
or IgM antibodies could be defined. In approxima-
tely half of the patients with AHR, the rejection was
resistant to both steroid and antilymphocyte therapy.
A higher level of pretransplantation sensitization and
a history of a previous failed allograft were found to
be significant risk factors for AHR, suggesting that a
specific anamnestic humoral response against donor
antigens plays an important role in its pathogenesis6.
We have also diagnosed AHR in two patients recei-
ving cyclosporine, prednisone and mycophenolate
mofetil, in whom the dosage of cyclosporine was de-
creased to subtherapeutic levels because of cyclos-
porine toxicity as well as in two hepatitis C-infected
recipients following the introduction of interferon
therapy (M. Pascual, unpublished observations). Fi-
nally, it should be emphasized that not uncommonly,
histopathologic findings of acute cellular rejection
may be present in biopsies with AHR («mixed» ce-
llular and humoral pattern). The identification of C4d
deposits in peritubular capillaries can be the only
pathologic feature indicating the humoral compo-
nent of the rejection process.

CHRONIC HUMORAL REJECTION

In addition to non-immunological factors, both ce-
llular and humoral immune mechanisms play a key
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role in the pathogenesis of chronic rejection (CR), a
condition also termed «chronic allograft nephro-
pathy» (CAN)22. In particular, the presence in serum
of alloantibodies to donor HLA class I or class II an-
tigens has been associated with CR/CAN, possibly
manifesting alloresponsiveness via the indirect path-
way of allograft recognition1, 7, 23-25. Posttransplant
production of alloantibodies can predate the clinical
manifestations of CR/CAN, implicating humoral me-
chanisms as a possible cause of CR/CAN23. Recent
studies indicate that C4d deposits in peritubular ca-
pillaries are not only found in patients with AHR but
also in a subset of patients with CR/CAN7. Approxi-
mately 60% of biopsies with histologic criteria for
CR/CAN (transplant arteriopathy and/or chronic
transplant glomerulopathy) had C4d deposits in pe-
ritubular capillaires. In most cases, this was accom-
panied by detectable DSA in the patient’s serum7.
To determine the relative contribution of humoral
mechanisms of rejection to late allograft failure, we
studied the prevalence of CHR in patients with
chronic renal allograft dysfunction of all causes. C4d
deposits in PTC were found in 13% of renal reci-
pients who received an allograft biopsy for chronic
allograft dysfunction26. Contrary to AHR, it does not
appear that pretransplant sensitization is a risk fac-
tor for the development of CHR. In our experience,
non compliance or underimmunosuppression is
often found to be a cause for the development of
CHR, suggesting that clinical trials evaluating with-
drawal of calcineurin inhibitors or steroids should
monitor DSA production.

NEW THERAPEUTIC APPROACHES TO CONTROL
HUMORAL REJECTION

Since 1995, we have evaluated a new therapeu-
tic approach consisting of «Plasmapheresis combi-
ned with tacrolimus-mycophenolate rescue» (PPh-
TAC-MMF rescue) for renal recipients suffering from
AHR refractory to both steroid and antilymphocyte
therapy3, 6. During a 4-year period, 232 renal trans-
plants were performed under cyclosporine-based im-
munosuppression. In 10/232 (4.4%) consecutively
studied patients with «refractory» AHR, the protocol
of PPh-TAC-MMF rescue was initiated. Ths thera-
peutic strategy significantly decreased circulating
DSA over a period of 3 to 6 weeks with reversal of
rejection in 9/10 patients. At the end of plasmaphe-
resis, polyclonal immunoglobulin was administered
intravenously to limit the risk of infectious compli-
cations. With a mean follow-up of 42 months, pa-
tient and graft survival are 100% and 80%, respec-
tively. Long-term monitoring of DSA titers revealed

persistently undetectable levels of DSA in all patients
with functioning allografts. In contrast, DSA was de-
monstrated in both patients with failed allografts27.
These data suggest that a therapeutic strategy using
«PPh-TAC-MMF rescue» can consistently prevent
allograft loss and improve the outcome of early re-
fractory AHR.

These observations on the control of humoral res-
ponses in patients with refractory AHR have been
recently extended to the treatment of CHR, i.e.
CR/CAN associated with DSA and C4d deposits in
PTC24. We found that in recipients with CHR, res-
cue therapy with TAC and MMF alone (i.e., without
plasmapheresis) resulted in a progressive and sustai-
ned decrease in DSA titers, with stabilization of renal
allograft function. In two patients, DSA became un-
detectable after six to nine months of therapy, and
repeat biopsies performed at 12 months revealed a
decrease or absence of C4d deposits in PTC24. These
preliminary findings confirm that suppression of allo-
antibody production is possible with the combina-
tion of TAC-MMF, and this effect may be of value
for the treatment or prevention of CR/CAN.

Similar therapeutic strategies may also be useful
to prevent HAR and thus allow kidney transplanta-
tion in highly sensitized patients. In Spain and in the
US, approximately 10-15% of kidney transplant re-
cipients are highly sensitized28, 29. A rapid «desensi-
tization» protocol was recently evaluated by Mont-
gomery y cols.30. Successful desensitization was
achieved in four highly sensitized patients who had
positive cross-matches against their potential living
donors. The protocol consisted of PPh and intrave-
nous immunoglobulin (IVIg) with concomitant ad-
ministration of TAC-MMF-prednisone, initiated seve-
ral days or weeks before the planned transplantation.
This was continued until a negative cross-match was
achieved. All four patients developed episodes of
AHR in the first month posttransplant, but these were
successfully reversed with additional PPh and IVIg.
In another similar study, 11 out of 15 patients with
a pretransplant positive cross-match against their li-
ving donor could be successfully desensitized31. Pre-
transplant, the patients received PPh three times we-
ekly over two consecutive weeks, in combination
with IVIg and TAC-MMF-prednisone. These patients
underwent successful transplantation with OKT3 in-
duction and continuation of TAC-MMF. Relatively
low initial titers of DSA were predictive of success-
ful attainment of a negative crossmatch. Suppression
of HLA-specific antibodies by the administration of
high-dose IVIg has also been proposed as a means
to desensitize patients awaiting transplantation32, 33.
IVIg has well-known immunomodulatory properties,
including inhibition of complement activation and a
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decrease in antibody synthesis, and has also been
shown to be beneficial in the treatment of AHR in
renal and cardiac allograft recipients34. Thus, we be-
lieve that incorporating IVIg in protocols of combi-
ning PPh-TAC-MMF probably provides additive ef-
fects that may be useful to decrease DSA synthesis.

In the upcoming years, it is likely that the effects
of other newer immunosuppresive drugs on in vivo
alloantibody synthesis will be clarified. Blocking the
interleukin-2 receptor with daclizumab has already
been shown to reduce the formation of anti-HLA an-
tibodies posttransplant in cardiac transplant pa-
tients35. Rapamycin (sirolimus) suppresses immuno-
globulin synthesis in vitro36, thus it can be specula-
ted that combining tacrolimus with sirolimus may
offer an interesting alternative to tacrolimus-MMF re-
gimen to control humoral responses in humans37. Fi-
nally, the role of complement inhibitors remains to
be defined in solid organ transplantation. Indeed,
specific inhibition of the complement system may
allow preventing or treating the deleterious conse-
quences of DSA without the need of antibody re-
moval. Soluble CR1 (sCR1 or TP10), a recombinant
form of endogenous soluble complement receptor 1
(CR1, CD35, C3b/C4b receptor), is a very efficient
inhibitor of both the classical and alternative path-
ways of complement14, 38, 39. The presence of C4d in
peritubular capillaries of renal recipients with hu-
moral rejection indicates that the classical pathway
is activated due to the binding of DSA to the graft
endothelial cells. In the near future, induction the-
rapy or posttransplant administration of complement
inhibitors may open new avenues in transplantation.
This new class of drugs, already undergoing phase I
clinical trials in allograft recipients may become an
important addition to the pharmacologic armamen-
tarium used in organ transplantation and other im-
mune-mediated diseases40.

SUMMARY AND CONCLUSION

After more than 40 years of clinical renal trans-
plantation, the contribution of humoral immunity to
the pathogenesis of allograft rejection is progressi-
vely being clarified. With the advent of a new ge-
neration of immunosuppressive agents, the produc-
tion and consequences of anti-donor alloantibodies
can now be controlled. In the upcoming years, im-
munosuppressive regimens that will specifically con-
trol both T- and B-cell responses may further
improve long-term allograft survival, if the immuno-
suppresive efficacy of such regimens is not hampe-
red by an increase in infectious, neoplastic or car-
dio-vascular complications.
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