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Abstract

Purpose of review—The aim of this review is to bring to attention the most recent advances
made in understanding the role of complement components in both innate and adaptive immune
responses in solid organ transplantation with emphasis on the kidney.

Recent findings—Alongside recent findings related to the role of anaphylatoxins in modulating
adaptive immune responses, there has been a genomic study to assess the expression of
inflammatory markers in kidney transplantation, showing significant involvement of some
complement molecules in predicting graft function. Modulators of complement pathway activity
such as Decay Accelerating factor (CD55) and CD59 have also been shown to have a role in graft
rejection. Potential new therapeutic targets related to complement proteins are being investigated.

Summary—The mechanism of rejection in solid organ transplantation is influenced by the initial
inflammatory response and subsequent adaptive alloimmune response, both of which have been
shown to be affected by various complement components. Due to limitations of existing
treatments, new approaches are needed to better control these responses to improve graft survival.
Built on an expanding knowledge of complement involvement, targeted blocking of the effector
complement molecules and modulating the expression of complement inhibitors has suggested
potentially useful approaches for reducing the effect of inflammatory damage from cold ischaemia
as well as reducing the activation of the adaptive immune system related to complement.
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Introduction

There is a wide gap between the demand for organs for transplantation and the rate of organ
donation, with demand growing at a much faster rate than donation. This makes preservation
and maximal usage of the donated organs a major priority.

Complement proteins have been shown to play a significant part in organ damage following
transplantation both in the process of ischaemia reperfusion and in modulating the activation
of the adaptive immune response. There has been increasing interest in understanding the
role of various complement components in this process and there is good foundation to hope
that modulating the function of some of these molecules can reduce transplant organ damage
and increase the organ lifespan. In this review we have discussed some of the most recent
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advances made in understanding the role of complement in transplantation. A map of the
complement system is shown in Figure 1.

Update on the role of complement in innate-immune mediated injury

A role for complement in the pathogenesis of ischaemia-reperfusion injury has been
established in a number of organ models, including the kidney. The mechanism of renal
reperfusion injury depends on the generation of C5a and C5b-9 [1], both of which have
direct toxicity on the renal tubules contributing to acute tubular necrosis and apoptosis, and
leading to post-ischaemic acute renal failure and tissue fibrosis. In turn, the generation of
these terminal pathway components depends on intra-renal synthesis of C3 and availability
of other complement components that are essential for complement activation [2].
Moreover, the level of expression of C3 in the donor organ is strongly dependent on the cold
ischaemic time [3]. Until recently, however, little was known about the functional relevance
of these findings to man.

It is well established that living donor kidney transplants are likely to survive longer than
deceased donors. Several studies indicated that prolonged cold ischaemia time in cadaveric
kidney transplantation is associated with increased incidence of delayed graft function [4,5]
which in turn reduces long term graft survival [6]. To understand the mechanism for the
difference in survival between living and deceased donor organs, Naesens et al [7] examined
the whole genome expression profile of 53 human kidney allografts using microarrays. They
found a significant difference in the expression of complement genes C1 (including C1q,
Clrand Cls), C2, C3, C4, C6 and complement factor B between the live and deceased
donor kidneys before implantation. They also demonstrated that the complement gene
expression from biopsy samples at the time of implantation had significant correlation with
both early and late graft survival. Other than explaining a potential mechanism for solid
organ dysfunction resulting from prolonged cold ischaemia, this study suggests that increase
in the expression of complement components could be related to immune activation
responsible for future rejection episodes, which have a higher frequency in recipients of
deceased donor organs (see below). Based on these findings, it is plausible that therapeutic
interventions targeting complement components could be effective for reducing organ
damage at the time of organ recovery, transfer and after transplantation.

Update on the role of complement in cell mediated immunity

A number of murine studies in the past few years have investigated the interaction between
the complement components and activation of the adaptive immune response [8,9]. These
have highlighted a potential role for C3a receptor (C3aR) and C5aR signalling in antigen
presenting cells (APC) and T cells. In turn, the local generation of C3a and C5a is dependent
on the APC-autonomous production of complement components C3 and C5. These are
secreted by dendritic cells (DC) and macrophages and contribute to immune activation. We
refer the reader to an extensive review of this subject in a previous issue of this journal [10].

Additional to the demonstration that locally produced C3a and C5a interact with their
receptors on antigen presenting cells and T cells and act via the expression of costimulatory
molecules CD28 and CD40L to induce T cell proliferation and differentiation [11], there has
been further investigation into the role of complement components on T cell activation and
function. Peng et al [12] found that C5a-C5aR interaction had a direct effect on DC function
in stimulation of allospecific T cells. They observed that DCs from C5aR deficient mice, or
wild type DCs treated with C5aR antagonist, produce increased amounts of IL-10 and
reduced amounts of IL-12p70 following LPS stimulation and have less MHC class Il and
B7.2 expression which leads to their reduced capacity to stimulate allospecific T cells. More
recently Weaver et al [13] have shown that development of regulatory T cells and Th17 cells
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are affected by signalling of C5aR in DCs. They demonstrated that in the absence of C5aR,
there is an increase in production of TGF-beta which directs the CD4* T cells to
differentiate to Foxp3+ Tregs. Kemper et al [14] had previously shown the effect of the
regulatory complement component, CD46, in the development of Tregs. They have more
recently demonstrated that this population of Tregs in contrast to other 1L-10 secreting
Tregs, support B cell function in that co-culturing of these Tregs with naive B cells,
promoted Ab response [15]. The effect of complement on adaptive immunity is not limited
to DCs; in a very interesting study, Raedler et al [16] have shown that following stimulation
with proinflammatory cytokines, endothelial cells activate the alternative pathway of
complement leading to production of C5a. They have identified that this locally produced
Cb5a results in proliferation and expansion of CD8+ T-cells, hence having a potential role in
T-cell mediated injury.

A recent finding related to the communication between complement and adaptive immunity
is identification of the role of C1q in T cell activation. Csomor et al [17] previously found
that C1q can induce the maturation of monocytic DCs and increase their secretion of IL-12
and TNF-a as well as enhancing their T-cell stimulating property. The T cells that were
stimulated by Cl1g-treated DCs displayed increased INF-y production indicative of a Th-1
response. More recently, Baruah et al [18] demonstrated that C1q is an essential component
for generation of a Th1-type response, which includes T cell proliferation and production of
IFN-v. They noticed that DC from C1q deficient mice could not stimulate the proliferation
of MHC class Il restricted antigen specific T cells or support the differentiation of these cells
to effector Thl cells. These studies point to the important influence of the complement
component C1q as part of the innate immune system in modulating the adaptive immune
response. The increase in expression of C1q in transplanted kidney with increased cold
ischaemia time shown by Naesen et al [7] could perhaps result in increased T cell response
and potentially higher chance of rejection, by direct action of C1g on APC function.
Although C1q, as an essential trigger of the classical pathway, could lead to enhanced
functions of complement through cleavage of C3, classical pathway activation appears to be
non contributory to cell mediated rejection, at least in mice [19].

A detailed study of the association between complement C3 and its role in DC proliferation
and adaptive immune response has been made possible by identifying an individual with C3
deficiency [20]. Total absence of C3 is a rare condition, which is associated with recurrent
bacterial infections. In this case, the authors found the patient with C3 deficiency to have
impairment in maturation of monocytes to DCs and to lack memory B cells and have poor
antibody production following vaccination. In addition, CD4* T-cells from the patient were
not able to induce Tregs following activation of CD3 and CD46 in the presence of IL-2. This
illustration not only emphasises the potential significance of C3 dependent adaptive immune
function in man, but also provides a link with a body of animal data showing critical
dependence of cell-mediated immunity on the complement system, notably through C3.

Update on the role of complement in antibody mediated rejection and
accommodation

The complement system plays an essential role in antibody mediated rejection (AMR) via
classical pathway activation. The application of C4d staining as a diagnostic marker for
AMR exploits this fact [21]. Widespread deposition of C4d associated with AMR is a
prognostic marker for reduced long term graft survival [22,23].

Another complement component which has recently gained attention in organ
transplantation is CD55, otherwise known as Decay Accelerating Factor (DAF). This
molecule is present on the cell surface where it accelerates the decay of C3 and C5
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convertases from the classic and alternative pathway of complement to prevent their
amplification and self-damaging effect on cells [24].

In a small study of cardiac transplant patients diagnosed with AMR, Gonzalez-Stawinski et
al [25] noted that diffuse endothelial expression of CD55 detected by immunohistochemistry
was seen in patients with no sign of allograft dysfunction whereas in patients who had
developed allograft dysfunction, they could not detect CD55 expression, suggesting that
presence of CD55 has a protective role in AMR. This observation has been reported by
another group [26] in cardiac transplant patients, in which subjects without AMR had
increasing expression of CD55 and CD59 in their biopsy samples, whereas patients with
AMR lost the expression of these molecules in the acute phase, suggesting that their
presence could have a protective effect. Pavlov et al [27] demonstrated a similar effect in a
murine model of cardiac transplantation, in that daf-/- allografts were rejected faster that WT
grafts. They found that the main effect of daf on local complement activation was on the
CD8+ T cell response, and accelerated rejection was also seen in recipients who did not
have donor specific antibody.

To investigate the association of CD55 expression on renal tubular cells with graft survival
in man, Brodsky et al [28] in a review of over 200 renal allograft biopsies performed to
assess graft dysfunction, looked for the presence of CD55 and C4d. They examined the
relationship of staining with allograft function represented by serum creatinine. They found
an inverse relationship, in that patients with no C4d staining had increased expression of
CD55, and this was associated with better graft function and longer graft survival. Although
unlike the cardiac transplants discussed above, this effect was not significant in the C4d
positive group (indicating that CD55 expression in the kidney is not protective of AMR) it
represents an important finding suggestive of a protective role of CD55 in a non-AMR
setting and that expression of CD55 in peritubular cells could be a marker of renal allograft
survival.

The pressures of donor organ shortage and increase in the number of hypersensitized
patients due to failing grafts has forced the expansion of transplantation of recipients with
HLA or ABO mismatched donor organs. This has been permitted by use of more intense
immunosuppressive regimens, including intravenous immunoglobulin (IVIG), removal of
alloantibodies and introduction of newer therapeutic agents such as rituximab (a monoclonal
antibody against CD20 on B cells) which suppress B cell function [29]. It has been noted,
however, that some grafts continue to have good function despite elevated levels of donor
specific antibodies. Surprisingly in this group of patients, deposition of C4d is not directly
related to graft function or outcome. This phenomenon has been called accommodation,
since endothelial cells appear to adapt to the presence of noxious stimuli [30]. Although the
concept is widely accepted, its mechanism is only partially understood. Griesemer et al [31]
recently investigated the role of complement regulatory protein CD59 in inducing
accommodation, in a model using alpha-1,3-galactosyltransferase knock-out (GalT-KO)
pigs that produce anti-Gal antibodies (similar to antibody against human blood group
antigen). Transplanting four MHC matched kidneys from Gal positive miniature pig to
GalT-KO pig using tacrolimus as systemic immunosuppression, the co-authors found that in
one of the transplants where the animal had low antibody titres, accommodation had
developed, whereas the other 3 kidney transplants were rejected through an antibody
mediated mechanism. The expression of CD59 in the accommodated Kidney was elevated
and deposition of C5b-9 was reduced and the reverse was seen in the rejected kidneys.
Although this is a small study, the results if confirmed would suggest a possible mechanism
of accommaodation and open up new possible targets for therapy.
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The inference that accommodation could be related to complement terminal attack complex
(C5b-9) activity is also supported by a mouse kidney transplant model [32]. To induce
AMR, BALB/c recipient mice were presensitized with skin graft from MHC mismatched
C3H donor mice before a kidney transplant was performed. Different therapeutic regimens
included a functionally blocking anti-C5 monoclonal antibody in the presence or absence of
cyclosporin and/or LF15-0195 (a new analogue, 15-deoxyspergualin (DSG) which is less
toxic and more potent than DSG). The new finding is that the group treated with the
combination of anti C5 monoclonal antibody, cyclosporin and LF achieved graft survival in
excess of 100 days, despite the persistence of anti donor antibodies. Untreated mice lost
their grafts in an average of 9 days due to AMR. Other treatment groups which received
anti-C5 monotherapy also rejected the kidney in less than 2 weeks. This result favours a role
for C5 blockade in inducing accommodation and highlights a potential avenue for clinical
translation.

Potential new therapeutic developments

C5 is a potentially interesting therapeutic target. As hinted above, the breakdown product
C5a and its receptor on tissue-resident and migratory cells are involved in reperfusion injury
and in cell mediated and antibody mediated rejection. In a syngeneic mouse model of kidney
transplantation, Lewis et al [33] recently demonstrated that preservation of kidney in
University of Wisoncin solution in the presence of C5a receptor antagonist can significantly
increase the graft survival. They also looked at the expression of C5a receptor in deceased
and living related donor allografts and found the expression to be significantly higher in the
former group. They noted that the increased expression of C5aR in cadaveric donors was
associated with cold ischaemia time and graft dysfunction. These findings are in line with
the gene array analysis from Naesens et al [7], relating complement molecules to the damage
inflicted to the organ by cold ischaemia time. An alternative strategy reported by Zheng et al
[34] involved the use of C5aR siRNA which was injected into mice 2 days before induction
of renal ischaemia. The authors observed a protective effect by silencing of C5aR gene
expression.

One of the most promising new therapeutics to prevent rejection is eculizumab. This is an
antibody against C5 molecule which inhibits the formation of the membrane attack complex
(and C5a) and has been licensed in the UK for treatment of Paroxysmal Nocturnal
Haemoglobinuria [35]. In a recent case report, Locke et al [36] described the use of this
compound along with IVIG and plasma exchange for a severe case of AMR. Cornell et al
[37] also reported interesting results from use of eculizumab in the prevention of AMR.
Comparing retrospective biopsy results from a 2 year period with 4 patients given
eculizumab has shown that the treatment group have less evidence of endothelial damage
despite high levels of DSA and positive C4d staining. Stegall et al [38] reported earlier this
year, their experience of cross-match positive recipients treated with eculizumab in
comparison with a historical group who received conventional immunosuppression plus
plasma exchange based on the DSA titres. After a month, the control group showed 36%
incidence of AMR, but the eculizumab group had no sign of rejection with stable graft
function despite persistence of DSA titres. These studies suggest that blockade of C5 by
preventing the formation of membrane attack complex (MAC) prevents damage to the
endothelium and leads to the phenomenon of accommodation. Although these studies have
involved only a small number of patients, the results are encouraging and call for larger
study populations to clarify this effect.

Investigating early pathway complement inhibition, Ghebremariam et al [39] reported the
effect of vaccinia virus complement control protein (VCP) in a rat model of ischaemia-
reperfusion injury. VCP is known to inhibit the activation of C3 (thereby preventing the
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formation of C3b) and hence down regulate the alternative, classical and lectin pathways of
complement. They observed reduced injury in the VCP treated animals compared to the PBS
control treated group. Although in this study they used systemic \VCP for treatment of
animals, there could be a case for investigating the effect of treating the donor organ with
VCP and assess its protective effect. This way, systemic inhibition of complement activation
at the time of transplantation which might be associated with higher risk of infectious
complications, is avoided.

Conclusion

A large body of literature is now available that supports the role of complement in various
aspects of immune response following organ transplantation. This provides great optimism
for future therapeutic targets.
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Figure 1.

Overview of the complement cascade. Activation of all three complement pathways results
in cleavage of C3, leading to formation of C3a and C5a and ultimately membrane attack
complex. Decay accelerating factor (DAF), CD46 and CD59 are complement regulatory
molecules.
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