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Abstract
Purpose of review—The purpose of this review is to summarize recent findings implicating
complement as an important regulator of T cell immune responses. We then provide perspective
for how these newly described mechanisms apply to allograft injury and how they could
ultimately influence therapy.

Recent findings—In addition to known effects of serum complement as an effector arm of
antibody-initiated injury, T cells and APCs produce complement proteins and upregulate
complement receptors following cognate interactions. The locally released and activated, immune
cell-derived complement signals predominantly through C3a and C5a binding to their receptors
expressed on both partners to induce immune cell activation and differentiation. Complement
deficiency or blockade limits T cell mediated autoimmunity and transplant rejection while
removal of the complement regulatory protein decay accelerating factor can enhance T cell
immunity and accelerate graft rejection.

Summary—Emerging data indicate that immune cell-derived complement physiologically
regulates immune cell survival and proliferation, modulating the strength and phenotype of
adaptive T cell immune responses involved in transplant rejection. The recognition of the diversity
through which complement participates in allograft injury supports the need for continued design
and testing of complement inhibitors in human transplant recipients.
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Introduction
Complement is traditionally considered a component of the innate immune system required
for host defense against invading pathogens (1). The complement cascade also has an
established role as a pathogenic effector pathway in transplant rejection. Antibody-initiated,
classical pathway activation of serum complement is thought to underlie some forms of
vascular allograft injury (2, 3). In support of this, C6 deficient animals are resistant to
antibody-mediated rejection (4), C4d deposition is used to diagnose human antibody-
mediated vascular rejection (2, 5), and a recent report indicates that a blocking anti-C5 mAb
can limit antibody-mediated kidney transplant injury in humans (6).

Several unexpected observations, including the finding that C3 deficient mouse kidneys are
accepted by wild type allogeneic hosts with normal serum complement activity (7), have
resulted in paradigm-shifting insights into how the complement cascade can influence tissue
inflammation and adaptive immunity. Emerging evidence from several research groups
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indicates that complement produced and activated by cells of the allograft modulates
ischemia reperfusion injury (8), and can contribute to the development of renal fibrosis (9).
In this review we will focus our discussion on another novel concept, that T cells and
antigen presenting cells produce complement components and express complement
receptors and that locally activated complement activation products are key regulators of T
cell immune responses. We will then provide perspective for how these newly described
mechanisms apply to allograft injury and how they could ultimately influence therapy.

Overview of the complement cascade
Complement activation is initiated through the classical, alternative or mannose binding
lectin (MBL) pathway which converge at the production of the C3 convertases, central
amplification steps within the cascade (Figure 1). Subsequent cleavage of C3 and then C5
initiates formation of the membrane attack complex and also yields soluble and surface
bound split products, including C3a, C3b, iC3b, C3dg and C5a, which modulate
inflammation via a) direct lysis, b) serving as chemoattractants and activators of innate
immune cells (e.g. macrophages) and c) functioning as opsonins, among others (1).

Current concepts are that complement activation must be regulated in vivo to prevent
bystander damage to host cells (1). This regulation is accomplished through secretion and
expression of soluble and membrane-bound complement regulatory proteins. Factor H is one
of several soluble regulators and decay accelerating factor (DAF or CD55) is one of several
membrane bound complement regulatory proteins (others include membrane cofactor
protein, CD46 and protectin, CD59, Figure 1). Mechanistically, DAF accelerates the decay
of cell-surface assembled, C3 convertases, limiting downstream complement activation and
restricting production of the aforementioned cleavage products (10). An important concept
is that DAF only functions intrinsically, that is, it only limits complement activation on the
cell surface upon which it is expressed.

Complement as a modulator of adaptive immunity including T cell
immunity

Interactions between complement and adaptive immunity were initially described in the
1970s when Pepys observed that complement depleted mice failed to mount potent antibody
responses (11). Subsequent mechanistic studies have shown that C3dg, a cleavage product
of C3b, binds to the B cell-expressed complement receptor 2 (CR2, CD21) and through this
interaction, lowers the threshold for B cell activation (1, 12). The effect of complement on B
cell immune responses raised the possibility that complement/C3dg might be used as an
adjuvant to enhance the efficacy of vaccines aimed at inducing protective pathogen-specific
antibodies.

Work from several groups published over the last decade has firmly demonstrated a
previously unanticipated role for complement as a regulator of T cell immunity (Figure 2).
Our joint group made the novel observation that during cognate interactions between T cells
and APCs (macrophages and DCs), both partners upregulate and secrete alternative pathway
components C3, fB and fD as well as C5, and upregulate surface expression of C3a receptor
(C3aR) and C5a receptor (C5aR) (13, 14). These changes are primarily induced through
costimulatory molecule signaling via CD28/CD80/CD86 and CD154/CD40 (14). A
transient, physiological downregulation of cell surface expressed DAF permits local
complement activation, yielding C3a and C5a, which bind to their receptors, C5aR and
C3aR on both the T cell and the APC (13, 14). Signaling via these G-protein coupled
receptors in T cells activates phosphoinositide 3-kinase gamma (PI3Kγ), and induces
phosphorylation of the central intracellular signaling molecule AKT (see Figure 2)(14, 15).
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AKT phosphorylation upregulates the anti-apoptotic gene Bcl2 and downregulates surface
expression of the pro-apoptotic molecule Fas (15). Together these signals enhance T cell
proliferation and diminish T cell apoptosis, explaining the complement-mediated expansion
of the effector T cell repertoire following antigenic stimulation (15). Intriguingly, the
evidence also indicates that C3aR and C5aR signaling is required for T cell homeostasis, as
T cells deficient in both receptors spontaneously undergo accelerated cell death in vitro and
in vivo (14)

The immune cell-derived and locally produced C3a and C5a also bind to C3aR/C5aR on
APCs, including dendritic cells and macrophages (Figure 2)(14, 16–18). C5aR/C3aR
ligation activates the APCs via PI3Kγ/AKT and inhibition of cAMP/phosphokinase A,
together activating NFκB (17, 18). This in turn causes induction and release of innate
cytokines (e.g. IL-12, IL-23) and upregulation of APC costimulatory molecules (e.g., CD80,
CD86) further amplifying the immune response and modulating the phenotype toward
IFNγ-producing Th1 immunity (13–18).

Important in vitro findings supporting these conclusions derived from our group and from
the Sacks/Zhou group are that C5aR−/−, C3aR−/−, C5aR−/−/C3aR−/− and C3−/− APCs
produce less IL-12, express lower levels of CD80 and are weaker T cell stimulators than WT
APCs, while DAF−/− DCs and macrophages (in which restraint on local complement
activation is diminished) produce more IL-12 and induce stronger T cell responses than WT
(14, 16–18). Moreover, regardless of the phenotype of the APC, T cells deficient in C3aR
and C5aR signaling (genetically deficient or blocked) respond poorly to WT and DAF−/−

APCs, and undergo accelerated cell death (14, 15).

Studies published in 2009 from another research group identified a different mechanism
through which complement modulates T cell immunity (19). These investigators, using DCs
from C1q−/− mice and rare C1q-deficient humans, showed that DC-derived C1q can bind in
an autocrine fashion to C1q receptors on the DCs and in concert with CD40 signaling,
phosphorylate ERK-1/2 and p38 protein kinases, increasing IL-12 production and CD80/86
expression, and as a result enhance T cell activation and differentiation.

Using a bone marrow chimera strategy, we documented that bone marrow (BM) cell-
derived, as opposed to systemic/serum-derived, complement and DAF are true regulators of
T cell immunity in vivo. Chimeric mice with C3−/− BM-derived cells did not respond to
alloantigenic stimuli despite having normal serum complement, while C3 deficient chimeras
with WT (C3+) BM exhibited normal T cell alloreactivity (15, 20). Analogously, BM
chimeras produced using C5aR deficient donors or recipients confirmed that T cell
immunity is dependent on C5aR expression on BM-derived cells (15, 20).

Complement and DAF regulate both pathogenic and protective T cell
immunity

The effects of immune cell-derived complement are relevant to multiple disease models.
C3−/− mice exhibit enhanced susceptibility to viral infection (21). Conversely, DAF−/− mice
are better protected and produce stronger T cell responses to lymphocytic choriomeningitis
virus infection than WT controls (22). C3aR/C5aR deficient animals are highly susceptible
to herpes keratitis and to toxoplasma gondii infection, in the latter case, producing little
IL-12 and weak T cell immunity required for protection from this pathogen (14).

Complement regulates T cell autoimmunity as well. Experimental allergic encephalomyelitis
(EAE) is one model of T cell mediated autoimmunity that mimics aspects of human multiple
sclerosis. In response to immunization with myelin oligodendrocyte glycoprotein, DAF−/−

Raedler and Heeger Page 3

Curr Opin Organ Transplant. Author manuscript; available in PMC 2012 June 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



mice develop more severe paralysis than wild type animals, which is associated with
stronger autoreactive T cell immunity, enhanced IL-17 production, and diffuse T cell
epitope spreading (14, 23, 24). These effects are C5aR- and C3aR-dependent as mice
deficient in either or both of these G-protein coupled receptors develop weaker T cell
responses and are resistant to EAE, regardless of DAF expression (14). Additional studies
published in the last 2 years indicate that complement activation drives autoreactive
pathogenic T cells in a model of autoimmune focal and segmental glomerulosclerosis
(FSGS) in DAF−/− mice (25), and that serum-derived C5a interacting with immune cell-
expressed C5aR is an essential mediator in an IL-17-dependent model of autoimmune
arthritis (26). Finally, our research group reported in 2010 that immune cell-derived C3 is
required for the induction of T cell dependent, autoimmune diabetes in mice (27).

Complement and T cell immunity following transplantation
Complement dependent effects on alloreactive T cell immunity regulate the phenotypic
expression of immune-mediated transplant injury in animal models. In addition to the
aforementioned observation that wild type mice do not reject allogeneic C3 deficient
kidneys (7), wild type mice reject DAF−/− heart allografts (enhances local complement
activation) with accelerated kinetics compared to wild type grafts (20). The accelerated
rejection of DAF−/− heart transplants is associated with augmented anti-donor T cell
reactivity and is notable in animals devoid of B cells, confirming that local complement
activation accelerates graft rejection through a T cell-dependent mechanism. Moreover, the
effect is complement dependent because heart grafts deficient in both DAF and C3 exhibit
prolonged survival and stimulate weak T cell responses.

Using a bone marrow chimera strategy we determined that immune cell-derived and/or
donor graft-derived complement, but not serum complement, regulate expansion of both
alloreactive CD4+ and CD8+ T cells following transplantation (20). In other work, our joint
group showed that DAF deficiency accelerates rejection and enhances T cell alloimmunity
in murine models of both corneal and skin transplantation (13, 28). Results presented at the
American Transplant Congress in San Diego, May 2010, further revealed that immune cell-
derived complement is involved in the CD4 T cell help required for CD8 cell mediated
allograft rejection (29)

Other studies published within the last year indicate that local complement production
influences effector CD8 T cell responses to allogeneic vascular endothelial cells (EC) (30).
Following stimulation with IFNγ, TNFα, and IL-1, murine EC produce alternative pathway
complement components which activate locally yielding C5a (30). Experiments performed
using in vitro culture systems and in vivo heart transplantation models showed that this EC-
produced and locally activated complement regulates T cell expansion and function.
Consistent with the aforementioned in vitro studies, the effects of EC-derived complement
are in part transmitted through C5aR signalling on T cells, as C5aR deficiency or blockade
abrogates responsiveness (30).

Studies published by others showed that C5a/C5aR interactions are pathogenic mediators of
T cell dependent kidney transplant rejection in rodents. C5aR blockade prolonged kidney
transplant survival in rodents, a result associated with an abrogation of intragraft
mononuclear cell infiltration and a diminution in T cell alloreactivity (31). Other studies
presented at the American Transplant Congress 2009 revealed that a blocking anti-C5 mAb
synergizes with CTLA4-Ig to prevent T cell priming and prolong heart transplant survival in
mice (32). Finally, recently published work indicates that genetic deficiency of C5aR in the
donor and in the recipient limits T cell alloreactivity and results in prolonged murine kidney
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allograft survival (33). Together these observations are consistent with the interpretation that
complement is a physiologically important regulator of alloreactive T cell immunity.

Therapeutic approaches/data in humans
Selected reports suggest that immune cell-derived and/or graft-derived complement
contributes to human transplant rejection. The quantity of RNA message for alternative
pathway complement components and complement receptors, including C5aR and C3aR, is
higher in human transplant tissue with histologic evidence of rejection compared to non-
injured control tissue (31, 34). Gene expression profiling of human kidney transplants
reveals higher expression of several complement genes in deceased donor grafts with longer
ischemic times, and interestingly, the complement gene upregulation correlates inversely
with early and late renal function (35). In vitro studies presented in abstract form at the XIII
international complement workshop (NY, Aug 2010) showed that analogous to the murine
findings, human DCs produce complement and C5aR and C3aR signaling seems to be
important in DC activation and function (36).

In another report, donor kidney expression of a specific polymorphic variant of C3 is
associated with worse posttransplant outcomes (37). The precise mechanism through which
this mutation alters allograft injury in human transplant recipients remains unclear and an
independent study of a disparate and larger patient population could not verify these initial
findings (38).

Conclusion
While the complement system was originally discovered as a serum component that
“complemented” antibodies in the killing of bacteria, it is now apparent that complement has
a multitude of other functions. Understanding complexities of complement’s contributions to
transplant injury requires an understanding of the various activation pathways (e.g., classical
pathway activation in antibody-mediated injury, alternative pathway activation as
pathogenic in renal ischemia reperfusion, MBL (lectin) dependent in GI and cardiac
ischemia (see accompanying article in this issue by Berger and Daha) and T cell activation)
as well as comprehension of the expression and function of complement regulatory proteins
and the source of the complement (serum or non-liver-derived). Emerging data indicate that
immune cell-derived complement activation physiologically regulates immune cell survival
and proliferation, modulating the strength and phenotype of adaptive T cell immune
responses involved in alloimmune transplant rejection.

Consideration of the cellular source and local function of complement has potential
therapeutic implications. Antibodies capable of blocking serum complement activation,
including an anti-C5 antibody may be most beneficial to decrease post-transplant graft
injury caused by alloantibody-initiated complement activation. Small molecule receptor
inhibitors, which are in development for human use, may better penetrate tissues to restrain
downstream consequences of the released cleavage products (e.g. C3a and C5a) and thereby
restrain complement’s influence over immune cells. The recognition of the diversity through
which complement participates in allograft injury supports the need for continued design
and testing of complement inhibitors in human transplant recipients.
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Abreviations

APC antigen presenting cell

BM bone marrow

C3aR C3a receptor

C5aR C5a receptor

DAF decay accelerating factor

DC dendritic cell

EAE experimental allergic encephalomyelitis

fB complement factor B

fD complement factor D

mAb monoclonal antibody

MBL mannose binding lectin

PI3Kγ phosphoinositide 3-kinase gamma
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Figure 1.
Schematic overview of the complement cascade illustrating the three activation pathways
(classical, mannose-binding lectin (MBL), and alternative), the common pathway, the
membrane attack complex (C5b-9), and the site of action of the cell surface-expressed
complement regulators (red) and the soluble complement regulator Factor H (blue).
Representative functions of select cleavage products are listed in boxes.
Reproduced with permission from: Vieyra MB and Heeger PS; Novel aspects of
complement in kidney injury; Kidney Int. 2010 Mar;77(6):495–9. Epub 2009 Dec 16.
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Figure 2.
Schematic depiction of how complement modulates T-cell immunity. Cognate T-cell–APC
interactions result in the upregulation and release of alternative pathway complement
components by both partners and in the downregulation of (a) cell-surface DAF, which
permits local complement activation resulting in the production of (b) C3a and C5a. These
split products bind to their G-protein-coupled receptors expressed on T cells, signaling
through PI3Kγ and AKT to induce proliferation and inhibit apoptosis, while simultaneously
activating APCs to upregulate B7 and innate cytokine (for example, IL-12) production.
APC, antigen presenting cell; DAF, decay-accelerating factor; IL-12, interleukin-12; PI3Kγ,
phosphoinositide 3 -kinase-γ.
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