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INTRODUCTION

The complement system is traditionally considered a component of the innate immune
system. In the context of transplantation, evidence published since the late 1990s has
expanded our understanding of links between complement and adaptive immunity, including
alloimmune responses and transplant injury. Among many pathogenic functions in
transplantation, complement participates in ischemia-reperfusion (I/R) injury, controls the
strength of the donor-reactive T cell immune response, and acts as an effector for antibody-
initiated allograft injury. Herein, we will review the biology of the complement system and
discuss current concepts regarding how complement contributes to the pathogenesis of
transplant injury. We will also discuss how the discovery of these fundamental mechanisms
has led to development and testing of a) novel treatment strategies that could limit allograft
injury and improve the health of transplant recipients and b) complement-derived
biomarkers for post-transplant risk stratification.
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BIOLOGY OF THE COMPLEMENT SYSTEM

The complement system is comprised of >30 soluble and membrane-bound proteins,
including zymogens, receptors, and regulators. The individual complement components can
be categorized by their ability to initiate, amplify, or regulate the complement cascade and/or
perform effector functions (Figure 1).

Complement activation can be initiated via the classical pathway, the lectin pathway, and the
alternative pathway 1. The classical pathway is activated when C1q, as part of the C1qrs
complex, binds to the Fc regions of 1gG or IgM. The activated C1qrs complex then cleaves
C4 and C2, forming the membrane bound C4bC2b C3 convertase, which enzymatically
cleaves C3 into C3a (an anaphylatoxin) and C3b. In the lectin pathway, mannose-binding
lectins (MBLs), as well as collectins and ficolins, function as pattern recognition receptors
and bind bacterial carbohydrate and/or lipid motifs. MBL can also directly recognize
neoantigens expressed by injured or apoptotic cells 2, a mechanism pathogenically linked to
ischemia reperfusion injury (see discussion below). Once bound, the lectin binding proteins
function as opsonins and also interact with MBL-associated serine proteases (MASPS).
Upon binding to MBL, MASP-1 and MASP-2 act analogously to the C1qrs complex; the
MBL/MASP-1/2 complex that cleaves C4 and C2 to generate C4bC2b C3 convertases. In
the alternative pathway, complement activation occurs continuously and spontaneously at
low levels, through a process commonly referred to as “tickover.” This process is initiated by
spontaneous hydrolysis of C3, forming C3(120), which permits binding of Factor B (fB).
Factor D (fD)-mediated cleavage of C3(20) bound fB forms the initial C3 convertase,
C3(H20)Bb, which cleaves C3 into C3a and C3b. C3b then associates with Bb to form the
membrane bound C3bBb alternative pathway C3 convertase. Once C3 convertases are
formed by any of the 3 activation pathways, the alternative pathway amplifies complement
activation by utilizing the locally produced C3b molecules to form more C3 convertases.

The surface bound, multimeric, C3 convertases can bind additional C3b molecules to yield
the C5 convertases, C4bC2bC3b and C3bBbC3b (Figure 1). These enzymes cleave C5 into
C5a (another anaphylatoxin) and C5b, the latter initiating the formation of the C5b-9
membrane attack complex (MAC) 3. The MAC forms a pore in cell membranes, which
promotes cytolysis in non-nucleated cells (including bacteria and red blood cells). MACs
inserted into nucleated cells generally induce cellular activation 4, rather than lysis, and/or
promote tissue injury °. Soluble and surface bound split products, including C3a, C3b, iC3b,
C3dg and C5a mediate separate but overlapping effector functions . C3a and C5a ligate
their respective receptors C3aR1 and C5aR1, 7-transmembrane-spanning, G-protein coupled
receptors (GPCR) expressed on various cell types to mediate chemotaxis, cytokine release,
antigen-presenting cell (APC) activation, and T-cell activation and expansion (see below)
=10, C3h, iC3b, and C3dg bind to various complement receptors, functioning as opsonins.

Under physiological conditions, multiple regulatory mechanisms throughout the cascade
prevent injury to self-cells but permit complement activation on pathogens that do not
express complement regulators 8 (Figure 1). The C1-inhibitor (C1-INH) inactivates the
Clgrs complex, as well as the MBL/MASP-1/MASP-2 complex, to prevent classical and
lectin pathway activation. Decay accelerating factor (DAF; CD55), a
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glycophosphatidylinositol-(GPI)-anchored, cell surface expressed protein, accelerates the
decay of the C3 convertases, thereby limiting amplification of the complement cascade.
Soluble factor H and surface-expressed membrane cofactor protein (MCP, CD46) are
cofactors for factor | that cleave C3b into iC3b, a mechanism that irreversibly disassociates
C3 convertases. Downstream, ubiquitously expressed carboxypeptidases rapidly inactivate
the C3a and C5a anaphylatoxins while the surface expressed, GPl-anchored protein CD59
(protectin) prevents the formation of MACs.

While the liver produces the majority of the circulating (plasma) complement components,
complement proteins are locally produced by multiple other cell types including endothelial
cells, parenchymal cells [e.g. tubular cells in the kidney 1] and immune cells, including T
cells and antigen presenting cells (APCs) 12,

COMPLEMENT AND ISCHEMIA-REPERFUSION INJURY

Static cold storage of donor organs induces tissue hypoxia, mitochondrial damage, and ATP
depletion, which, upon reperfusion, results in the generation of free oxygen radicals and
organ damage commonly referred to as ischemia reperfusion (I/R) injury 13. In kidney
transplantation, I/R injury presents clinically as delayed graft function (DGF). Extensive
experimental evidence now supports a crucial role for complement in this process (see
Figure 2). I/R-induced injury to endothelial cells results in surface expression of neoantigens
that can be recognized by MBL 14-16 or collectins 17. Subsequent complement activation
yields C3a and Cbha that bind to their respective receptors on endothelial cells (among other
cell types). These ligations crucially mediate I/R injury 18-20 (Figure 2). Data from animal
models also suggests that donor brain death upregulates complement activation in renal
allografts prior to procurement, which provides the dominant source of complement driving
I/R injury 2122 The elucidation of these mechanisms has resulted in novel strategies aimed
at preventing I/R injury and DGF. Chun et al showed in 2018 that peri-transplant treatment
with C1-INH (to block MBL and classical pathway complement activation) overcame
prolonged cold ischemia-induced, complement-dependent, I/R injury and cardiac allograft
rejection in a mouse model 23. Subsequent work by Jordan and colleagues translationally
showed that C1-INH administration can limit DGF and improve kidney function in human
recipients of deceased donor kidneys 24 C1-INH also improved lung function in a small
cohort of lung transplant patients with early, primary graft dysfunction (a form of I/R injury)
25 further highlighting the utility of this treatment strategy.

In another approach targeting complement-dependent injury, investigators treated donor
lungs with a nebulized C3a receptor (C3aR1) antagonist to ameliorate brain death-associated
I/R injury in a murine lung transplant model 26. Additionally, mirococept (APT070), a lipid-
tailed C3 convertase inhibitor that can be perfused into donor organs and inserts into the
endothelial cell membranes within the allograft has been shown to prevent kidney I/R injury
in rodents 27 and to improve early islet allograft inflammation in a humanized mouse model
28_ Studies testing efficacy of mirococept to prevent DGF in human recipients of deceased
donor kidneys are ongoing 2°. In contrast to the positive effects of C1-INH alluded to above,
a recent prospective, randomized trial testing anti-C5 mAb, eculizumab, in kidney
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transplantation showed no effect in preventing DGF 30, suggesting that prevention of DGF
requires proximal complement inhibition (at or prior to the C3 convertase step).

COMPLEMENT AND T CELL- MEDIATED REJECTION

Building upon the paradigm-shifting observation that C3-deficiency prolongs murine renal
allograft survival 31, work from several groups revealed an unanticipated role for immune
cell-derived complement as a regulator of T cells, including T cells reactive to transplant
antigens (Figure 3). These studies showed that during cognate interactions between CD4* T
cells and APCs, both cell types downregulate surface expression of DAF and secrete
alternative pathway complement components which together result in local production of
C3a and C5a. The interacting partners also upregulate surface expression C3aR1 and C5aR1
during activation 32, Subsequent autocrine and paracrine C3a/C3aR1 and C5a/C5aR1
signaling via the phosphatidylinositol-3 kinase-gamma (P13K+y) pathway induces
alloreactive, effector T cell proliferation/differentiation and inhibits T cell apoptosis.
Simultaneously, immune cell-derived C3a/C5a ligations with their receptors on APCs induce
upregulation of costimulatory molecules and cytokines 32 to further amplify the effector T
cell response. Remarkably, Sheen et al showed in 2017 that Toll-like receptor-induced APC
activation, a process thought to be crucial for protective immune responses against
pathogens and for pathogenic immune responses directed at transplanted organs, requires
immune cell production of complement and subsequent C3a/C3aR1 and C5a/C5aR1
ligations on the APC 33,

Analogous processes apply to human T cell/APC interactions. C3a and C5a are locally
produced during /n vitro cultures of human T cells and allogeneic dendritic cells (DCs),
resulting in alloreactive T cell activation and expansion 3435, Separate work by Kemper and
colleagues showed a distinct role for complement in human T cell immunity by
demonstrating that the intracellular production of complement cleavage products, including
Cb5a, is crucially involved in human T cell activation, in part via activation of the
inflammasome 36, Consistent with a role for complement as a modulator of human T cells,
patients genetically deficient in C3 have impaired Th1 differentiation 37.

In contrast to complement-dependent promotion of effector T cell responses, immune cell-
derived, locally produced C3a/C5a inhibits the generation and stability of regulatory T cells
(Treg) in mice and humans 91938 (Figure 3), which contributes to augmenting the antigen-
specific effector T cell response. The inhibitory effects of C3aR1/C5aR1 signaling on Treg
generation are modulated by T cell expressed C5aR2 that binds C5a but lacks the
intracellular signaling domain to initiate G-protein coupled receptor signaling 39. Evidence
suggests that in T cells, C5aR2 functions to bind C5a and prevent C5a from binding to and
activating C5aR1. Verghese et al showed in 2018 that absence of C5aR2 limits, while
transgenic overexpression of C5aR2 enhances, /n vivo Treg generation, independent of
C5aR1 expression on the T cells 40

Mechanistic experiments showed that C3aR1/C5aR1-initiated signaling, which is prevented
by overexpression of C5aR2 3, results in AKT-dependent phosphorylation of the
transcription factor Foxol, preventing its nuclear translocation and subsequently limiting
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FoxP3 transcription 10. Conversely, disrupting C3aR1/C5aR1 signaling on T cells
genetically or pharmacologically 10:38 augments Treg generation, stabilizes FoxP3
expression and is protolerogenic.

Complement regulation of T cell immunity is broadly relevant and applies in the context of
infectious pathogens 41, autoimmune diseases 42, and T cell driven transplant rejection. As
examples of the latter, absence of DAF (lifts restraint on production of C3a and C5a 43)
accelerates cardiac allograft rejection 44 while anti-C5 mAb 4%, C5aR1 antagonism 46, or
absence of C3aR1 signaling 4 reduces T cell priming and improves allograft survival in
mice. Similarly, Treg-dependent allograft survival/tolerance is facilitated by blocking
C3aR1/C5aR1 signaling 2 or augmenting C5aR2 expression on immune cells 4. Together
with the observations that these mechanisms apply to human T cells 34, the data support the
need to test the clinical impact of complement inhibition on T-cell-mediated allograft
rejection in humans.

COMPLEMENT AND ANTIBODY-MEDIATED TRANSPLANT INJURY

Complement has established effects on antibody production and function. Complement
receptor 1 (CR1, CD35) and complement receptor 2 (CR2, CD21) bind to antigen-bound
C3b and iC3b, respectively, the latter lowering the threshold for B cell activation and
promoting antigen retention by follicular dendritic cells 4849, C3-deficient mice fail to
produce high-affinity 1gG responses against major histocompatibility antigens in skin grafts
50, confirming its relevance to transplantation.

In addition to complement’s role in donor specific antibody (DSA) production, complement
activation has been shown to be an important effector mechanism of antibody-initiated
allograft injury in murine models 51 and human transplant recipients 5253 (Figure 4). DSA
can activate complement via the classical pathway, ultimately inducing graft inflammation
and injury through C3a/C5a production and MAC formation 2. While MAC formation
mediates lysis in non-nucleated cells, terminal complement activation on donor human
endothelial cells induces non-canonical NF-xB signaling, initiating a pro-inflammatory gene
program that facilitates recruitment of alloreactive T cells required for the development of
allograft injury >4

Building upon these fundamental observations, clinicians have studied the efficacy of
eculizumab, an anti-human C5 mADb, to prevent and/or treat antibody-mediated rejection
(ABMRY) in human transplant recipients. Eculizumab plus plasma exchange reduced the
incidence of ABMR in 26 sensitized kidney transplant recipients compared to a control
group 2°, and it successfully treated ABMR in a small cohort %6, although it failed to
demonstrate efficacy in another case series 57. Notably, ABMR can be resistant to
eculizumab °°, suggesting that complement components proximal to the C5 convertase
and/or non-complement-(e.g. Fc receptor)-dependent effector mechanisms can contribute to
the antibody-initiated pathology. A pilot study of C1-INH, which blocks activation of the
classical and MBL pathways (Figure 1), suggests efficacy for treatment of ABMR 58, but
larger scale studies are needed.
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COMPLEMENT AND TRANSPLANT REJECTION BIOMARKERS

With the recognition that complement activation is a critical mediator of I/R injury, T-cell
mediated rejection, and ABMR, investigators have begun to test whether complement-
derived biomarkers could be useful as prognostic risk-assessment tools in transplantation. To
this end, research on potential biomarkers has focused on three broad areas: single
nucleotide polymorphisms (SNPs) in complement genes, measures of complement-binding
capacity of DSA, and detection of serum-based complement components.

Both functional and non-functional SNPs have been identified in complement components
throughout the cascade, including within the complement regulators. Their functional effects
and relevance to renal transplant outcomes are summarized in a 2017 review 9. Recipient
SNPs in C5 (rs17611, increases serum C5a levels) and C5aR1 (rs4804049, nonfunctional)
have been linked to worse renal allograft function at 1 year post-transplant and allograft
failure, respectively. Similarly, two C3 SNPs (rs10411506 and rs2230205) correlate with
ABMR in renal transplant recipients 89, As donor-expressed complement regulatory proteins
could confer protection from DSA 61, investigators have hypothesized that donor SNPs
within regulators could also be used to assess post-transplant risk. Indeed, a donor CD59
promoter polymorphism (rs147788946) is associated with an increased rate of early acute
rejection in renal allografts 62 and a higher incidence of chronic rejection among lung
transplant recipients 83. Going forward, sufficiently powered validation studies will be
crucial in ultimately determining whether treatment strategies should be individualized
based on expression of the various SNPs.

DSA-associated allograft injury is in part dependent on complement-mediated effector
functions, so the prognostic value of the complement-binding capacity of anti-HLA
antibodies has become an important question in transplantation. A 2013 cohort study of
1016 kidney transplant recipients suggested that patients with C1g-binding (C1q*) DSA
have elevated rates of ABMR compared to C1q~ DSA* patients (48% vs 16%) 54. Similar
associations were documented in heart 55 and in lung 66 transplant recipients. In another
cohort study of 70 renal transplant patients that developed de novo DSA (dnDSA), C1g-
binding was correlated with post-dnDSA graft loss 87. However, the authors of this study
also demonstrated that C1q positivity correlated with DSA titer and mean fluorescence
intensity (MFI), suggesting that C1q binding may simply reflect the strength of the serum
DSA and may not add significant prognostic information beyond standard DSA testing.

A non-invasive, serum-based biomarker for allograft rejection could help avoid unnecessary
biopsies and lead to earlier treatment, potentially improving transplant outcomes. While no
such validated biomarker currently exists in transplantation, there are complement-related
candidates. Soluble CD59 (sCD59), which is associated with cellular damage, including
post- myocardial infarction 68 was found to be elevated in a cohort of patients who
developed bronchiolitis obliterans syndrome (BOS) after lung transplantation 69,
Importantly, serum sCD59 concentrations were elevated prior to the clinical diagnosis of
BOS in these patients, and sCD59 was determined to be an independent predictor for the
development of BOS. In another study, investigators demonstrated a correlation between
serum C4d* (a marker of classical pathway complement activation) microvesicles and
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ABMR in a cohort of kidney transplant patients 70; treatment of their ABMR was associated
with an improvement in estimated glomerular filtration rate and a reduction in C4d*
microvesicle concentration. With regard to acute cellular rejection (ACR), a 2018 study
found an association between circulating immune complexes, specific for complement factor
H, and ACR in liver transplant recipients ’1. These intriguing findings support the need for
further testing of complement biomarkers and/or complement biomarker profiles aimed at
individualizing risk stratification and treatment algorithms for transplant patients.

CONCLUDING REMARKS

The complement system, traditionally considered a component of innate immunity, is now
recognized as a crucial mediator of the adaptive immune response in solid organ
transplantation. Pre-clinical and early human trials have begun to elucidate how specific
complement components modulate the various forms of post-transplant anti-graft immune
responses (e.g. I/R injury, T-cell mediated cellular rejection, ABMR). These data, together
with the pharmaceutical industry’s increasing interest in developing complement inhibitors
72, support the need to test whether complement inhibition, potentially guided by
complement-derived risk assessing biomarkers, can improve allograft survival and patient-
centered outcomes in transplantation.
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. Complement activation, via the lectin and classical pathways, is an important

. Local production of complement by immune cells induces antigen-presenting

. Donor specific antibody (DSA)-mediated complement activation initiates a

. Serum-based complement components have the potential to serve as

KEY POINTS

mediator of ischemia-reperfusion injury.

cell maturation and effector T cell expansion, while inhibiting regulatory T
cell generation.

pro-inflammatory gene program in donor endothelial cells.

biomarkers for allograft rejection.
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SYNOPSIS

The complement system, traditionally considered a component of innate immunity, is
now recognized as a crucial mediator of the adaptive immune response in solid organ
transplantation. Pre-clinical and early human trials have demonstrated the importance of
complement effector mechanisms in driving allograft injury during specific anti-graft
immune responses, including ischemia-reperfusion injury, T cell-mediated rejection, and
antibody-mediated rejection, as well as a potential role for complement-derived risk
stratification biomarkers. These data support the need for further testing of complement
inhibitors in solid organ transplant recipients.
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Figure 1. Overview of the complement cascade and its regulators.
Complement activation can be initiated by the classical pathway triggered by cross-linking

cell-bound subclasses of IgG and IgM antibodies, the mannose binding lectin (MBL)
pathway triggered by carbohydrates present on bacteria surface, and the alternative pathway
that undergoes spontaneous activation on cell surfaces. All three pathways converge into one
key amplification step to form multimeric C3 convertases which cleave C3 to C3a and C3b,
the latter forming additional C3 convertases (amplification) and then initiating formation of
the C5 convertase. Subsequently, C5 cleavage yields C5a and C5b, ultimately forming the
membrane attack complex (MAC, C5b-9) on the target cells. Complement activation/
amplification is restrained on self-cells by several membrane-bound and soluble regulatory
proteins (shown in red). See text for further details. Surface-expressed regulators include
decay accelerating factor (DAF or CD55, accelerates the decay of cell-surface assembled C3
convertases), membrane cofactor protein [MCP or CD46, co-factor for factor I (fl) that
inactivates C3b to iC3b], and CD59 (protectin, inhibits formation of the MAC). Factor H
(fH) is a soluble complement regulator that exhibits both decay accelerating and co-factor
activity. C1 inhibitor (C1-INH) inhibits C1grs and MBL-MASP complexes, limiting
classical pathway and MBL pathway activation, respectively. MASP: mannose-associated
serine protease.
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Figure 2. Mechanisms through which complement mediates ischemia-reperfusion injury.
Hypoxia induces surface expression of neoantigens that are recognized by natural, pre-

formed IgM and MBL (and/or collectins), which then initiate complement activation.
Following reperfusion, the generation of reactive oxygen species (ROS) is associated with
graft-derived complement production and activation as well as the release of damage-
associated molecular patterns (DAMPS). Subsequent Toll-like receptor (TLR) signaling
synergizes with and amplifies complement activation, together yielding C3a and C5a. These
anaphylatoxins signal through their 7-transmembrane spanning G-protein coupled receptors
on endothelial cells (among other cellular targets) inducing cytokine/chemokine release and
facilitating T cell infiltration into the allograft.
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Figure 3. Mechanisms through which complement modulates T cell-mediated rejection.
Cognate interactions between antigen presenting cells (APC) and T cells yield immune cell-

derived complement production, which activates through the alternative pathway to yield
C3a and C5a. The anaphylatoxins bind to their respective receptors (C3aR1 and C5aR1
respectively) on the interacting partners to induce APC maturation and effector T cell
proliferation/expansion, survival, and differentiation. The same signals simultaneously
inhibit the generation, stability, and function of regulatory T cells (Treg) in part by inhibiting
Foxp3 expression. As C5aR2 binds C5a but lacks a GPCR signaling motif, C5aR2
expression on T cells limits the ability of free C5a to bind to C5aR1 and thus facilitates Treg
induction by limiting C5a/C5aR1 ligations.
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Figure 4. Mechanisms through which complement modulates antibody-mediated rejection.
Donor specific antibodies (DSA) bind to donor human leukocyte antigen (HLA) on

endothelial cells and initiate complement activation via the classical pathway, leading to
complement deposition, local C3a/C5a production, and MAC formation. The latter causes
non-canonical NF-xB signaling that initiates a pro-inflammatory gene program, enhancing
recruitment of alloreactive T cells and development of vascular injury.
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