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The multifaceted role of complement
in kidney transplantation

Ali-Reza Biglarnia’, Markus Huber-Lang?, Camilla Mohlin®, Kristina N. Ekdah/>*
and Bo Nilsson“*

Abstract | Increasing evidence indicates an integral role for the complement system in the
deleterious inflammatory reactions that occur during critical phases of the transplantation
process, such as brain or cardiac death of the donor, surgical trauma, organ preservation and
ischaemia—reperfusion injury, as well as in humoral and cellular immune responses to the
allograft. Ischaemia is the most common cause of complement activation in kidney
transplantation and in combination with reperfusion is a major cause of inflammation and graft
damage. Complement also has a prominent role in antibody-mediated rejection (ABMR) owing to
ABO and HLA incompatibility, which leads to devastating damage to the transplanted kidney.
Emerging drugs and treatment modalities that inhibit complement activation at various stages in
the complement cascade are being developed to ameliorate the damage caused by complement
activation in transplantation. These promising new therapies have various potential applications
at different stages in the process of transplantation, including inhibiting the destructive effects of
ischaemia and/or reperfusion injury, treating ABMR, inducing accommodation and modulating
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the adaptive immune response.

Since the first successful attempts at organ transplan-
tation in genetically identical twins in the 1950s, this
procedure has evolved into a routine clinical practice
for a large population of individuals with numerous
types of life-threatening end-stage organ failure'”.
A key element that enabled progress in transplantation
was the development of effective immunosuppressive
strategies that target adaptive immunity and in particu-
lar the T cell response’. In kidney transplantation, the
use of such strategies has led to a progressive decline in
the incidence of early T cell-mediated rejection and to
an improvement in overall transplantation outcomes".
Indeed, current therapeutic regimens are so effective
that pure T cell-mediated rejection now rarely occurs
more than 10 years after kidney transplantation™®.
However, despite an apparent reduction in the incidence
of T cell-mediated rejection over time, major improve-
ments in the outcomes of kidney transplantation have
mainly resulted from improvements in short-term out-
comes, whereas substantial improvements in long-term
outcomes have been difficult to achieve”*.

The process of transplantation consists of sequen-
tial events that may affect the graft, including brain or
cardiac death in deceased donors, the procedures of
organ procurement, preservation and reperfusion, post-
transplantation immune responses and non-allogeneic
insults such as drug toxicity, diabetes, hypertension and

recurrent diseases. During this stepwise process, various
immune responses can potentially induce graft injury
and contribute to premature loss of kidney function.
The importance of the early inflammatory response
in different situations is evident from the finding that
the outcomes of HLA-unmatched, unrelated, living
donor transplantation are similar or superior to those
of HLA-matched deceased donor transplantation’=’.
Furthermore, ischaemic insults to deceased donor gra-
fts, with concomitant early graft dysfunction, are closely
associated with a substantially increased risk (up to
41%) of long-term kidney graft failure'’.

Increasing evidence indicates a previously largely
unrecognized role of the complement system — a central
effector mechanism of the innate immune response (FIG. 1)
— in the nonspecific and specific inflammatory reactions
that occur before, during and after transplantation''-'°.
In this Review we highlight the role of complement in
these adverse events and discuss current and future strat-
egies to regulate complement activation and potentially
improve outcomes in kidney transplantation.

Complement activation in transplantation

The process of transplantation involves critical events
that occur in transplant candidates, in deceased
donors, in allografts and in recipients, and potentially
damage the graft (FIG. 2). These events trigger an early
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Key points

* Complement activation in the donor, the graft and the recipient before, during and
after transplantation is a major cause of damage to the kidney transplant.

* Ischaemia and subsequent reperfusion of the graft is the most important mechanism
that triggers complement activation; reperfusion is generally regarded as the most
detrimental phase of the transplantation process.

¢ Following transplantation, complement has a role in innate immunological and
inflammatory processes that further damage the graft and result in a gradual
decrease in its functional mass.

* Complement-targeted strategies might have a role in optimizing graft quality as well
as in the treatment of antibody-mediated rejection, induction of accommodation and
modulation of the adaptive immune response.

* Promising data from preclinical and clinical studies suggest that complement-
targeted therapies could potentially become part of the standard of care for kidney

transplantation.

Endotheliopathy

Disorder of the endothelial
layer leading to morphological
changes of the glycocalyx,
exposure of intercellular
adhesion molecules and
changes in the global function
of the endothelium.

inflammatory reaction that commences before and
independently of the donor-specific adaptive immune
response in the recipient''. Major insults that inevitably
occur during these initial processes are primarily caused
by ischaemia and subsequent reperfusion, which drive
the initial inflammatory process of which complement
activation is a major effector mechanism'®. These ini-
tial critical events are closely associated with the occur-
rence of delayed graft function, which in turn is linked
to increased allograft immunogenicity and premature
graft loss'”'®.

Activation in transplant candidates

Complement components are expressed in the normal
kidney (BOX 1) and complement activation in kidney trans-
plant candidates can occur as a result of complement-
driven kidney diseases (including C3 glomerulopathy,
membranoproliferative glomerulonephritis type I,
atypical haemolytic uraemic syndrome (aHUS) and
IgA nephropathy (IgAN)) and/or conditions such as
diabetes and dyslipoproteinaemia'. In addition, many
patients who are waitlisted for kidney transplantation
undergo maintenance haemodialysis until a suitable
transplant becomes available. During haemodialysis,
contact of the blood with the biomaterial surfaces inside
the tubing and on the dialysis membranes in the extra-
corporeal circuit leads to activation of the complement
system*»”.

Recognition of negatively charged surfaces, such as
those that are present within the extracorporeal circuit,
by complement component Cl1q and the complement
regulator properdin leads to activation of the classical
pathway and the alternative pathway of the complement
system, respectively”’. Similarly, ficolin 2 and mannan-
binding lectin serine protease 2 (MASP2), which are
involved in activation of the lectin pathway of the com-
plement system, are enriched on modern dialysis fil-
ters”. On the non-charged hydrophobic surfaces of these
modern filters and tubing sets, adsorption is the key to
recognition by complement components*’. Material sur-
faces become covered by an 8 nm film of plasma proteins
(approximately corresponding to a monolayer) within
seconds of exposure to blood and/or plasma*. Proteins
that assume an altered conformation and activity upon
contact with surfaces include C3, which acquires the

ability to activate the alternative pathway”, and non-
antigen-bound IgG, which acquires the ability to activate
the classical pathway™.

In a non-human primate (NHP) model, the levels of
complement activation markers increased after dialysis
but subsequently returned to normal levels™, suggesting
that complement activation declines after the procedure.
However, repeated activation of complement during
haemodialysis leads to the generation of inflammatory
activation products and leukocyte activation, resulting
in systemic inflammation, which is associated with
endotheliopathy?'. This systemic inflammation is likely to
support and amplify inflammatory reactions induced by
other mechanisms. The use of low-complement activat-
ing filters for haemodialysis and the avoidance of ultra-
filtration in transplant candidates might reduce the risk
of delayed graft function after transplantation”’.

Activation in organ donors

In clinical transplantation, the donor population
includes living donors, deceased brain death (DBD)
donors and deceased cardiac death (DCD) donors.
These categories characterize the condition of the donor
and thereby define both graft quality and outcome.

Healthy individuals have a tremendous overcapac-
ity for kidney function that is clearly demonstrated by
the observation that kidney donation (that is, a 50%
reduction in the total renal mass) does not substantially
affect the long-term prognosis or life expectancy of the
donor**. An important reason why long-term kidney
function is preserved in living donors is that unlike the
graft, the remaining kidney is not subjected to sustained
or recurrent immunological and non-immunological
injury (for example, drug toxicity) during and after the
transplantation procedure.

In living donation, organs are obtained from care-
fully evaluated healthy individuals and transplanted
within a meticulously planned and synchronized surgi-
cal environment, resulting in a short ischaemia time. By
contrast, deceased donors frequently have pre-existing
medical conditions, and deceased donor transplantation
is closely associated with substantially longer warm (for
DCD organs) and cold ischaemia times (for DCD and
DBD organs) than for living donor transplantation.

In contrast to tissues from living donors, those from
DCD or DBD donors are exposed to extensive physio-
logical changes, including haemodynamic instability,
warm ischaemia, hormone dysregulation and inflamma-
tory responses, leading to an altered cell phenotype in
the graft that may result in the activation of complement.
Consistent with this concept, levels of complement
activation products such as C3d,g and soluble C5b-9
(sC5b-9) are systemically increased in DBD and DCD
donors compared to those in healthy individuals and
are associated with acute rejection in the recipient™ .
In DCD donors, chronic pre-existing comorbidities that
lead to death (for example, atherosclerosis causing heart
infarction, chronic endotheliopathy and inflammation)
are associated with complement activation while the
donor is still alive.

Patients who experience polytrauma followed by
brain death are also considered for organ donation. Early
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systemic activation and depletion of coagulation and
complement factors has been found after polytrauma,
particularly in patients who later died from their
injuries*. Furthermore, haemorrhagic shock after
polytrauma is a major cause of ischaemia and a driver
of systemic complement activation, cellular injury,
endotheliopathy, breakdown of the glycocalyx, acute
kidney injury and multiple organ dysfunction™-"".
Various studies have shown that the main C3
allotypes of the donor (that is, C3S and C3F) might

Glycocalyx

A glycoprotein and glycolipid
shield that protects the
membranes of endothelial cells
and other cell types.
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Fig. 1| Overview of the complement system. The complement system can be
activated by the classical, lectin and alternative pathways. Recognition molecules
within these pathways bind to structures present on pathogens and other target
structures, and initiate the assembly of the C3 convertases C4bC2a (classical and
lectin pathways) and C3bBbP (alternative pathway), which cleave C3 to generate the
opsonin C3b and the anaphylatoxin C3a. The alternative pathway includes a potent
amplification loop that increases the generation of C3bBbP. The activation pathways
converge into a common terminal pathway of which the first step is the proteolytic
activation of C5 to form the anaphylatoxin C5a and the fragment C5b, which forms
the nucleus of the C5b-9 complex. C5b-9 can assemble in the cell membrane in the
form of the membrane attack complex (MAC) or remain in the fluid phase as soluble
C5b-9 (sC5b-9). C3a and C5a mediate the recruitment (via chemotaxis) and activation
of polymorphonuclear leukocytes by binding to C3a anaphylatoxin chemotactic
receptor (C3aR) and monocytes by binding to C5a anaphylatoxin chemotactic
receptor 1 (C5aR1) and C5a anaphylatoxin chemotactic receptor 2 (C5aR2) expressed
on these cells (not shown). Complement activation is strictly regulated by fluid-phase
and membrane-bound inhibitors at multiple levels. Ab, antibody; Ag, antigen;

CR1, complement receptor 1; C1INH, C1 inhibitor; C4BP, C4b-binding protein;

DAF, complement-decay accelerating factor (also known as CD55); MASP1, mannan-
binding lectin serine protease 1; MBL, mannose-binding lectin; MCP membrane
cofactor protein (also known as CD46). Figure adapted with permission from REF.”,
Springer Nature Limited.
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influence the outcome of transplantation’*. Although
contradictory results have been reported, the C3F form
seems to be protective®. This conclusion was supported
by the findings of a subgroup analysis of DCD donors,
which identified an independent inverse association
of the donor C3F allotype with primary non-function of
the graft”. Although these preliminary data warrant
further validation®*’, they suggest that C3-targeted
complement regulation before, during and after
organ collection could reduce tissue damage and impr-
ove both the quality of the graft and the outcome of
transplantation.

Activation induced by ischaemia. Ischaemic events are
a common cause of organ damage in the donor as well
as during preservation and transportation of the kidney
graft. During ischaemia the tissue is deprived of oxygen
that is transported to the organ by the circulation, and
metabolism switches to an anaerobic state. Ischaemia
activates complement by several mechanisms, including
by lowering the pH of the blood as a result of anaerobic
metabolism. The resulting acidic conditions interfere
with the complement system, and its altered regulation
facilitates activation of the alternative pathway". Of
note, in neutrophils the anaphylatoxin C5a can activate
sodium-proton exchangers and enhance glycolytic
flux, leading to the generation of an acidic extracellular
microenvironment''. This mechanism may represent
a feedforward loop for local complement activation.
Anaerobic metabolism also generates NH,, which is
a nucleophile that can break the thiol ester of C3 and
thereby act as an initiator of the alternative pathway by
forming C3(NH,)Bb convertases*.

Ischaemia also leads to a change in the phenotype
of endothelial and parenchymal cells, which is recog-
nized by the innate immune system. The endothelial
cell surface is constitutively antithrombotic and has
anti-complement properties, mainly because of the
proteoglycans that form a protective glycocalyx layer*.
Ischaemia induces expression of heparanase and
metalloproteinases in the endothelial cells of the vessel
wall, which results in the cleavage and breakdown of
the glycocalyx*. This breakdown results in the loss
of regulators of the complement, coagulation and contact
systems, including antithrombin, activated protein C,
tissue factor pathway inhibitor, C4b-binding protein,
factor H, and C1 inhibitor (C1INH), which are released
from the cell surface. The loss of these regulators means
that the endothelial cell surface is no longer protected
from attack by the complement, coagulation and contact
systems (FIG. ).

During ischaemia and intravascular inflammation
the endothelium is activated by cytokines or by inser-
tion of the membrane attack complex (MAC) and
thereby converted to a pro-coagulatory, pro-adhesive
and pro-inflammatory state*’. Although the forma-
tion of the MAC rarely causes cell lysis, cell damage
and inflammasome activation can occur even at sublytic
MAC concentrations’>". In addition, during ischae-
mia, damage-associated molecular patterns (DAMPs)
are exposed by hypoxic damaged tubular, endothelial
and perivascular cells and can be recognized by pattern
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Anaphylatoxin

A complement activation
product that can induce a
substantial inflammatory
response. C3a, C4a and C5a
are anaphylatoxins.

Nucleophile

A molecule that donates an
electron pair to form a new
covalent bond.

Inflammasome
Aintracellular protein complex
that upon activation induces
the generation of IL-1p and
inflammation.

recognition receptors such as Clq, mannose-binding
lectin (MBL), collectins, ficolins and C3b, leading to
activation of all three pathways of the complement
system*>*.

An important study in a murine C3 knockout model
demonstrated that C3 synthesis in tubular cells is a pre-
requisite for rejection of kidney allografts™. A subse-
quent study from the same group showed an increase in
C3 levels in murine kidney grafts that was dependent on
the duration of the cold ischaemia time®'. In the donor
kidneys, C3 production was stimulated and reached a
peak level after reperfusion and contributed substan-
tially to graft damage. Moreover, a study that analysed
kidney biopsy samples from kidney donors showed
that C3 gene expression before organ procurement was
increased in DBD donors compared to levels in living
donors*. This increased local C3 expression in the
DBD donors was associated with inferior short-term
graft function after transplantation.

Early pre-transplantation and/or
post-transplantation events

Pre-donation events

A: Candidate —haemodialysis
B: Donor — trauma, shock,
cardiac or brain death

transportation
D: Reperfusion

100+

507 C

254

Kidney function (% of healthy individuals)

Transplantation

C: Procurement, preservation and

E: Antibody-mediated rejection

Activation resulting from reperfusion. Delayed graft
function is often associated with the combined effect
of ischaemia and reperfusion™. Reperfusion of the
ischaemic organ induces a process that is necessary to
enable repair of the tissue, but initially causes devas-
tating injury. The rapid oxygenation causes injury via
multiple mechanisms, including increased generation
of reactive oxygen species®*. During reperfusion, the
unprotected endothelial surface and intravascular cell
debris together with local acidosis and hypoxia owing
to the effects of the preceding ischaemia trigger and
amplify a destructive activation of complement that
elicits inflammation® (FIG. 4).

Molecules that have been reported to recognize
phenotypically altered cells, including endothelial cells,
following ischaemia include natural IgM antibodies,
MBL and collectin-11 (CL11)**, all of which activate
the complement system. Indeed, studies using animal
models have provided evidence that complement has an

Late post-transplantation events

F: Dysregulation of the alternative pathway
G: Recurrence of disease

H: Rejection (humoral, cellular and late onset)
I: Transplant glomerulopathy

J: Age-related functional loss

! D
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Fig. 2 | Hypothetical model of complement-related deterioration in kidney graft function. Sequential events that
occur before, during and after transplantation can activate the complement system and lead to loss of kidney function.
A:In transplant candidates, complement activation occurs during each haemodialysis session. B: In contrast to living
donors, deceased donors experience damaging inflammation and complement activation before and after brain or
cardiac death, potentially resulting in reduced viability of the kidney grafts. C: The ischaemia that occurs during
transportation and preservation of the graft triggers complement activation. D: Complement activation is further
amplified during the reperfusion phase of transplantation. Living-donor transplantation is associated with less ischaemia
and consequently less reperfusion injury than deceased-donor transplantation. E: The presence of donor-specific or
natural antibodies against the vascular endothelium is a major trigger of complement activation that may initiate
rejection. F: In the long term, dysregulation of the alternative pathway of complement in some recipients, for example

as a result of mutations in soluble regulators (that may have led to the initial kidney disease), might lead to damage to the
glomeruli of the graft. G: Such dysregulation might also contribute to recurrence of the original disease. H: Transplant
recipients might also experience rejection, which may be humoral, cellular or late onset. They might also experience I:
transplant glomerulopathy or J: age-dependent functional loss similar to that seen in the healthy population. Complement
likely has arole in all of these processes with the exception of age-related decline in kidney function. DBD, deceased brain

death; DCD, deceased cardiac death.

www.nature.com/nrneph



Alloresponse

An immune response resulting
from the recognition of
antigens expressed on the
surface of cells of non-self
origin.

important role in ischaemia-reperfusion (I/R) injury.
In porcine renal I/R models, blockade of the lectin
pathway or the classical pathway using C1INH before
reperfusion protected the kidneys*™*, whereas in mice
blockade of the alternative pathway using a monoclo-
nal antibody (mAb) against C3b before the induction of
renal I/R was protective®. C4-knockout mice were not
protected compared to wild-type controls, suggesting
that the classical pathway does not have an important
role in renal I/R injury®. By contrast, MBL, MASP2 and
IgM-knockout mice were protected, suggesting invol-
vement of a lectin-pathway-mediated activation of
the alternative pathway, which bypasses C4 (REF.™).
Consistent with this finding, another mouse study
showed that ischaemia in kidney grafts induces exposure
of fucose on parenchymal cells and leads to local pro-
duction of CL11, which recognizes the exposed fucose
structures on ischaemic cells*’. Following reperfusion of
the kidney, systemic MASPs become anchored to CL11
and mediate complement activation via the lectin path-
way leading to tissue damage. Similarly, an involvement
of the lectin pathway and MASP2 has been observed in
I/R injury of the heart and brain in mouse models®*'.
Notably, the relevance of observations in animal
models to human transplantation remains to be estab-
lished. However, consistent with complement activation

Box 1| Renal expression of complement components

Complement proteins and activation products

C3 and its cleavage products iC3b, C3d,g and C3d have been detected in the
glomerular and tubular basement membranes and arterioles of the normal
kidney*'7*152,C4 (C4A and C4B isoforms) is present in the arteriolar walls of the
glomeruli and in mesangial cells'®’, and C4b-binding protein is expressed in the
mesangial cells, glomeruli and the subendothelial layer of the glomerular basement
membrane’®*. Transcripts for C3, C4, C2 and factor H have been found in the cortical
tubules, whereas factor D and properdin are highly expressed in glomeruli and factor B
is expressed in the medulla’®.

Regulatory proteins

Membrane-associated complement regulators that protect autologous cells from
complement attack are abundantly expressed in various combinations in different
segments of the nephron. Membrane cofactor protein (MCP; also known as CD46) and
complement-decay accelerating factor (DAF; also known as CD55) are regulators of C3
convertase activity that are expressed in the juxtaglomerular apparatus, glomerular
capillaries, mesangium, podocytes, basolateral surface of epithelial distal tubules,
collecting ducts and peritubular capillaries'*****. MCP has also been localized to the
epithelial basolateral surfaces of proximal tubules, intermediate tubules and the
medullary interstitium'®.

CD59 glycoprotein controls the generation of the membrane attack complex (MAC).
This regulatory protein is expressed in the juxtaglomerular apparatus, glomerular cells
and basement membrane (epithelial and endothelial sides), proximal and distal tubules,
collecting ducts, tubular basement membrane and peritubular capillaries®’®*5%%,

The soluble regulator of the alternative pathway, factor H, has been detected in the
glomerular basement membrane, mesangial matrix and the tubular basement
membrane'’***>, where it likely binds to glycosaminoglycans**®*.

Complement receptors

Expression of complement receptor type 1 (CR1; also known as CD35) is restricted to
podocytes'®’. By contrast, the complement anaphylatoxin receptors C5a anaphylatoxin
chemotactic receptor 1 (C5aR1)'%**, C5a anaphylatoxin chemotactic receptor 2
(C5aR2) and C3a anaphylatoxin chemotactic receptor (C3aR)*** are expressed in
proximal tubules and in podocytes. Their expression can be enhanced by inflammatory
mediators such as IL-6 (REF.**°). Constitutive expression of anaphylatoxin receptors has
not been found in primary mesangial cells’*, although it has been described in
inflammatory settings'"’.
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resulting from ischaemia and reperfusion, kidneys
from DBD and DCD donors, but not those from living
donors, release substantial amounts of sC5b-9 after
reperfusion, indicating that shorter periods of ischaemia
are associated with less complement activation™.

Activation in transplant recipients

Complement activation in transplant recipients occurs as
aresult of two major mechanisms. Most commonly, com-
plement activation is triggered by IgG and IgM antibod-
ies that are specific for epitopes exposed on donor ABO
and HLA antigens. However, the phenotype of the trans-
plant recipient can also lead to complement activation
owing to incompatibilities in complement components
and/or regulators.

Antibody-mediated humoral rejection. Antibody-
mediated rejection (ABMR) is the leading cause of long-
term kidney graft loss>*. According to the revised Banff
classification from 2013, the histological correlates of
ABMR include tissue injury (glomerulitis and/or peritu-
bular capillaritis, acute thrombotic microangiopathy and
acute tubular injury), antibody interaction with vascular
endothelium (C4d deposition, microvascular inflamma-
tion and endothelial-associated transcript expression)
and the presence of donor-specific antibodies (DSAs)®.
The presence or formation of antibodies directed against
the vascular endothelium in the graft is a major trig-
ger of complement activation, leading to microvascular
inflammation and thrombosis followed by ischaemia,
apoptosis or necrosis and finally graft failure.

Complement can contribute to ABMR by several
mechanisms (FIC. 5). Activation of C4 results in the gen-
eration of C4a, which can bind and activate proteinase-
activated receptor 1 (PAR1) and PAR4, leading to the
formation of stress fibres in endothelial cells and incr-
eased endothelial permeability®’. Deposition of C3
fragments (C3b, iC3b and C3d,g) on the cell surface pro-
motes the binding of polymorphonuclear leukocytes and
monocytes. Although endothelial cells do not express
anaphylatoxin receptors (C3a anaphylatoxin chemot-
actic receptor (C3aR), C5a anaphylatoxin chemotactic
receptor 1 (C5aR1) or C5a anaphylatoxin chemotactic
receptor 2 (C5aR2))%, activation of C5 triggers gener-
ation of the MAC, which leads to the upregulation and
exposure of P-selectin® and tissue factor®” on endothe-
lial cells so promoting thrombotic reactions. Insertion of
the MAC also induces cytokine expression®, apoptosis
and necrosis®*”” and enhances recruitment of alloge-
neic CD4" T cells via a mechanism involving activa-
tion of the non-canonical nuclear factor-kB (NF-kB)
signalling pathway”".

The humoral alloresponse that is observed in ABO-
incompatible and HLA-sensitized transplant recipients is
of particular concern because it can result in hyperacute
or acute ABMR and a high rate of graft loss’>. The ABO
and HLA systems are the main immunological hurdles
in allogeneic transplantation and the binding of anti-
HLA or anti-ABO DSAs triggers complement activation,
which leads to damage to the transplant.

In vertebrates, antibodies against carbohydrate anti-
gens (for example those within the ABO system) are
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Fig. 3 | Ischaemia-reperfusion injury in glomerular capillaries. The normoxic endothelium is protected by the
glycocalyx, which has an affinity for and binds the fluid-phase regulators of the complement system C1 inhibitor (C1INH),
factor H and C4b-binding protein (C4BP) as well as the coagulation inhibitors antithrombin (AT), tissue factor pathway
inhibitor (TFPI) and activated protein C (APC). The endothelium also expresses membrane cofactor protein (MCP; also
known as CD46) which inhibits C3 and C5 convertases. The combined effect of these regulators means that the normoxic
endothelium is anti-inflammatory and antithrombotic. During ischaemia and reperfusion, the endothelium becomes
activated by cytokines and/or complement activation products such as the membrane attack complex (MAC), resulting in
the breakdown of the glycocalyx and subsequent loss of regulators of the complement and coagulation systems. In this
setting complement activation can be driven by molecules such as ficolin 2 and natural antibodies, resulting in the
formation of complexes between activated platelets and polymorphonuclear leukocytes (PMNs) such as neutrophils.
Activated PMNs bind to the endothelial cells and migrate through the endothelium into the parenchyma, thereby

aggravating the inflammatory response.

produced without previous exposure to the cognate
antigen in a T cell-independent manner. These so-called
natural antibodies are predominately of the IgM type,
but natural antibodies of the IgG3 isotype have also
been reported”. As IgM antibodies are strong activators
of complement, leading to generation of C5a, sC5b-9
and the MAGC, the existence of natural antibodies in
the recipient against blood group antigens in the graft
results in a high risk of acute ABMR but rarely hyper-
acute rejection’”. Pre-transplantation blood group typ-
ing of both donor and recipient is therefore necessary to
enable avoidance of ABO-incompatible transplantation.
Cryo-electron microscopy studies of the binding of Clq
to IgG and IgM have clarified the structural basis of the
increased propensity of IgM to activate complement in
comparison to IgG™.

Transplant recipients do not normally have anti-HLA
antibodies but immunization, which is T cell-dependent,
can occur in response to HLA-mismatched transplants,
in multiparous women or in patients who have received
blood products such as red blood cells and platelets con-
taining contaminating leukocytes”. Transplant recipi-
ents with anti-HLA antibodies have an increased risk of
hyperacute or acute ABMR and graft loss”. Pathological
anti-HLA antibodies are often of the IgG class and bind
to and activate endothelial cells directly and indirectly,
leading to microvascular inflammation and thrombosis
followed by ischaemia, apoptosis or necrosis™. IgG anti-
bodies can also mediate indirect damage by activating
the complement system, which in turn activates leuko-
cytes via the anaphylatoxins C3a and C5a and endothe-
lial cells via the formation of sC5b-9 and the MAC and,
unlike IgM, via binding to Fc receptors”. The routinely
performed complement-dependent cross-matching
assay is the gold standard for determining donor and
recipient compatibility and has virtually eliminated

the risk of hyperacute rejection elicited by preformed
HLA-linked cytotoxic antibodies in the clinical setting.
However, anti-HLA antibodies and their complement-
activating properties are still a major problem in acute
and chronic rejection.

Detection of the C4 activation product C4d in kidney
biopsy samples has an important role in the diagnosis
of humoral rejection'®. The detecting antibodies are
raised against the final fragment of C4 that is generated
during physiological cleavage by factor I. The rationale
for the use of C4d as a marker of ABMR is that detec-
tion of this final cleavage fragment covalently bound
to the endothelium indicates activation of the classical
pathway of the complement system. However, caution
should be taken when interpreting the results of C4d
staining in kidney biopsy samples because C4d epitopes
are exposed in native C4 and in all covalently bound
C4 fragments™ (FIG. 6). Therefore, the possibility can-
not be ruled out that the antibody is detecting C4 that
is expressed by endothelial cells in response to cytokine
generation rather than C4d that is deposited as a conse-
quence of complement activation®'. This ambiguity may
explain inconsistency in the interpretation of C4d data
by different centres. To troubleshoot this redundancy;,
neoepitope-specific anti-C4d antibodies are currently
being developed.

An important advance in the prevention of ABMR
was the introduction of Luminex assays using recombi-
nant specific HLA-containing beads, which enable the
identification of HLA-specific antibodies that bind C1q
and C3d and activate complement. These assays have
greater sensitivity and specificity to predict the risk of
ABMR than detection of IgG antibodies alone” ~"*. Both
the C3d and the C1q-binding capacity of DSAs are asso-
ciated with a higher risk of kidney graft loss than is the
detection of C4d at the time of ABMR diagnosis®®.
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Fig. 4 | Ischaemia-related activation of the lectin pathway in the proximal tubule.
Ischaemic stress induces the upregulation of fucose and the basolateral secretion of
collectin 11 in renal tubule cells***°. In the presence of locally produced complement
components or upon reperfusion, mannan-binding lectin serine protease 1 (MASP1) and
MASP2 bind to collectin 11 and initiate the lectin pathway of complement activation
leading to the release of anaphylatoxins and a destructive inflammatory response that
may ultimately result in the formation of the membrane attack complex (MAC) and cell
damage. This response is further fuelled by C3, which is locally synthesized in the renal
tubular cells in response to ischaemia®’, and by the ischaemia-induced loss of
complement regulators such as membrane cofactor protein (MCP; also known as CD46)
and factor H, which facilitates complement activation and deposition, cell death and
acute kidney injury.

A large prospective study, confirmed that circulating
Clqg-binding HLA-DSAs, in comparison to non-Clq
binding DSAs, are associated with lower estimated glo-
merular filtration rate (eGFR) and higher levels of pro-
teinuria at the time of antibody detection as well as a
higher risk of graft loss at 3 years post-transplantation®.
In addition, patients with C1q-binding HLA-DSAs had
increased microvascular inflammation (as evidenced by
accumulation of monocytes, macrophages and natural
killer cells in the capillaries of the graft) and increased
expression of the inflammatory genes CXCL11, CCL4,
MS4A7, MS4A6A and FCGR3A. These findings suggest
the existence of endothelial injury and an inflammatory
cell response.

Dysregulation of the alternative pathway. The pheno-
type of the transplant recipient may predispose him
or her to complement activation; in some instances,
complement-mediated kidney disease might be the
cause of the kidney failure that originally necessitated
transplantation. Mutations in genes that encode sol-
uble complement regulators (such as factor H, factor
H-related proteins 1-3 and 5, and factor I) and activators
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(for example, factor B and C3) may lead to dysregulation
of the alternative pathway®. This dysregulation results
in poor protection of the cell surfaces and activation
of the alternative pathway in blood plasma, leading
to damage to the glomeruli and the development of
complement-mediated kidney disease.

Mutations in complement regulators and activators
have also been shown to aggravate other inflammatory
conditions in the kidney (for example membranopro-
liferative glomerulonephritis type I-IV and IgAN),
although they are not the main driving force behind
these diseases®. They can also potentially lead to
complement-mediated damage in previously unaf-
fected kidney grafts and, in severe cases, recurrence of
the original kidney disease (for example aHUSY, C3
glomerulopathy or IgAN®®).

Targeting complement in transplantation

As complement activation at various stages of transplan-
tation and thereafter is a serious threat to the graft, com-
plement inhibition is a reasonable approach to improve
kidney graft survival and a number of agents are being
developed for this application (TABLE 1). In addition, sev-
eral strategies that use these agents to target different
stages of the transplantation process are being inves-
tigated. These strategies include optimization of graft
quality before transplantation, protection against and/or
avoidance of complement-mediated graft damage,
induction of accommodation and regulation of the
adaptive immune response.

Optimization of graft quality

Preclinical studies have shown that treatment of DBD
donors with complement inhibitors is associated with
improved graft function after transplantation. This pro-
tective effect has been achieved in rats using the specific
complement inhibitor soluble complement receptor
type 1 (sCR1)", which inhibits C3 and C5 convertases,
and using purified CIINH®, which inhibits activation
of the classical and lectin pathways of the complement
system as well as serine proteases of the coagulation,
contact and kallikrein-kinin systems. An ongoing clini-
cal trial is investigating the effect of pre-treatment of
DBD donors with C1INH (Cinryze (Shire)) on systemic
inflammation and the incidence of delayed kidney graft
function in transplant recipients™.

An alternative and fairly easy clinical approach to
complement inhibition in transplantation is modulation
of the allograft preservation solution. In a mouse model,
C5aR1 blockade in kidney allografts before transplanta-
tion significantly improved graft survival”, suggesting
that this intervention might be an effective strategy to
reduce complement-mediated damage. However, no
clinical data on this strategy are currently available.

Another interesting approach is site-directed comple-
ment inhibition targeting areas of C3 fragment deposi-
tion or MAC formation at the site of tissue damage and
inflammation. Such inhibition has already been accom-
plished in tissue injury models, for example using the
chimeric TT30 (CR2-factor H) molecule’>*. In rats, pre-
treatment of kidneys with TT30 during cold preservation
before transplantation inhibited I/R injury™.
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Fig. 5| Antibody-mediated rejection in peritubular capillaries. During antibody-mediated rejection, natural
antibodies, for example antibodies against blood group antigens or donor-specific anti-HLA antibodies bind to their
targets on the endothelial cells of the graft and trigger activation of the classical pathway of complement via assembly of
the C3 convertase C4bC2a on the endothelium. This activation is further amplified by the alternative pathway via
formation of the C3 convertase C3bBb, which ultimately leads to formation of the membrane attack complex (MAC).
Complement activation is counteracted by the cell-bound regulators complement-decay accelerating factor (DAF; also
known as CD55), membrane cofactor protein (MCP; also known as CD46) and CD59 glycoprotein, as well as by factor H,
which is present in the blood and on the glomerular basement membrane and inhibits the activation of the alternative

pathway. F, factor I.

Treatment of antibody-mediated rejection

Although a number of candidates for therapeutic com-
plement inhibition are being developed®*, only two
categories of complement-inhibiting drugs are in the
clinic: the humanized anti-C5 mAb eculizumab (Soliris,
Alexion) and preparations of C1INH (for example,
Berinert (CSL Behring), Cinryze).

Eculizumab specifically inhibits the terminal path-
way of complement by blocking cleavage of C5 into
C5a and C5b and thus preventing formation of the
MAC. This agent is currently approved for the treat-
ment of aHUS, paroxysmal nocturnal haemoglobinu-
ria and refractory myasthenia gravis’ -’ and has also
been introduced off-label in the transplant setting for
reversal and prevention of antibody-mediated rejec-
tion (ABMR) in HLA-sensitized and ABO-sensitized
patients'?'%,

The initial experience with eculizumab in sensitized
patients with preformed HLA-DSAs undergoing living-
donor kidney transplantation showed a reduction in the
incidence of ABMR at 3 months in comparison to a his-
torical control group who received post-transplantation
plasmapheresis only (7.7% versus 41.2%)'"". However,
at 2 years of follow-up, no difference was observed in
the histopathological occurrence of ABMR and in graft
survival between the eculizumab-treated patients and
the control group'”'. Moreover, in a controlled clini-
cal trial, eculizumab failed to reduce the incidence of
ABMR at 9 weeks post-transplantation in comparison
to standard of care (SOC)"*!"". These conflicting find-
ings are further reflected by additional reports, mostly
of an anecdotal nature, that show a range of responses
to eculizumab from very effective to no effect in patients
wlth ABMRIOO*HU,IO%*]li7,|1i9.

A prospective multicentre study that compared
9 weeks of prophylactic eculizumab treatment to SOC

(plasmapheresis and intravenous immunoglobulin
(IVIg)) reported that eculizumab was more efficient for
early abrogation of ABMR in patients with circulating
Clq-binding HLA-DSAs than in those with non-Clq-
binding HLA-DSAs". At 3 months, a benefit of eculi-
zumab treatment compared to SOC in terms of lower
ABMR incidence was observed only in the patients
with Clqg-binding HLA-DSAs*. Similar findings were
previously reported in two patients with non-Clq-
binding HLA-DSAs in whom eculizumab therapy was
not effective for the treatment of biopsy-verified ABMR
with no C4d deposition'”. These important data sug-
gest that only ABMR that is caused by complement-
dependent effector mechanisms might be susceptible
to anti-complement treatment. This hypothesis could
partly explain the inconsistent results with eculizumab
in patients with ABMR as the prevalence of C1q-binding
HLA-DSAs was not known in most of the studies
published to date'*-'%”.

Another possible explanation for these inconsist-
ent results is that eculizumab targets the late-reacting
terminal pathway of the complement system and does
not inhibit upstream complement components. This
explanation was supported by the finding of renal C4d
deposition in 63% and 32% of eculizumab-treated kid-
ney transplant recipients (n = 30) with persistent HLA-
DSAs at 1 month and 2 years, respectively'”. These data
indicate that (not unexpectedly) complement inhibition
at the level of C5 does not prevent upstream comple-
ment activity. In line with this concept, cases of IgM-
DSA-driven ABMR despite eculizumab treatment were
assumed to be triggered by the generation of immune
modulators such as C4a or C3a°*'””. Moreover, in vitro
studies have shown that residual terminal pathway
activity via the alternative pathway can occur despite
eculizumab treatment''”. In these studies, the level
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Fig. 6 | C4d formation and the reactivity of polyclonal anti-C4d antibodies. a | The
structure of human C4 showing the a and B-chains, the positions of the interchain
disulfide bonds (SS) and thiol ester (*) and the molecular weights of the fragments
produced by proteolytic cleavage. The y-chain, which is not subject to proteolytic
cleavage, has been omitted for clarity. b | C4 is digested sequentially first to C4b by the
classical pathway convertase C4b2a and then to iC4b, C4c and C4d by factor I*". The sites
of digestion are indicated by arrows. Activation of C4 leads to disruption of the thiol
ester, which subsequently establishes covalent bonds with OH and NH, groups on the
target surface. ¢ | In addition to binding to surface-bound C4d, antibodies raised against
this fragment may recognize the same epitope in surface-bound C4b, iC4b and intact
intracellular C4. These anti-C4d antibodies will detect all forms of C4 regardless of its

activation status.

Endopeptidase

A proteolytic enzyme that
cleaves peptide non-terminal
bonds within a protein
substrate.

of residual terminal pathway activity correlated with
the degree of complement activation. High C3 turn-
over as a consequence of strong complement activation
can generate densely packed C3b clusters on the cell
surface, which in turn can maintain residual C5 acti-
vation even in the setting of surplus concentrations of
eculizumab'"”,

Based on these observations, the concept of upst-
ream complement inhibition is gaining increasing inte-
rest. C1INH, either in its recombinant form or as an
enriched preparation from human plasma, has been
successfully used to prevent allogeneic and xenogeneic
humoral immune responses in preclinical models'"*'"*.
In controlled clinical trials, enriched plasma-derived
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C1INH has been used for HLA desensitization'"” and
for the treatment of ABMR'"'“'"”. These initial safety
and efficacy studies showed that C1INH as an add-on
to SOC was a safe and potentially beneficial therapy.
In a pilot trial, C1IINH was given as a supplement to
high-dose IVIg in six patients with nonresponsive
ABMR'"®. At 6 months, these patients showed improve-
ments in eGFR compared with levels at enrolment and
had less C1q-binding DSAs than did a historical control
group. In a randomized, placebo-controlled trial that
compared add-on treatment with C1INH to placebo in
18 patients with ABMR who were receiving SOC (plas-
mapheresis, IVIg and rituximab), no between-group dif-
ference in ABMR histopathology or kidney function was
observed at 20 days of follow-up'"”. However, a subgroup
analysis of 14 patients with 6-month protocol biopsy
samples identified no transplant glomerulopathy in
the C1INH group, whereas transplant glomerulopathy
was present in 43% of patients in the placebo group.

Overall, these initial data could indicate an impor-
tant role for C1INH as an add-on therapy to SOC for
the treatment of ABMR and the prevention of trans-
plant glomerulopathy, which is still the most important
risk factor for long-term transplant failure''*. However,
given the exploratory nature of these studies, with a
limited number of patients and short-term follow-up,
it is too early to draw any solid conclusions. Therefore,
larger controlled trials with long-term follow-up are
warranted.

An alternative strategy for upstream complement
inhibition targets Cls using the humanized anti-
Cls mAb BIVV009. A small phase I trial evaluated
BIVV009 as a short-course treatment for late acute or
chronic ABMR'”. In 1-month protocol biopsy samples,
amarked decrease in C4d deposition was observed com-
pared with index biopsy samples. However, at 50 days
post-treatment, no histopathological resolution of
ABMR and no change in median eGFR were observed.
Longer term follow-up data are not available. BIVV009
has just entered phase III clinical trials for the indication
of cold agglutinin disease'*’.

A clinically applicable C3 inhibitor, the latest gener-
ation of compstatin analogues (Cp40) has been evalu-
ated in a phase I trial in healthy volunteers'*'. However,
the results are not yet available. The compstatin family
consists of cyclic synthetic peptides that bind to C3 and
prevent its activation'”. Cp40 has a nanomolar IC,,
and binds C3 with sub-nanomolar affinity'”’. Potential
clinical applications of Cp40 include ABO-incompatible
kidney transplantation and periodontal disease’'*.

A totally different approach to attenuate comple-
ment activation and binding to Fc receptors uses IdeS,
which is a recombinant Streptococcus pyogenes-derived
endopeptidase. IdeS cleaves all IgG subclasses in the
hinge region, first generating an IgG molecule in which
one heavy chain is cleaved (that is, a single-cleaved
IgG). Cleavage of the second heavy chain generates one
F(ab), and one Fc fragment. After the first cleavage, the
ability of the IgG molecule to bind Clq is lost but its Fc
receptor binding ability remains'**'**. Promising results
from a combined phase I-II clinical trial indicated
that IdeS reduced or eliminated DSAs and permitted
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Table 1| Complement-targeted agents for the prevention of rejection in transplantation

Compound

Intravenous
immunoglobulin
Rituximab

C1INH

Eculizumab

BIVV009

IdeS

APTO070
(Mirococept)

Compstatin family
inhibitors

sCR1

TT30

C5aR1 antagonist

Cobravenom
factor

Entity

Plasma protein
Humanized mAb

Purified or
recombinant protein

Target Mechanism

Multiple Inhibits activation of complement, blocks
FcR and Cl1q

CD20 expressed Blocks complement-induced

on B cells enhancement of antibody generation

Cir,C1s,

MASP1, MASP2
and factor B

Inactivates complement serine proteases
FXlla, FXla and kallikrein; blocks the
classical and lectin pathways as a serpin
but may also inhibit the alternative
pathway by another mechanism

Humanized mAb C5a Inhibits C5 cleavage to form C5a and C5b;
blocks the terminal pathway

Humanized mAb Cis Inactivates C1s; blocks the classical
pathway

Protease IgG Digests IgG resulting in loss of C1q
binding; FcR binding is retained

Recombinant protein C3and C5 Inhibits C3 and C5 convertases; blocks

(membrane-targeting  convertases activation downstream of C3

truncated CR1)

Peptide C3 Binds to C3 and inhibits its cleavage by
C3 convertases; blocks downstream
activation

Recombinant protein C3and C5 Inhibits C3 and C5 convertases; blocks

convertases downstream activation

Recombinant protein Alternative Binds to C3d on target cells and inhibits

(chimeric CR2—factor H) pathway C3 and C3 convertases

C5 convertases
Peptide C5aR1 Blocks C5aR1 so inhibits signalling
Recombinant protein C3and C5 Forms stable alternative pathway

convertase with factor B that cleaves and
depletes C3 and C5

Status
Included in SOC

Included in SOC

Clinical trials

(NCT02502903,
NCT01134510,
NCT01147302)

Clinical trials

(NCT01567085,
NCT00670774,
NCT01399593)

Clinical trial
(NCT02502903)

Clinical trials

(NCT02224820,
NCT02426684,
NCT02475551)

Clinical trial
(ISRCTN49958194)

Clinical trial
(NCT03316521)

Preclinical development

Preclinical development

Preclinical development

Preclinical development

Refs

84,115-117

115,117

90,115,117

85,104,110,111

119,120

126-129

175-177

121-123

92,94

91

148

CR2, complement receptor type 2; C1INH, C1 inhibitor; C5aR1, C5a anaphylatoxin chemotactic receptor 1; FXla, factor Xla; FXlla, factor Xlla; mAb, monoclonal
antibody; MASP1, mannan-binding lectin serine protease 1; sCR1, soluble complement receptor type 1; SOC, standard of care.

HLA-incompatible transplantation in 24 of 25 highly
sensitized patients'**~'?’. Despite a massive generation of
free F(ab), and Fc fragments, no serious adverse effects
of treatment with IdeS have been observed.

Induction of accommodation
Accommodation is defined as a condition in which the
transplant does not elicit complement-mediated rejec-
tion despite the presence of DSA and fully functional
complement components in the plasma"**"*'. Typically,
accommodation is induced in T cell-independent anti-
body responses, which are elicited by carbohydrate
antigens such as ABO and Gal, but accommodation has
also been reported for anti-HLA antibodies in vitro and
in vivo'**'* and is suspected to occur in up to 30% of
conventional (ABO-compatible) organ transplants'**.
To establish accommodation, low anti-graft anti-
body levels and/or lowered complement function seem
to be required at the time of graft implantation'*”"!.
However, the mechanism of accommodation is not
known. Overexpression of the genes that encode haem
oxygenase 1, A20, BCL-2 and BCL-X has been reported
to promote an anti-inflammatory state in NHP models

and in transplant recipients'*"'*. The products of these
genes regulate the transcription factor NF-kB which in
turn downregulates the expression of pro-inflammatory
cytokines and chemokines'*.

Many of the processes that are involved in
complement-mediated rejection, including apoptosis
triggered by tumour necrosis factor (TNF) and necrotic
cell death caused by the MAC, can be prevented by pre-
treatment of endothelial cells with the T helper 2 (T,;2)
cytokines IL-4 or IL-13 (REF.'”"). The pathological mech-
anisms that are associated with this protection involve
activation of phospholipid synthesis in association with
preservation of mitochondrial structure and function'**
and upregulation of complement regulators such as com-
plement decay-accelerating factor (DAF; also known as
CD55) and CD59 glycoprotein in the graft in animal
models and transplant recipients'>"**'*". Other mecha-
nisms that might have a role in accommodation include
antigen shedding and repopulation of the endothelial
cell lining of the graft with cells from the recipient'*'.
However, direct involvement of complement in accom-
modation is corroborated by the fact that this process can
be studied in vitro in complement-dependent systems
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in which repopulation cannot occur'”’. Moreover, grafts
are often C4d positive, suggesting that in many cases
accommodation is induced by factors downstream in
the complement cascade.

In the clinical setting, accommodation over the ABO
barrier can be induced by various desensitization strat-
egies that aim to establish short-term protection from
ABMR by means of B cell depletion (via splenectomy
or the anti-CD20 mADb, rituximab) and ABO anti-
body clearance or inhibition (via apheresis and IVIg
in addition to immunosuppression)'*>'*’. In a cardiac
transplantation model, terminal pathway inhibition
using eculizumab induced accommodation in MHC-
mismatched and pre-sensitized mice'**'*. Successful
induction of clinical accommodation using terminal
pathway inhibition with eculizumab has also been
reported'**'"". The first case involved a donor with blood
group type B who was allocated to a kidney-pancreas
transplant recipient with blood type Al and a low iso-
agglutinin titre at baseline'””. Within the first week after
transplantation the recipient experienced severe ABO-
antibody-driven ABMR, which was successfully reversed
using short-term eculizumab treatment. The recipient’s
long-term graft function was normal. Eculizumab has
also been used as an add-on treatment in four patients
undergoing ABO-incompatible living donor kidney
transplantation'®. In this small series, preserved graft
function was achieved in the absence of ABMR at the
12-month protocol biopsy despite prolonged ABO
antibody exposure, indicating that accommodation
could be induced by terminal pathway inhibition in
ABO-incompatible kidney transplantation.

Accommodation has also been induced experimen-
tally using Yunnan cobra venom factor (CVF), which
can form an extremely stable convertase, CVF-Bb,
which cleaves both C3 and C5 (REF.'*). As this convertase
is not inactivated by complement regulators, treatment
with CVF leads to sustained activation of the alternative
pathway and consumption or depletion of C3 and C5,
which results in temporary inhibition of the complement
system. In rhesus monkeys that were presensitized using
skin grafts before kidney transplantation, a combination
of 2 weeks of CVF treatment and SOC immunosuppres-
sion enabled long-term graft survival'*. In this study,
three of five animals treated with CVF maintained
normal creatinine levels up to 1,000 days, whereas con-
trol animals without CVF lost their grafts after 3 days.
Moreover, ABMR was completely absent in the CVF-
treated group despite the persistence of donor-specific
anti-HLA antibodies. A humanized form of CVF has
been developed and could potentially be used as a ther-
apy for ABMR'*. However, it seems more likely that a
C5 inhibitor will be the first compound to be used on
a routine basis to induce accommodation in the clinic.

Regulation of adaptive inmunity

The complement system has long been considered to act
as a bridge between innate and adaptive immunity in
the context of transplantation'”’. This concept suggests
that the adaptive immune system could be regulated
by targeting complement. In the 1970s, studies using
CVF showed that complement is involved in humoral
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immune responses. In these studies, treatment with CVF
reduced antibody production in response to immuniza-
tion and prevented antibody class switching from IgM
to IgG after a booster dose'*. This effect only occurred
at fairly low antigen concentrations and could be ame-
liorated by increasing the antigen dose. In later studies
similar effects were obtained in animals that were defi-
cient in components of the classical pathway upstream
of C3 (REF'®).

In the 1990s, attenuation of the humoral immune
response was achieved by blocking complement recep-
tor type 2 (CR2; also known as CD21)"*’, which binds
to the C3 fragments iC3b and C3d,g when bound to
antigens. This receptor is expressed on B cells and fol-
licular dendritic cells and mediates signalling via the
adaptor protein CD19, which recruits cytoplasmic sig-
nalling proteins to the membrane and thereby decreases
the threshold for B cell receptor signalling'*’. Antigens
conjugated with repetitive sequences of the activation
fragment C3d have been shown to be 1,000-fold more
efficient at inducing an antibody response than anti-
gens without C3d,g present (that is, those that only
bind to the antigen receptor on B cells)'*". These studies
demonstrate that CR2, in combination with crosslinking
of the antigen receptor, is required to induce a humoral
immune response and provoke a class switch after a
booster dose'””. These findings suggest that blockade
of CR2 is a potential strategy to regulate the adaptive
immune response in transplantation.

Increasing data suggest that soluble complement
activation products also have a crucial role in transplant-
related adaptive immunity, not only by sensing and
clearing non-self-danger molecules but also by serving
as an important instructor of the adaptive T cell and
B cell immune responses’*>'**. Some evidence sug-
gests that intracellularly expressed C3aR and C5aR1
in human CD4" T cells have a role in several immune
functions such as activation of the mechanistic target
of rapamycin (mTOR) pathway and NACHT, LRR and
PYD domains-containing protein 3 (NLRP3) inflam-
masome'”. However, a similar expression pattern
could not be detected in circulating T cells and B cells
in anaphylatoxin receptor reporter mice, suggesting that
species differences exist®>'*>'*”, Expression of both C3aR
and C5aR1 has been reported in murine regulatory T
(T, cells. In these cells C3aR and C5aR1 drive T,1
cell maturation, which is associated with the predom-
inant generation of interferon-y (IFNy), TNF and IL-2
(REFS!58:159),

Complement components can also influence T cell
responses via the interactions of dendritic cells with
CD4" T cells. Exposure of pathogen-associated molec-
ular patterns (PAMPs) or DAMPs frequently occurs in
response to cell stress and inflammation before, during
and after transplantation. PAMP or DAMP-induced acti-
vation of Toll-like receptors on dendritic cells results in
upregulation of C3aR, C5aR1 and MHC class I and the
secretion of key complement components such as C3, C5
and factors B and D, which can locally generate C3a and
C5a'®. In turn, these anaphylatoxins can stimulate CD4*
T cells to generate IFNy and IL-2 and induce effector
responses in T;;1 and T};17 cells'*"'*>. IFNy production
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by human CD4* T cells is also promoted by intracel-
lular C5 activation and stimulation of C5aR1, which is
required for assembly of the NLRP3 inflammasome'**.
Remarkably, therapeutic blockade of either C3aR
or C5aR1 signalling results in multifaceted alterations
in human tolerance to alloantigens. This blockade
enhances the generation of induced T, (iT,,,) cells from
peripheral CD4" T cells, supports forkhead box protein
P3 (FOXP3) expression, and inhibits iT,,, cell conver-
sion to pathogenic TNF and IFNy-generating effector
T cells, all of which lead to iT, ,-mediated tolerance and a
decreased graft-versus-host reaction'®. Consistent with
these findings, inhibition of C3aR and C5aR1 signal
transduction in thymus-derived (natural) CD4* FOXP3*
T, cells also results in protective T cell responses and
prolonged allogenic skin graft survival, likely through
control of FOXP3 expression'*®. Overall, utilizing the
anti-inflammatory and immune suppressive functions
of FOXP3 T, cells represents a promising approach to
improve kidney graft survival and promote operational
tolerance'®’. Ongoing studies are investigating the clini-
cal impact of cell therapy with isolated, ex vivo expanded
and re-transfused autologous T, cells either early after
kidney transplantation'® or in transplant recipients who
show signs of inflammation in surveillance renal biopsy
samples at 6 months'®. However, these trials do not
include modulation of complement as an intervention
or read-out strategy so further investigation is required
to determine the role of complement in T, , cell therapy.
Notably, plasma C3 is generated to a substantial
extent by the kidneys and seems to be important for
the development of memory B cells'””. Therefore, C3
might have a thus far-unappreciated role in alloanti-
gen tolerance. In regard to the interactions of C5a and
adaptive immune responses, C5aR1 blockade initiated
before experimental transplantation has been found to
significantly reduce the priming of alloreactive T cells
in allograft recipients'*®. In a murine transplantation
model, C5aR1 deficiency impaired the function of donor
and recipient antigen-presenting cells such as dendritic
cells and inhibited the response of recipient T cells to
allostimulation, which was associated with reduced local
inflammation and general renal allograft protection'®.
In summary, systemically and locally produced C3a
and C5a result in enhanced antigen presentation and
priming of the T cell response, which lead to transplant
rejection'”’. Although sC5b-9 formation seems to have an
important role in the initial renal ischaemia and reperfu-
sion phase'”, its role in modulating adaptive immunity
after renal transplantation is unclear and represents an
interesting field for future research. Overall, comple-
ment activation is tightly linked to the adaptive immune
response after kidney transplantation and complement
components are very promising therapeutic targets to
modulate adaptive immunity and prevent rejection.

Xenotransplantation

A future strategy to optimize donor organs and ame-
liorate the shortage of organ donors might arise from
xenotransplantation. Genetic engineering of pig kidneys
for transplantation to humans or non-human primates
avoids recognition of the antigen structures of the graft

by natural antibodies of the recipient that would other-
wise bind and activate the complement and coagulation
systems and induce inflammation'”".

Pigs express complement regulators (CRegs) that are
similar to those of humans but do not sufficiently pro-
tect pig organs against human complement attack'”. The
introduction of transgenes for the human CRegs mem-
brane cofactor protein (MCP; also known as CD46),
DAF or CD59 into donor pigs improved kidney graft
survival in NHP recipients from days to weeks'”’. Of
note, longer lasting effects of CReg expression on adap-
tive immunity in transplantation have been reported in
the clinical setting — high expression of MCP in kidney
biopsy samples during acute T cell-mediated rejection
(ATMR) was associated with a 5-year graft survival of
100% compared with only 79% in kidneys with low MCP
expression, indicating that a decrease in CReg expres-
sion in human grafts is associated with progression of
ATMR'.

Another strategy to avoid complement activation
in allogenic and xenogeneic kidney transplantation is
to coat the cell surfaces of the kidney ex vivo using a
lipophilic linker that enables conjugation of comple-
ment regulators to the cell membrane. The first linker
to be described is APT070 (Mirococept), which is cur-
rently being tested in a clinical trial for prevention of
I/R injury in allografts'”>~'””. A similar approach using a
polyethylene glycol (PEG)-phospholipid linker to bind
complement regulators is also under development'”*.In a
xenogeneic model in which porcine blood was incubated
with human endothelial cells, a factor-H-binding pep-
tide was tested together with an antithrombotic enzyme
(apyrase). Despite strong xenogeneic complement-
mediated damage to the endothelial cells, this combina-
tion of inhibitors protected the cells from complement
attack'”®. Taken together, these findings indicate that
targeted complement modulation represents a promis-
ing future avenue for improving xenograft and allograft
survival and transplantation outcomes.

Conclusions

During the lifespan of a transplanted kidney, the func-
tional tissue is gradually damaged to varying degrees by
inflammatory and immunological processes. The com-
plement system is as an important contributor to these
adverse reactions. Activation of complement is involved
in the pathophysiology of many diseases that result in
uraemia and may cause deterioration of kidney grafts.
Complement is also activated in kidney donors, particu-
larly after brain or cardiac death, resulting in organ dam-
age that affects the quality of the graft and subsequent
transplantation outcomes. This complement-driven
deterioration of the graft continues during procurement
and preservation.

The main mechanism that triggers complement acti-
vation in all of these phases of the transplantation pro-
cess is ischaemia, which results in phenotypic changes to
parenchymal and endothelial cells that are recognized by
the complement system, and the most damaging event
that occurs during the ischaemic period is reperfusion of
the graft with blood. Complement has an important role
in I/R injury, the severity of which is strongly associated
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with the degree and length of the ischaemic period.
Complement activity post-transplantation also has a role
in tissue damage, particularly during acute and chronic
ABMR, which can result in late-stage glomerulopathy
and recurrence of kidney disease in the graft.

Owing to the importance of complement activation
in allograft injury and its potential impact on trans-
plant outcomes, complement therapeutics are currently
being developed as complementary therapies to SOC
treatment in clinical transplantation. Although the
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