-1 Universiteit
%47 Leiden
The Netherlands

Multifaceted role of the complement system in health and

disease: a focus on properdin
Essen, M.FE. van

Citation

Essen, M. F. van. (2022, October 6). Multifaceted role of the complement
system in health and disease: a focus on properdin. Retrieved from
https://hdl.handle.net/1887/3466133

Version: Publisher's Version
Licence agreement concerning inclusion of doctoral
License: thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3466133

Note: To cite this publication please use the final published version (if
applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3466133

General introduction






General introduction

The immunity of transplantation

Our kidneys play an important role in the removal of waste products by filtering our blood.
Chronic kidney diseases (CKD) affect the renal function over time, eventually causing kidney
failure also known as end-stage renal disease (ESRD) (1). Patients experiencing ESRD need
renal replacement therapy (dialysis) or renal transplantation. In this thesis, we will discuss
the principals of renal transplantation and the immunological processes which affect
the outcome and function of the transplanted organ. We focus on the interaction of the
innate and adaptive immune system, centralizing the local role of the complement system.

Transplantation is the golden standard for the treatment of patients with end-stage
renal disease (ESRD) (2). In the transplantation process, various parameters are known
to affect the outcome of the transplanted organ. This includes the quality of the donor
organ, the type of donation - either from living, deceased brain death (DBD) or deceased
cardiac death (DCD) donors - the preservation conditions and human leukocyte antigen
(HLA)-matching (3-5). When the donor organ is transplanted, it is connected to the
circulation of the recipient. Blood factors, including immune cells and components of
the complement system, are able to recognize the foreign organ, which contributes to
the damage of the transplanted organ, eventually affecting graft function and survival
(4,5). The various processes, like activation of the complement system, to which the
transplanted organ is exposed, are further explained below.

Ischemia and reperfusion injury

An inevitable consequence of organ transplantation is the development of ischemia and
reperfusion injury (IRI). The ischemic phase takes place when the organ is detached from
the blood flow, resulting in a lack of oxygen, also known as hypoxia. In this process, the
cell reduces metabolism or switches from aerobic to anaerobic metabolism, causing ATP
depletion and mitochondrial damage. During transplantation, the circulation is restored
and the organ is reperfused, generating reactive oxygen species (ROS), resulting in
oxidative stress. These processes contribute to apoptosis and necrosis, causing renal
tubular cells and endothelial cell injury. Furthermore, pro-inflammatory gene expression
is increased and release of so-called damage-associated molecular patterns (DAMPs) is
also increased. These factors are responsible for the recruitment of immune cells, e.g.
infiltration of neutrophils, dendritic cells and macrophages, further contributing to tubular
and endothelial cell injury. IRl is a risk factor for delayed graft function (DGF), the onset
of acute kidney injury (AKI) and the progression to acute and chronic rejection (3,6-10).

Transplant rejection
The (damaged) foreign organ is exposed to and recognized by the immune system of the
recipient, which can result into rejection of the transplanted organ. Several categories
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of rejection are known, of which hyper acute rejection can occur within minutes after
transplantation (10). To prevent this, the complement-dependent cytotoxicity (CDC)
crossmatch is applied to screen for compatibility between donor and recipient. In
this test, the serum of the recipient is added to lymphocytes of the donor. If this test
is positive, the recipient carries antibodies which are able to recognize HLA-antigens
present on the donor organ and the transplantation procedure will not be continued
(11). For highly immunized patients, which are currently accumulating on the waiting
list, alternative strategies have been developed, including plasmapheresis to remove
antibodies (10,12).

Acute rejection occurs within days to weeks after transplantation, late acute rejection
after 3 months and chronic rejection months to years after transplantation (10). Acute
rejection can be induced by T cell mediated rejection (TCMR) and antibody-mediated
rejection (ABMR) and will be further addressed below. For the diagnosis of rejection,
arenal biopsy is necessary.

Cellular rejection: T cell mediated rejection (TCMR)

In T cell mediated rejection (TCMR), antigen presenting cells (APCs) present antigens
from the donor organ to the T cells of the recipient. This results in T cell activation and
infiltration into the transplanted organ, eventually resulting in allograft damage (10).

Dendritic cells are the most professional APCs, which play an important role in bridging
innate and adaptive immune responses (13,14). Immature dendritic cells are capable of
antigen capture, processing and presentation via major histocompatibility complexes
(MHC, named HLA in humans). Furthermore, immature dendritic cells express pattern
recognition receptors (PRRs), to sense pathogen-associated molecular patterns (PAMPS)
and damage-associated molecular patterns (DAMPs) (15). These pro-inflammatory
factors induce dendritic cell migration and maturation (Figure 1A) (16). Maturation is
necessary to become potent activators of T cells, central components of the adaptive
immune system. Dendritic cells are able to process and present foreign antigens to
receptors on T cells: extracellular antigens are presented via MHC class Il on dendritic
cellsto T helper cells (CD4* T cells) and intracellular antigens via MHC class | on dendritic
cells to cytotoxic T cells (CD8" T cells; “signal 1"). Extracellular antigens can also be
presented in MHC class | via cross-presentation (17,18). The costimulatory markers
B7-1 (CD80) and B7-2 (CD86) are upregulated during dendritic cell maturation and are
necessary for the interaction with CD28 expressed on the T cell (“signal 2"). Cytokines
like IL-12 are produced by the dendritic cell and will further orchestrate the T cell, e.g.
in Th, responses (“signal 3") (13-15,19) (Figure 1B).
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Figure 1: Schematic representation of dendritic cells - T cells interaction. (A) Immature dendritic
cells express pattern recognition receptors providing the ability to sense the surrounding for foreign
structures. Furthermore, immature dendritic cells are highly phagocytic, able to engulf antigens. These
processes prime dendritic cells in their potential to present antigen by upregulation of MHC class II, and
contribute to activation by the upregulation of CD80 (B7-1) and CD86 (B7-2) and cytokine production
like IL-12. (B) Mature dendritic cells provide signals to activate naive T cells. The T cell receptor (TCR)
recognizes antigens presented in MHC class Il by dendritic cells (“signal 1”), CD80/CD86 interact with
CD28 onthe T cell and via the interaction of CD40 and CD40L (“signal 2") and the dendritic cell produces
cytokines like IL-12 (“signal 3"). The type of cytokines secreted by the dendritic cells play a determining
role in the instruction of naive T cells to a specified T cell lineage. Th1 cells secrete IFN-, IL.-2 and TNF-
a; Th2 secrete IL-4, IL-5 and IL-13; Th17 cells secrete IL-17, IL-21 and IL-22; and Treg TGF- B and IL-10.
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In the process of transplantation, immature donor APCs, carrying the donor antigens,
migrate towards the draining lymph nodes and spleen of the recipient. Matured donor
APCs (e.g. induced by stress or injury of the organ) travel to the lymphoid organs and
activate the T cells of the recipient. These T cells start to differentiate, proliferate and
infiltrate the graft, causing damage to the transplanted organ (10). The process in which
recipient T cells recognize intact MHC alloantigens presented by donor APCs is known as
the direct pathway (20-22). In the indirect pathway, recipient APCs, which also circulate
through the graft, present donor peptide fragments to recipient T cells (10,22-25).
A third pathway involved in the recognition of donor alloantigens is the semi-direct
pathway. In this pathway, intact donor MHC on the surface of recipient APCs, in which
the MHC molecules are transferred between donor and recipient cells via a process
called trogocytosis, are recognized by recipient T cells ((26-29) and reviewed by (22)).
A schematic overview of these processes is shown in figure 2.
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Figure 2: Schematic representation of the immune responses contributing to cellular and
humoral rejection of a transplanted kidney. In the process of direct presentation, donor antigen
presenting cells, like dendritic cells, resided in the donor organ. Upon transplantation, these cells
present MHC alloantigens to CD4* T cells of the recipient, thereby activating the T cells, contributing to
inflammation. In addition, donor APCs can present alloantigen via MHC class | to recipient CD8* T cells,
generating cytotoxic T cells, contributing to epithelial cell damage and cellular rejection. In the process
of indirect presentation, recipient APCs present donor peptide fragments to recipient CD4* T cells. B
cells can also present donor antigen in MHC class Il to recipient T cells, where these T cells provide help
to B cells to become antibody secreting cells. These antibodies recognize antigens expressed in the
kidney, for example on the endothelial cells, and will eventually result in humoral rejection of the organ.
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Humoral rejection: antibody mediated rejection (ABMR)

Antibodies, either pre-existing before transplantation due to sensitization by exposure
to alloantigens after blood transfusions, pregnancies, previous transplantations,
or generated de novo after transplantation, can be involved in antibody-mediated
rejection (ABMR). The antibodies are able to recognize antigens, for example HLA
molecules and blood-group antigens (ABO) (Figure 2) (5, 10,30). Formation of the
antigen-antibody complexes can induce activation of the complement system, which
results in the deposition of C4d. C4d deposition on the peritubular capillaries (PTC)
is routinely analysed in transplant recipients and is used as a diagnostic criterion for
ABMR (30-33). In addition, immune cells like neutrophils, APCs and NK cells express Fcy
receptors which are able to interact with the HLA-antibodies bound to the endothelium,
inducing immune cell activation which contributes to allograft rejection (34). Especially
Fcy receptors-mediated activation (CD16a/FcyRllla) of NK cells seems to be involved
in ABMR (35).

To prevent the incidence of rejection, optimal MHC matching between donor and
recipient is of importance. In addition, to prevent rejection, transplant recipients need
lifelong treatment with immunosuppressive therapies. To prevent early acute rejection,
patients can receive induction therapy targeting the IL-2 receptor (anti-CD25 antibodies,
e.g. basiliximab and daclizumab) and/or a lymphocyte-depleting agent (e.g. rabbit anti-
thymocyte globulin (rATG)) or alemtuzumab). As maintenance immunosuppressive
therapy, a combination of various therapies can be used, often containing calcineurin
inhibitors (e.g. cyclosporine and tacrolimus) preventing downstream transduction
of signal 1 thereby inhibiting T cell activation, agents to prevent proliferation, for
example mycophenolic acid (or mycophenolate mofetil) which inhibits purine synthesis,
azathioprine which interferes with the DNA synthesis, mTOR inhibitors (e.g. sirolimus
and everolimus) which binds rapamycin and inhibits T cell proliferation driven by IL-2,
and corticosteroids (prednisone), all affecting and preventing cell proliferation (36,37).
The innate immune system, including the complement system, also plays a role in
TCRM and ABMR (4,38,39). The local role of the complement system will be further
addressed below.

The complement system

Arole for the complement system has been implicated in the context of transplantation
(40). As described above, reperfusion of the transplanted organ leads to the exposure
of the damaged cells and tissues to complement factors which are present in blood.
This can result in activation of the complement system, aggravating the damage. Studies
in mice showed that overexpression of so-called regulators of the complement system




Chapter 1

can reduce damage after IRI, whereas mice deficient for these regulators were more
prone to injury (41-43). In the context of APCT cell interaction, it was shown that APCs
like dendritic cells and macrophages are able to produce complement components,
contributing to the local source of complement, which seems to be involved in T cell
activation (44-48). Furthermore, as described above, activation of the complement
system contributes to ABMR of the transplanted organ. Before the local role of
complement is discussed, the complement system and its activation products will be
introduced.

The complement system is an ancient system which plays an important role in the first
line of defence against microorganisms and in the removal of dead cells. This system
comprises three pathways, the classical (CP), lectin (LP) and alternative pathway (AP),
consisting of over 30 proteins which are predominantly produced by the liver, and are
activated in an enzymatic fashion (49,50). The pathways are initiated by various triggers.
The CP is activated upon recognition of antibody-antigen complexes by C1q. The LP
is activated by the binding of mannan binding lectin (MBL) or ficolins to sugar groups,
exposed on the surfaces of pathogens. The AP can be activated spontaneously, via a
process called tick-over (51-53). During non-enzymatic hydrolysis of the thioester of C3,
C3(H,0) is generated and binds factor B (FB) (54). The bound FB is cleaved by factor D
(FD), generating a fluid-phase C3 convertase (C3(H,0)Bb), which can cleave additional
C3 molecules into C3b. C3b is able to interact with cell surfaces, binds FB which will
be cleaved by FD, generating more C3 convertases (C3bBb), resulting in additional
complement activation (49,50). Activation of the CP and LP pathway will also result in
the formation of a C3 convertase, namely C4b2a.

Cleavage of C3 generates C3a, an anaphylatoxin involved in the recruitment of immune
cells, and in C3b. Deposition of C3b on the cell surface functions as an opsonin by
targeting foreign and altered host cells for removal by phagocytes. Upon a certain
density of C3b deposition on the cell surface, the C3 convertase can interact with C3b
for the generation of C5 convertases (C4b2aC3b for CP/LP and C3bBbC3b for the AP)
(50). The C5 convertases can cleave C5 into C5a, an important anaphylatoxin for the
recruitment of immune cells, contributing to inflammation. The formed C5b can interact
with C6, C7, C8 and multiple C9 molecules, forming the membrane attack complex (MAC
/ C5b-9), a pore involved in the lysis of cells (Figure 3) (49,50).

Complement: a local role in bridging innate and adaptive immunity

The local role of complement in the regulation of T cell allo-immunity was shown for the
first time in 2002. In a transplant model, allogeneic kidneys from C3 deficient mice were
transplanted into a wild type (WT) recipient. Transplantation of C3 deficient kidneys
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resulted in less rejection and a better renal function when compared to transplanted
WT kidneys (55). In addition, it was shown that local donor derived C3 affected the
outcome of the transplanted organ by regulating T cell responses, and was not affected
by the systemic C3 levels present in the recipient (55).
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Figure 3: Schematic overview of the activation of the complement pathways. Activation of the
CP, LP and AP results in the generation of C3 convertases, C4bC2a and C3bBb, respectively. C3bBb
can be stabilized by properdin, increasing the half-life of the convertase. C3 convertases cleave C3
into C3a, an anaphylatoxin involved in the recruitment of immune cells by binding to its C3a receptor
(C3aR). In addition, C3b is formed, which is involved in opsonisation and contributes to the amplification
of complement activation via the AP by generating additional C3bBb convertases. Furthermore, C3b
is involved in the generation of C5 convertases, C4b2aC3b for the CP/LP, C3bBbC3b for the AP. C5
convertases cleave C5 in C5a, an anaphylatoxin involved in the recruitment of immune cells interacting
with the C5a receptor (C5aR). C5b is also generated, which interacts with C6, C7, C8, C9, generating a
membrane attack complex (MAC) involved in lysis of cells.

APCs are able to produce, secrete and respond to complement factors (44), and a role
for complement during the interaction of APCs and T cells has been implicated. C3
synthesis by dendritic cells is required for T cell priming and activation (56). C3a and
C5a derived by dendritic cells contributed to T cell activation, since lowered C3a and C5a
production, induced by siRNA knockdown, led to reduced T cell activation (46). Similar
effects were observed by the blockage of the C3a receptor (C3aR) and C5a receptor
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(C5aR) on dendritic cells (57,58). Furthermore, reduction of complement regulator DAF
contributed to increased local complement activation and the production of C3a and
C53, resulted in an enhanced T cell activation and proliferation (46,59) (Figure 4A). These
results indicate that local complement plays a role during APCT cell interaction (60,67).

Next to C3aR and C5aR1 (and C5L2), APCs also express other complement receptors
(CR). CR1T (CD35) is amongst others expressed by erythrocytes, monocytes,
macrophages and Band T cells (62). CR1 binds C3b and C4b-opsonized cells. In addition,
CR1 functions as a complement regulator by competing for C3b binding with FB and
functions as a co-factor for FI. CR3 (CD11b/CD18) and CR4 (CD11¢/CD18) are amongst
others expressed by macrophages, monocytes, neutrophils and dendritic cells and bind
to iC3b. The complement receptor of the immunoglobulin superfamily (CRIg), mainly
expressed by tissue resident macrophages like liver Kupffer cells, is able to bind to C3b,
iC3b and C3c (44,63-66). B cells express CR2 (CD21), and binding of C3d(g) and iC3b is
avery important B cells stimulus (66). Recognition of C3b and iC3b via CRs on cells will
result in additional immune responses, including phagocytosis and adaptive immune
modulation (62,67-70) (Figure 4B).

Regulation of complement activation

The AP can be activated spontaneously via a process called tick-over (51-53). The
formed C3b is able to interact with the cell surface of foreign and host cells. In the
latter, the deposition and activation of the complement system is undesirable, such
that tight regulation is necessary (64). Both membrane bound and soluble regulators
are involved in the regulation of complement activation. Regulation can occur at the
initiation phase, for example by C1-inhibitor (C1-INH), which inactivates the proteases
involved in CP and LP activation (71). Further regulation of the CP and LP is provided
by C4b-binding protein (C4BP), which functions as a cofactor for factor I (Fl), involved
in the inactivation of C4b, generating iC4b (72).

Decay accelerating factor (DAF; CD55), membrane cofactor protein (MCP; CD46) and
membrane attack complex regulator (CD59; also known as protectin) are membrane
bound regulators. DAF is able to bind to C3b and C4b as part of AP and CP/LP C3
convertases, thereby inducing the decay of these convertases (Figure 5, panel 1). MCP
contains cofactor activity, helping Fl in the cleavage of C3b and C4b into their inactive
forms, generating iC3b and iC4b (64,65,73,74) (Figure 5, panel 1). Protectin (CD59)
inhibits the interaction of C8a with C9, thereby preventing the formation of a functional
C5b-9 pore (75,76) (Figure 5 panel 3). In addition, soluble regulators S-protein (also
known as vitronectin) and clusterin are involved in the inhibition of the assembly and
the insertion of the MAC complex, respectively (64,65) (Figure 5, panel 4).
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Figure 4: Schematic representation of the interaction of dendritic cells with T cells and the
contribution of the complement system. (A) Local role for complement during the interaction of
dendritic cells and T cells. Both cells are able to produce complement factors, which are upregulated
during the interaction of the cells. Complement factors are released and membrane-bound
regulator DAF is downregulated, allowing local complement activation resulting in the generation
of the anaphylatoxins C3a and C5a. The anaphylatoxins are able to bind to C3aR and C5aR1, which
are expressed on both types of cells, contributing to further activation of the cells. (B) Activation of
the complement system results in the generation of C3b, which functions as an opsonin and can be
deposited on foreign surfaces. C3b is recognized by erythrocytes via complement receptor (CR) 1

(CD35). Regulation, both by soluble and membrane bound regulators, will convert C3b into iC3b, which
can be recognized by antigen presenting cells (APCs) via CR3 (CD11b/CD18) and CR4 (CD11c/CD18).

Recognition of deposited C3b fragments is involved in inducing phagocytosis. Further degradation

of iC3b results in C3d, which can be recognized by B cells via CR2 (CD21), and is important for the
facilitation of antibody formation.
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Figure 5: Schematic overview of complement regulatory proteins. (1) Membrane bound regulator
DAF is responsible for the decay of the C3 convertases by the removal of Bb (and C2b), but keeps the
deposited C3b/C4b accessible for the formation of new C3 convertases. MCP contains co-factor activity
to help factor | in the cleavage of C3b into iC3b. Further degradation will result in the formation of
membrane bound C3dg and soluble C3c. (2) Soluble regulator factor H contains decay accelerating
activity for the removal of Bb from C3b to dissociate the C3 convertase. Factor H also contains co-
factor activity, helping factor | in the degradation of C3b into iC3b and eventually C3dg and C3c.(3) The
membrane attack complex is generated by the association of C5b, C6, C7, C8 with several molecules of
C9. Pore-formation is prevented by membrane-bound regulator CD59, which prevents the interaction of
C8aand C9. (4) Soluble regulator clusterin inhibits sC5b-7 and vitronectin inhibits sC5b-8, preventing
the assembly and insertion of the membrane attack complex.

Soluble complement regulator: factor H

Factor H is a soluble complement regulator, involved in the regulation of AP activity. Like
most other complement components, factor H is predominantly produced by the liver.
Factor H consists of 20 complement control protein (CCP) domains, also known as short
consensus repeats (SCRs). Specific SCRs are able to bind glycosaminoglycans (GAGS),
which are expressed on host cells but absent on foreign cells, thereby preventing
complement activation on host cells by exerting decay accelerating activity (DAF) and
co-factor activity (77-82) (Figure 5, panel 2).

The factor H gene is located in the regulation of complement activation (RCA) cluster at
chromosome 1, where also five complement factor H-related (FHRs) genes are located.
These FHRs share some of the regions which are also found in factor H (83). The
precise function of the FHRs remains to be elucidated. Some studies showed that these
proteins contain complement regulatory functions, whereas others showed that the
FHRs are able to compete with factor H for C3b binding, thereby affecting complement
regulation (84,85).
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Alternative splicing of the factor H gene results in the generation of factor H like-1 (FHL-1)
(86-88). FHL-1 consists of SCR 1-7, similar to the domains present in factor H, however, at the
CGterminus four amino acids (SFTL) are located. This means that FHL-1 contains complement
regulatory activity in SCR 1-4, but lacks surface binding domains SCR 19-20. A schematic
overview of factor H, FHL-1 and FHRs and their overlapping domains are shown in figure 6
(figure based and adapted from (89)). Mutations in or antibody formation against factor H
are involved in the onset of various diseases. In contrast to the negative regulators of the
complement system, also a positive regulator of the complement system is known, namely
properdin, and will be further introduced and explained below.

A Factor H 9000000 0ODEOVO,

T ~ Cell surface recognition —7

Cofactor activity (ligands)
Decay accelerating activity

Mutations T T T
in domains:

C3 glomerulopathy ~ AMD aHUS

B Factor H - (12X OEO@EXAEEAEED

@@ ------nneeneae 000
@@ -------noaneanane

@O@----------noe e 00

FHR4a = = e e e e e e e e e mm e m e mm o '

FHR4b O-0---------------- 00)
@D - OOEED -

Figure 6: Schematic representation of the overlapping domains of factor H, FHL-1 and the factor
H related (FHR) proteins. (A) Factor H comprises of 20 short consensus repeats (SCRs), containing both
cofactor activity and decay accelerating activity (SCR1-4). In addition, domains for cell surface recognition
are known. Alternative splicing of the factor H gene results in the generation of a factor H like protein
(FHL)-1, of which the N-terminal SCR1-7 domains completely overlap with the ones of factor H, however,
FHL-1 lacks the G-terminal domains. At the CGterminus, FHL-1 contains a short stretch of 4 amino acids
which distinguishes FHL-1 from factor H. Mutations in various domains (indicated with the arrows) affect
the complement regulatory functions of factor H and are associated with diseases like C3 glomerulopathy,
age related macular degeneration (AMD) and atypical haemolytic uremic syndrome (@HUS). (B) Schematic
overview of the overlapping domains of factor H with the factor H related proteins (FHRs). Overlapping
colours indicate the similarity between the various SCR-domains. Figure based on and adapted from (89).
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Properdin: the positive regulation of complement activation

Properdin was discovered in 1954 by Louis Pillemer (90) and is the only known positive
regulator of the AP, stabilizing the C3 convertase. Due to stabilization, the half-life of the
convertase is increased five to ten times (91). Individuals with a properdin deficiency
are prone to meningococcal disease (92). Properdin deficiency has also been described
to play a role in other diseases, for example in otitis media and pneumonia (Reviewed
by (93)).

In contrast to other complement factors which are predominantly produced by the
liver, properdin is mainly produced by myeloid cells. Neutrophils contain a pool of
properdin in the secondary granules and dendritic cells are able to secrete properdin
spontaneously (94,95). The serum concentration is ~5-20 pg/mL, which is relatively
low when compared to the levels of C3. Properdin consists of 7 thrombospondin
repeats (TSR), which can interact to generate dimeric, trimeric and tetrameric forms
of properdin (96-99). A schematic representation of a dimer, trimer and tetramer form
of properdin is shown in Figure 7.

Recently, crystal structures of properdin provided new insights into its role in C3
convertase stabilization (97,99). It was observed that two loops, referred to as stirrups,
are formed, one from TSR5 and one from TSR6, which are able to fold around the
Cterminus of C3/C3b. These stirrups might be responsible for the bridging of C3b
and Bb interactions, thereby stabilizing the C3 convertase (99). Furthermore, domain
TSR6 is able to sterically block the binding of factor I, preventing degradation (97,99).

Figure 7: Schematic representation of a dimer, trimer and tetramer form of properdin.
Interaction of properdin monomers will result in the formation of dimers, trimers and tetramers. TSR4
and TSR6 from one protomer are able to interact with the N-terminal domain of another protomer of
properdin. Schematic representation based on (97-99).
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There is some evidence that properdin could bind targets directly, contributing to
properdin-initiated complement activation (Reviewed by (100)). Properdin is able to
interact with the surface of bacteria (101) and early (102) and late apoptotic cells (103). In
addition, properdin was found deposited in the kidney, binding renal tubular epithelial
cells (104-106). Properdin also interacts with myeloperoxidase (MPO), a constituent of
neutrophils (107), potentially contributing to local complement activation on neutrophil
extracellular traps (NETs) (108,109). In contrast, others showed that upon freeze-thaw
cycles, non-physiological forms of properdin can be generated. Non-physiological
forms were able to bind to all sorts of cell surfaces, whereas the fractionated natural
forms of properdin strictly bound to zymosan and necrotic nucleated cells, indicating
that this should be taken into account when investigating properdin binding in vitro
(110,111). Others showed that binding of properdin was dependent on initial C3b
deposition (112,113). However, recently properdin was found deposited in the glomeruli
of the kidney of a C3 deficient mouse, indicating that properdin was able to interact
with surfaces in the absence of initial C3b deposition (114). The dispute of the role of
properdin in the initiation of complement activation will be further addressed and
discussed in this thesis.

Complement therapeutics

Dysregulation and over-activation of the complement system has been described
as a contributor to the onset and/or progression of renal diseases. In addition,
complement activation products were shown to mediate glomerulonephritis. Mutations
in complement regulators cause problems in the proper regulation of complement
activation (33). Inefficient regulation can result in overactivation of the complement
system and can contribute to damage in multiple organs, of which the kidney is
predominantly affected. In the context of atypical hemolytic uremic syndrome (aHUS),
around 60% of the patients have mutations in complement genes. Most often the
factor H gene is affected, causing problems in regulation of complement activation
(33,115). In addition, autoantibodies against factor H are found in ~10% of the aHUS
patients (33,116). Due to these events, regulation of complement activation is impaired,
contributing to complement-mediated damage of the endothelium and eventually
results in renal injury (117).

C3 glomerulopathy (C3G), comprising of C3 glomerulonephritis (C3GN) and dense
deposit disease (DDD), is characterized by the dysregulation of the AP. C3G can progress
to end-stage renal disease (ESRD) and various percentages for the progression into
ESRD in affected children and adults have been reported (118-121). ~25% of C3G
patients have mutations in complement genes, e.g. in regulators like factor H and Fl, and
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in activators like C3 and factor B (118). In addition, the formation of autoantibodies can
contribute to disease onset or severity (118,120). ~80% of the DDD patients and ~50% of
the C3GN patients have a circulating autoantibody, namely a C3 nephritic factor (C3NeF)
(33,118). C3NeFs are able to stabilize the C3 convertase, increasing its half-life (122). C5
nephritic factors, targeting and stabilizing the C5 convertase, are also described (123).
In some patients, factor H or factor B autoantibodies are found, however, these are
less frequently present (118). Gain of function mutations in for example C3 and factor
B can result in overactivation of the complement system, contributing to disease onset
and progression. In patients who received a renal transplant, a high disease recurrence
rate has been observed (118,124).

Due to the impact of dysfunction of the complement system in several diseases,
complement inhibitors obtained great interest. Eculizumab is a monoclonal antibody
that binds C5, thereby preventing its cleavage into C5a and C5b, inhibiting recruitment
of immune cells and downstream effector functions by preventing the formation of the
membrane attack complex (reviewed by (125)). Eculizumab and ravulizumab, a long-
acting version of eculizumab, are approved for the treatment of paroxysmal nocturnal
haemoglobinuria (PNH), an haemolytic disorder (126,127). In PNH, complement
regulators DAF and CD59 are absent on erythrocytes, due to a mutation in the enzyme
responsible for the synthesis of GPl-anchors, needed for DAF and CD59 linkage to
the cell surface. Complement is activated on these erythrocytes, causing lysis, which
results in anaemia (126,127).

Eculizumab is also approved for the treatment of aHUS (in 2011), myasthenia gravis
(in 2017) and neuromyelitis optica spectrum disorder (in 2019) ((128) and reviewed
by (126)). In 2021, pegcetacoplan, a pegylated compstatin analogue inhibiting C3, is
approved for the treatment of PNH, thereby competing with eculizumab (129,130). Due
to the complexity of the complement system, proteins, peptides and antibodies are
being developed to targeting the complement system at various levels, e.g. at C3 or C5
as discussed above, factor B (LPN023, small molecule in C3G) or factor D (ACH-4471/
ACH-0144471, small molecule in C3G) or prevent C5a-receptor signalling by blocking
the C5aR1 (Avacopan, small molecule, anti-neutrophil cytoplasmic antibody-associated
vasculitis (ANCA-AAV)) (126). Complement inhibition is investigated for various diseases,
including sepsis, systemic inflammatory response syndrome (SIRS), periodontal disease,
ANCA-AAV, C3G, age-related macular degeneration and cancer (125,126). In addition,
clinical studies investigate the application of complement inhibitors in transplantation,
targeting complement activation at several stages. In a phase I/l randomized controlled
trial, highly sensitized desensitized patients treated with C1-INH (Berinert®) did not
develop AMBR ((131), NCT01134570). In addition, treatment with C1-INH reduced IRl
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induced DGF and led to a study investigating safety and efficacy of C1-INH to prevent
IRI/DGF in patients transplanted with a DCD-kidney. C1-INH treatment, intraoperatively
and after 24 hours, reduced the need for dialysis (2-4 weeks post-transplantation) and
improved long-term allograft function ((132), (NCT02134314). Post hoc analysis showed
alower incidence of graft failure in patients who are at risk for IRl and DGF when treated
with C1-INH ((133) NCT02134314). CINRYZE, also a C1-INH, will be evaluated for the use
as a donor pre-treatment strategy for the decrease of systemic inflammation and DGF
incidence in expanded criteria donors (NCT02435732, not yet recruiting).

In the EMPIRIKAL study, efficacy of Mirococept (APT070), a recombinant complement
inhibitor derived from human complement receptor type 1, was tested to examine its
superiority compared to standard cold storage perfusion fluid in the prevention of DGF
after transplantation of DCD allografts (ISRCTN49958194) (134).

Treatment of DCD transplant recipients with eculizumab showed that eculizumab was
well tolerated, but the DGF rate was not different between control and eculizumab
treated patients ((135) NCT01403389, NCT01919346, both terminated). Treatment
of sensitized patients with eculizumab before reperfusion and on several days post-
transplantation did not raise safety concerns and eculizumab could provide prophylaxis
against acute AMR induced injury ((136), NCT01567085). In pediatric patients, treatment
with a single dose of eculizumab pre-transplantation resulted in a better early graft
function and improved graft morphology, however, a high number of early graft loss
was observed ((137), NCT01756508). The effectiveness of eculizumab in combination
with standard of care was evaluated for the treatment of patients who developed de
novo DSA and have deteriorating graft function (NCT01327573, recruitment completed).
Another study investigating the efficacy and safety of eculizumab for the treatment of
subclinical ABMR in sensitized renal transplant recipients is withdrawn (NCT02113891).

Inhibition of properdin could prevent enhanced activation of the AP. In in vivo studies,
it was shown that inhibition of properdin was protective in inflammatory arthritis, renal
IRI, aHUS and PNH (138-141). Surprisingly, targeting of properdin in C3G mouse models
was not protective (142,143). A monoclonal antibody targeting properdin (CLG561,
Novartis) is tested as monotherapy or in combination with a C5 inhibitor (Tesidolumab/
LFG316, Novartis) in patients with geographic atrophy/AMD (NCT02515942). Novelmed
Therapeutics developed a small-molecule properdin antagonist for rheumatoid arthritis
and a monoclonal antibody against properdin (NM9401) for the use in PNH (144).
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Outline of this thesis

In this thesis we focused on the local role of complement in the context of renal
transplantation, with a main focus on properdin. Since the local role for properdin
remains to be established, we reviewed in chapter 2 the presence of properdin in
urine, serum and renal biopsies in patients diagnosed with various complement-
mediated renal diseases.

In chapter 3 we investigated whether complement factor properdin and complement
activation products C3d, C4d and C5b-9 are deposited in renal biopsies from renal
transplant patients and if there was a correlation with delayed graft function.

In chapter 4 we focused on the local role of factor H and properdin by investigating
the synthesis and production of properdin and factor H by human macrophages. The
presence of FHL-1, the splice variant of factor H, was also examined.

In chapter 5 we described the potential of properdin to interact with the surface of
human monocyte derived macrophages and analyse the mechanisms of interacting
with necrotic cells, thereby contributing to local complement activation upon exposure
to complement components. In addition, the mechanism of cell surface interaction was
examined, using several mimics of glycosaminoglycan structures which are expressed
at the cell surface.

For the investigation of the local role of properdin during APCT cell interactions, we
developed an in vitro transfection system using short-interfering ribonucleic acid
(siIRNA) for the transfection of human monocyte-derived dendritic cells. In chapter 6
we described that the type of medium used during the siRNA transfection of monocyte
derived dendritic cells affected the maturation status of these cells, altering the
allogeneic T cell responses. In chapter 7 we described the local role of properdin in
the context of APC and T cell interaction. Properdin levels were reduced in monocyte
derived dendritic cells by siRNA, followed by co-culture with allogeneic T cells to
determine the effect on T cell proliferation and activation. In chapter 8 the presented
results are discussed and summarized.

Acknowledgements
We would like to thank Manon Zuurmond for the design of figure 1, 2, 4 and 5.

24



General introduction

References

10.

1.

12.

13.

14.

15.

16.

Webster AC, Nagler EV, Morton RL, Masson P. Chronic kidney disease. Lancet. 2017 Mar
25;389(10075):1238-1252. doi: 10.1016/S0140-6736(16)32064-5.

Abecassis M, Bartlett ST, Collins AJ, Davis CL, Delmonico FL, Friedewald JJ, et al. Kidney
transplantation as primary therapy for end-stage renal disease: a National Kidney Foun-
dation/Kidney Disease Outcomes Quality Initiative (NKF/KDOQITM) conference. Clin J Am
Soc Nephrol. 2008 Mar;3(2):471-80. doi: 10.2215/CJN.05021107.

Zhao H, Alam A, Soo AP, George AJT, Ma D. Ischemia-reperfusion injury reduces long
term renal graft survival: Mechanism and beyond. EBioMedicine. 2018 Feb;28:31-42. doi:
10.1016/j.ebiom.2018.01.025.

Jager NM, Poppelaars F, Daha MR, Seelen MA. Complement in renal transplantation: The
road to translation. Mol Immunol. 2017 Sep;89:22-35. doi: 10.1016/j.molimm.2017.05.014.

Biglarnia AR, Huber-Lang M, Mohlin C, Ekdahl KN, Nilsson B. The multifaceted role of com-
plementin kidney transplantation. Nat Rev Nephrol. 2018 Dec;14(12):767-781. doi: 10.1038/
s41581-018-0071-x.

Jeldres C, Cardinal H, Duclos A, Shariat SF, Suardi N, Capitanio U, et al. Prediction of delayed
graft function after renal transplantation. Can Urol Assoc J. 2009 Oct;3(5):377-82. doi:
10.5489/cuaj.1147.

Han SJ, Lee HT. Mechanisms and therapeutic targets of ischemic acute kidney injury. Kidney
Res Clin Pract. 2019 Dec 31;38(4):427-440. doi: 10.23876/.krcp.19.062.

Priante G, Gianesello L, Ceol M, Del Prete D, Anglani F. Cell death in the kidney. Int J Mol Sci.
2019 Jul 23;20(14):3598. doi: 10.3390/ijms20143598.

Braza F, Brouard S, Chadban S, Goldstein DR. Role of TLRs and DAMPs in allograft inflam-
mation and transplant outcomes. Nat Rev Nephrol. 2016 May;12(5):281-90. doi: 10.1038/
nrneph.2016.41.

Nankivell BJ, Alexander SlI. Rejection of the kidney allograft. N Engl ] Med. 2010 Oct
7,363(15):1451-62. doi: 10.1056/NEJMra0902927.

Pefia]R, Fitzpatrick D, Saidman SL. Complement-dependent cytotoxicity crossmatch. Meth-
ods Mol Biol. 2013;1034:257-83. doi: 10.1007/978-1-62703-493-7_13.

Sethi S, Choi J, Toyoda M, Vo A, Peng A, Jordan SC. Desensitization: Overcoming the
immunologic barriers to transplantation. J Immunol Res. 2017;2017:6804678. doi:
10.1155/2017/6804678.

Banchereau J, Briere F, Caux C, DavoustJ, Lebecque S, Liu Y}, et al. Immunobiology of den-
dritic cells. Annu Rev Immunol. 2000;18:767-811. doi: 10.1146/annurev.immunol.18.1.767.

BanchereauJ, Steinman RM. Dendritic cells and the control of immunity. Nature. 1998 Mar
19;392(6673):245-52. doi: 10.1038/32588.

lwasaki A, Medzhitov R. Toll-like receptor control of the adaptive immune responses. Nat
Immunol. 2004 Oct;5(10):987-95. doi: 10.1038/ni1112.

De Smedt T, Pajak B, Muraille E, Lespagnard L, Heinen E, De Baetselier P, et al. Regulation
of dendritic cell numbers and maturation by lipopolysaccharide in vivo. ] Exp Med. 1996
Oct 1;184(4):1413-24. doi: 10.1084/jem.184.4.1413.




Chapter 1

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

26

Vlyas JM, Van der Veen AG, Ploegh HL. The known unknowns of antigen processing and
presentation. Nat Rev Immunol. 2008 Aug;8(8):607-18. doi: 10.1038/nri2368.

Joffre OP, Segura E, Savina A, Amigorena S. Cross-presentation by dendritic cells. Nat Rev
Immunol. 2012 Jul 13;12(8):557-69. doi: 10.1038/nri3254.

Kalinski P, Hilkens CM, Wierenga EA, Kapsenberg ML. T-cell priming by type-1 and type-2
polarized dendritic cells: the concept of a third signal. Immunol Today. 1999 Dec;20(12):561-
7.doi: 10.1016/s0167-5699(99)01547-9.

Elkins WL, Guttmann RD. Pathogenesis of a local graft versus host reaction: immunoge-
nicity of circulating host leukocytes. Science. 1968 Mar 15;159(3820):1250-1. doi: 10.1126/
science.159.3820.1250.

Larsen CP, Morris PJ, Austyn JM. Migration of dendritic leukocytes from cardiac allografts into
host spleens. A novel pathway for initiation of rejection. | Exp Med. 1990 Jan 1;171(1):307-14.
doi: 10.1084/jem.171.1.307.

SiuJHY, Surendrakumar V, Richards JA, Pettigrew GJ. T cell allorecognition pathways in solid
organ transplantation. Front Immunol. 2018 Nov 5;9:2548. doi: 10.3389/fimmu.2018.02548.

Lechler RI, Batchelor JR. Restoration of immunogenicity to passenger cell-depleted kidney
allografts by the addition of donor strain dendritic cells. ] Exp Med. 1982 Jan 1,155(1):31-41.
doi: 10.1084/jem.155.1.31.

Lechler RI, Batchelor JR. Immunogenicity of retransplanted rat kidney allografts. Effect of
inducing chimerism in the first recipient and quantitative studies on immunosuppression
of the second recipient. ] Exp Med. 1982 Dec 1;156(6):1835-41. doi: 10.1084/jem.156.6.1835.

Gallon L, Watschinger B, Murphy B, Akalin £, Sayegh MH, Carpenter CB. The indirect pathway
of allorecognition. The occurrence of self-restricted T cell recognition of allo-MHC peptides
early in acute renal allograft rejection and its inhibition by conventional immunosuppres-
sion. Transplantation. 1995 Feb 27;59(4):612-6.

Herrera OB, Golshayan D, Tibbott R, Salcido Ochoa F, James MJ, Marelli-Berg FM, et al.
A novel pathway of alloantigen presentation by dendritic cells. J Immunol. 2004 Oct
15;173(8):4828-37. doi: 10.4049/jimmunol.173.8.4828.

Brown K, Sacks SH, Wong W. Extensive and bidirectional transfer of major histocompatibility
complex class Il molecules between donor and recipient cells in vivo following solid organ
transplantation. FASEB J. 2008 Nov;22(11):3776-84. doi: 10.1096/f].08-107441.

Smyth LA, Harker N, Turnbull W, El-Doueik H, Klavinskis L, Kioussis D, et al. The relative
efficiency of acquisition of MHC:peptide complexes and cross-presentation depends on
dendritic cell type. J Immunol. 2008 Sep 1;181(5):3212-20. doi: 10.4049/jimmunol.181.5.3212.

Nakayama M, Hori A, Toyoura S, Yamaguchi SI. Shaping of T cell functions by trogocytosis.
Cells. 2021 May 10;10(5):1155. doi: 10.3390/cells10051155.

Grafals M, Thurman JM. The role of complement in organ transplantation. Front Immunol.
2019 Oct 4;10:2380. doi: 10.3389/fimmu.2019.02380.

Nauser CL, Farrar CA, Sacks SH. Complement recognition pathways in renal transplantation.
JAm Soc Nephrol. 2017 Sep;28(9):2571-2578. doi: 10.1681/ASN.2017010079.

Stites E, Le Quintrec M, Thurman JM. The complement system and antibody-mediated trans-
plant rejection. ] Immunol. 2015 Dec 15;195(12):5525-31. doi: 10.4049/jimmunol.1501686.



General introduction

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

47.

48.

Thurman JM. Complement in kidney disease: core curriculum 2015. Am J Kidney Dis. 2015
Jan;65(1):156-68. doi: 10.1053/j.ajkd.2014.06.035.

Castro-Dopico T, Clatworthy MR. Fcy receptors in solid organ transplantation. Curr Trans-
plant Rep. 2016;3(4):284-293. doi: 10.1007/s40472-016-0116-7.

Parkes MD, Halloran PF, Hidalgo LG. Evidence for CD16a-mediated NK cell stimulation in
antibody-mediated kidney transplant rejection. Transplantation. 2017 Apr;101(4):e102-e111.
doi: 10.1097/TP.0000000000001586.

Lim MA, KohliJ, Bloom RD. Immunosuppression for kidney transplantation: Where are we
now and where are we going? Transplant Rev (Orlando). 2017 Jan;31(1):10-17. doi: 10.1016/].
trre.2016.10.006.

Halloran PF. Immunosuppressive drugs for kidney transplantation. N Engl ) Med. 2004 Dec
23;351(26):2715-29. doi: 10.1056/NEJMra033540.

Farrar CA, Sacks SH. Mechanisms of rejection: role of complement. Curr Opin Organ Trans-
plant. 2014 Feb;19(1):8-13. doi: 10.1097/MOT.0000000000000037.

Asgari E, Zhou W, Sacks S. Complement in organ transplantation. Curr Opin Organ Trans-
plant. 2010 Aug;15(4):486-91. doi: 10.1097/MQOT.0b013e32833b9ch7.

Sacks SH, Zhou W. The role of complement in the early immune response to transplanta-
tion. Nat Rev Immunol. 2012 May 25;12(6):431-42. doi: 10.1038/nri3225.

Thurman JM, Ljubanovi¢ D, Royer PA, Kraus DM, Molina H, Barry NP, et al Altered renal
tubular expression of the complement inhibitor Crry permits complement activation after
ischemia/reperfusion. ] Clin Invest. 2006 Feb;116(2):357-68. doi: 10.1172/JCI124521.

Yamada K, Miwa T, Liu J, Nangaku M, Song WC. Critical protection from renal ischemia
reperfusion injury by CD55 and CD59. J Immunol. 2004 Mar 15;172(6):3869-75. doi: 10.4049/
jimmunol.172.6.38609.

Renner B, Coleman K, Goldberg R, Amura C, Holland-Neidermyer A, Pierce K, et al. The
complement inhibitors Crry and factor H are critical for preventing autologous comple-
ment activation on renal tubular epithelial cells. ] Immunol. 2010 Sep 1;185(5):3086-94. doi:
10.4049/jimmunol.1000111.

Lubbers R, van Essen MF, van Kooten C, Trouw LA. Production of complement components
by cells of the immune system. Clin Exp Immunol. 2017 May;188(2):183-194. doi: 10.1111/
cei12952.

Vieyra MB, Heeger PS. Novel aspects of complement in kidney injury. Kidney Int. 2010
Mar;77(6):495-9. doi: 10.1038/ki.2009.491.

Cravedi P, Leventhal J, Lakhani P, Ward SC, Donovan MJ, Heeger PS. Immune cell-derived C3a
and C5a costimulate human T cell alloimmunity. Am J Transplant. 2013 Oct;13(10):2530-9.
doi: 10.1111/ajt.12405.

Cravedi P, Heeger PS. Complement as a multifaceted modulator of kidney transplant injury.
J Clin Invest. 2014 Jun;124(6):2348-54. doi: 10.1172/)CI72273.

Cravedi P, van der Touw W, Heeger PS. Complement regulation of T-cell alloimmunity. Semin
Nephrol. 2013 Nov;33(6):565-74. doi: 10.1016/j.semnephrol.2013.08.007.

27




Chapter 1

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

28

Merle NS, Church SE, Fremeaux-BacchiV, Roumenina LT. Complement system part | - Mo-
lecular mechanisms of activation and regulation. Front Immunol. 2015 Jun 2;6:262. doi:
10.3389/fimmu.2015.00262.

Walport MJ. Complement. First of two parts. N Engl ] Med. 2001 Apr 5;344(14):1058-66.
doi: 10.1056/NEJM200104053441406.

Pangburn MK, Schreiber RD, Muller-Eberhard HJ. Formation of the initial C3 convertase
of the alternative complement pathway. Acquisition of C3b-like activities by spontaneous
hydrolysis of the putative thioester in native C3. ] Exp Med. 1981 Sep 1,154(3):856-67. doi:
10.1084/jem.154.3.856.

Pangburn MK, Miller-Eberhard Hj. Initiation of the alternative complement pathway due
to spontaneous hydrolysis of the thioester of C3. Ann N Y Acad Sci. 1983;421:291-8. doi:
10.1111/j.1749-6632.1983.tb18116.x.

Lachmann PJ, Halbwachs L. The influence of C3b inactivator (KAF) concentration on the
ability of serum to support complement activation. Clin Exp Immunol. 1975 Jul;21(1):109-14.

Chen ZA, Pellarin R, Fischer L, Sali A, Nilges M, Barlow PN, et al. Structure of complement
C3(H20) revealed by quantitative cross-linking/mass spectrometry and modeling. Mol Cell
Proteomics. 2016 Aug;15(8):2730-43. doi: 10.1074/mcp.M115.056473.

Pratt JR, Basheer SA, Sacks SH. Local synthesis of complement component C3 regulates
acute renal transplant rejection. Nat Med. 2002 Jun;8(6):582-7. doi: 10.1038/nm0602-582.

Peng Q, Li K, Patel H, Sacks SH, Zhou W. Dendritic cell synthesis of C3 is required for full T
cell activation and development of a Th1 phenotype. J Immunol. 2006 Mar 15;176(6):3330-
41. doi: 10.4049/jimmunol.176.6.3330.

Peng Q, Li K, Anderson K, Farrar CA, Lu B, Smith RA, et al. Local production and activation
of complement up-regulates the allostimulatory function of dendritic cells through C3a-
C3aRinteraction. Blood. 2008 Feb 15;111(4):2452-61. doi: 10.1182/blood-2007-06-095018.

Peng Q, Li K, Wang N, Li Q, Asgari E, Lu B, Woodruff TM, et al. Dendritic cell function in
allostimulation is modulated by C5aR signaling. ] Immunol. 2009 Nov 15;183(10):6058-68.
doi: 10.4049/jimmunol.0804186.

Heeger PS, Lalli PN, Lin F, Valujskikh A, LiuJ, Mugim N, et al. Decay-accelerating factor mod-
ulates induction of T cell immunity. ] Exp Med. 2005 May 16;201(10):1523-30. doi: 10.1084/
jem.20041967.

Zhou W, Peng Q, Li K, Sacks SH. Role of dendritic cell synthesis of complement in the
allospecific T cell response. Mol Immunol. 2007 Jan;44(1-3):57-63. doi: 10.1016/j.
molimm.2006.06.012.

Strainic MG, Liu J, Huang D, An F, Lalli PN, Mugim N, et al. Locally produced complement
fragments C5a and C3a provide both costimulatory and survival signals to naive CD4+ T
cells. Immunity. 2008 Mar;28(3):425-35. doi: 10.1016/j.immuni.2008.02.001.

Vandendriessche S, Cambier S, Proost P, Marques PE. Complement receptors and their
role in leukocyte recruitment and phagocytosis. Front Cell Dev Biol. 2021 Feb 11,9:624025.
doi: 10.3389/fcell.2021.624025.

Helmy KY, Katschke K] Jr, Gorgani NN, Kljavin NM, Elliott JM, Diehl L, et al. CRIg: a macrophage
complement receptor required for phagocytosis of circulating pathogens. Cell. 2006 Mar
10;124(5):915-27. doi: 10.1016/j.cell.2005.12.039.



General introduction

64.

65.

66.

67.

68.

69.

70.

7.

72.

73.

74,

75.

76.

77.

78.

79.

80.

Zipfel PF, Skerka C. Complement regulators and inhibitory proteins. Nat Rev Immunol. 2009
Oct;9(10):729-40. doi: 10.1038/nri2620.

Holers VM. Complement and its receptors: new insights into human disease. Annu Rev
Immunol. 2014;32:433-59. doi: 10.1146/annurev-immunol-032713-120154.

Gros P, Milder FJ, Janssen BJ. Complement driven by conformational changes. Nat Rev
Immunol. 2008 Jan;8(1):48-58. doi: 10.1038/nri2231.

van Lookeren Campagne M, Wiesmann C, Brown EJ. Macrophage complement receptors
and pathogen clearance. Cell Microbiol. 2007 Sep;9(9):2095-102. doi: 10.1111/j.1462-
5822.2007.00981.x.

Ricklin D, Reis ES, Mastellos DC, Gros P, Lambris JD. Complement component C3 - The “Swiss
Army Knife” of innate immunity and host defense. Immunol Rev. 2016 Nov;274(1):33-58.
doi: 10.1111/imr.12500.

Martin M, Blom AM. Complement in removal of the dead - balancing inflammation. Immunol
Rev. 2016 Nov;274(1):218-232. doi: 10.1111/imr.12462.

Ricklin D, Hajishengallis G, Yang K, Lambris JD. Complement: a key system for immune
surveillance and homeostasis. Nat Immunol. 2010 Sep;11(9):785-97. doi: 10.1038/ni.1923.

Davis AE, Mejia P, Lu F. Biological activities of C1 inhibitor. Mol Immunol. 2008
Oct;45(16):4057-63. doi: 10.1016/j.molimm.2008.06.028.

Blom AM, Villoutreix BO, Dahlbdck B. Complement inhibitor C4b-binding protein-friend or
foe in the innate immune system? Mol Immunol. 2004 Apr;40(18):1333-46. doi: 10.1016/j.
molimm.2003.12.002.

Kim DD, Song WC. Membrane complement regulatory proteins. Clin Immunol. 2006 Feb-
Mar;118(2-3):127-36. doi: 10.1016/j.clim.2005.10.014.

Seya T, Atkinson JP. Functional properties of membrane cofactor protein of complement.
Biochem J. 1989 Dec 1;264(2):581-8. doi: 10.1042/bj2640581.

Ninomiya H, Sims PJ. The human complement regulatory protein CD59 binds to the al-
pha-chain of C8 and to the “b"domain of C9. J Biol Chem. 1992 Jul 5;267(19):13675-80.

Farkas |, Baranyi L, Ishikawa Y, Okada N, Bohata C, Budai D, et al. CD59 blocks not only the
insertion of C9 into MAC but inhibits ion channel formation by homologous C5b-8 as well
as C5b-9. J Physiol. 2002 Mar 1;539(Pt 2):537-45. doi: 10.1113/jphysiol.2001.013381.

Alsenz J, Lambris JD, Schulz TF, Dierich MP. Localization of the complement-compo-
nent-C3b-binding site and the cofactor activity for factor | in the 38kDa tryptic fragment
of factor H. Biochem J. 1984 Dec 1;224(2):389-98. doi: 10.1042/bj2240389.

Kihn S, Zipfel PF. Mapping of the domains required for decay acceleration activity of the
human factor H-like protein 1 and factor H. Eur J Immunol. 1996 Oct;26(10):2383-7. doi:
10.1002/€ji.1830261017.

Parente R, Clark S, Inforzato A, Day A]. Complement factor H in host defense and immune
evasion. Cell Mol Life Sci. 2017 May;74(9):1605-1624. doi: 10.1007/s00018-016-2418-4.

Rodriguez de Cérdoba S, Esparza-Gordillo J, Goicoechea de Jorge E, Lopez-Trascasa M, San-
chez-Corral P. The human complement factor H: functional roles, genetic variations and dis-
ease associations. Mol Immunol. 2004 Jun;41(4):355-67. doi: 10.1016/j.molimm.2004.02.005.

29




Chapter 1

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Schmidt CQ, Herbert AP, Kavanagh D, Gandy C, Fenton CJ, Blaum BS, et al. A new map of
glycosaminoglycan and C3b binding sites on factor H.J Immunol. 2008 Aug 15;181(4):2610-9.
doi: 10.4049/jimmunol.181.4.2610.

Langford-Smith A, Day AJ, Bishop PN, Clark SJ. Complementing the sugar code: Role of GAGs
and sialic acid in complement regulation. Front Immunol. 2015 Feb 2;6:25. doi: 10.3389/
fimmu.2015.00025.

Jozsi M, Zipfel PF. Factor H family proteins and human diseases. Trends Immunol. 2008
Aug;29(8):380-7. doi: 10.1016/].it.2008.04.008.

Skerka C, Chen Q, Fremeaux-BacchiV, Roumenina LT. Complement factor H related proteins
(CFHRs). Mol Immunol. 2013 Dec 15;56(3):170-80. doi: 10.1016/}j.molimm.2013.06.001.

Cserhalmi M, Papp A, Brandus B, Uzonyi B, Jozsi M. Regulation of regulators: Role of the
complement factor H-related proteins. Semin Immunol. 2019 Oct;45:101341. doi: 10.1016/j.
smim.2019.101341.

Schwaeble W, Zwirner J, Schulz TF, Linke RP, Dierich MP, Weiss EH. Human complement
factor H: expression of an additional truncated gene product of 43 kDa in human liver. Eur
J Immunol. 1987 Oct;17(10):1485-9. doi: 10.1002/eji.1830171015.

Estaller C, Schwaeble W, Dierich M, Weiss EH. Human complement factor H: two factor
H proteins are derived from alternatively spliced transcripts. Eur J Immunol. 1991
Mar;21(3):799-802. doi: 10.1002/€ji.1830210337.

Ripoche J, Day AJ, Harris T, Sim RB. The complete amino acid sequence of human comple-
ment factor H. Biochem J. 1988 Jan 15;249(2):593-602. doi: 10.1042/bj2490593.

Jozsi M, Tortajada A, Uzonyi B, Goicoechea de Jorge E, Rodriguez de Cérdoba S. Factor
H-related proteins determine complement-activating surfaces. Trends Immunol. 2015
Jun;36(6):374-84. doi: 10.1016/}.it.2015.04.008.

Pillemer L, Blum L, Lepow IH, Ross OA, Todd EW, Warlaw AC. The properdin system and
immunity: I. Demonstration and isolation of a new serum protein, properdin, and its
role in immune phenomena. Science. 1954 Aug 20;120(3112):279-85. doi: 10.1126/sci-
ence.120.3112.279.

Fearon DT, Austen KF. Properdin: binding to C3b and stabilization of the C3b-dependent
C3 convertase. ] Exp Med. 1975 Oct 1;142(4):856-63. doi: 10.1084/jem.142.4.856.

Fijen CA, van den Bogaard R, Schipper M, Mannens M, Schlesinger M, Nordin FG, et al.
Properdin deficiency: molecular basis and disease association. Mol Immunol. 1999 Sep-
Oct;36(13-14):863-7. doi: 10.1016/s0161-5890(99)00107-8.

Chen Y, Cortes C, Ferreira VP. Properdin: A multifaceted molecule involved in inflammation
and diseases. Mol Immunol. 2018 Oct;102:58-72. doi: 10.1016/j.molimm.2018.05.018.
Wirthmueller U, Dewald B, Thelen M, Schafer MK, Stover C, Whaley K, et al. Properdin, a
positive regulator of complement activation, is released from secondary granules of stim-
ulated peripheral blood neutrophils. J Immunol. 1997 May 1,158(9):4444-51.

Dixon KO, O'Flynn J, Klar-Mohamad N, Daha MR, van Kooten C. Properdin and factor H
production by human dendritic cells modulates their T-cell stimulatory capacity and is
regulated by IFN-y. Eur J Immunol. 2017 Mar;47(3):470-480. doi: 10.1002/eji.201646703.



General introduction

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

Pangburn MK. Analysis of the natural polymeric forms of human properdin and their func
tions in complement activation. ] Immunol. 1989 Jan 1;142(1):202-7.

Pedersen DV, Gadeberg TAF, Thomas C, Wang Y, Joram N, Jensen RK, et al. Structural basis
for properdin oligomerization and convertase stimulation in the human complement
system. Front Immunol. 2019 Aug 22;10:2007. doi: 10.3389/fimmu.2019.02007.

Pedersen DV, Pedersen MN, Mazarakis SM, Wang VY, Lindorff-Larsen K, et al. Proper-
din oligomers adopt rigid extended conformations supporting function. Elife. 2021 Jan
22;10:63356. doi: 10.7554/eLife.63356.

van den Bos RM, Pearce NM, Granneman J, Brondijk THC, Gros P. Insights into enhanced
complement activation by structures of properdin and its complex with the CG-Terminal
domain of C3b. Front Immunol. 2019 Sep 4;10:2097. doi: 10.3389/fimmu.2019.02097.

Kemper C, Atkinson JP, Hourcade DE. Properdin: emerging roles of a pattern-recognition mol-
ecule. Annu Rev Immunol. 2010;28:131-55. doi: 10.1146/annurev-immunol-030409-101250.

Spitzer D, Mitchell LM, Atkinson JP, Hourcade DE. Properdin can initiate complement acti-
vation by binding specific target surfaces and providing a platform for de novo convertase
assembly. ] Immunol. 2007 Aug 15;179(4):2600-8. doi: 10.4049/jimmunol.179.4.2600.

Kemper C, Mitchell LM, Zhang L, Hourcade DE. The complement protein properdin binds
apoptotic T cells and promotes complement activation and phagocytosis. Proc Natl Acad
Sci U S A. 2008 Jul 1;105(26):9023-8. doi: 10.1073/pnas.0801015105.

Xu W, Berger SP, Trouw LA, de Boer HC, Schlagwein N, Mutsaers C, et al. Properdin binds
to late apoptotic and necrotic cells independently of C3b and regulates alternative path-
way complement activation. J Immunol. 2008 Jun 1;180(11):7613-21. doi: 10.4049/jimmu-
nol.180.11.7613.

Gaarkeuken H, Siezenga MA, Zuidwijk K, van Kooten C, Rabelink TJ, Daha MR, et al. Com-
plement activation by tubular cells is mediated by properdin binding. Am J Physiol Renal
Physiol. 2008 Nov;295(5):F1397-403. doi: 10.1152/ajprenal.90313.2008.

Zaferani A, Vives RR, van der Pol P, Hakvoort JJ, Navis GJ, van Goor H, et al. Identification
of tubular heparan sulfate as a docking platform for the alternative complement compo-
nent properdin in proteinuric renal disease. ] Biol Chem. 2011 Feb 18;286(7):5359-67. doi:
10.1074/jbc.M110.167825.

Lammerts RGM, Talsma DT, Dam WA, Daha MR, Seelen MAJ, Berger SP, et al. Properdin
pattern recognition on proximal tubular cells is heparan sulfate/syndecan-1 but not C3b
dependent and can be blocked by tick protein Salp20. Front Immunol. 2020 Aug 7;11:1643.
doi: 10.3389/fimmu.2020.01643.

O'Flynn J, Dixon KO, Faber Krol MC, Daha MR, van Kooten C. Myeloperoxidase directs
properdin-mediated complement activation. J Innate Immun. 2014;6(4):417-25. doi:
10.1159/000356980.

Yuen J, Pluthero FG, Douda DN, Riedl M, Cherry A, Ulanova M, et al. NETosing neutrophils
activate complement both on their own NETs and bacteria via alternative and non-alter-
native pathways. Front Immunol. 2016 Apr 14;7:137. doi: 10.3389/fimmu.2016.00137.

Wang H, Wang C, Zhao MH, Chen M. Neutrophil extracellular traps can activate alternative
complement pathways. Clin Exp Immunol. 2015 Sep;181(3):518-27. doi: 10.1111/cei.12654.

31




Chapter 1

0.

11.

2.

3.

114.

5.

116.

7.

8.

119.

120.

121

122.

123.

Farries TC, Finch JT, Lachmann PJ, Harrison RA. Resolution and analysis of 'native’ and
‘activated’ properdin. Biochem J. 1987 Apr 15;243(2):507-17. doi: 10.1042/bj2430507.

Ferreira VP, Cortes C, Pangburn MK. Native polymeric forms of properdin selectively bind to
targets and promote activation of the alternative pathway of complement. Immunobiology.
2010 Nov;215(11):932-40. doi: 10.1016/}.imbio.2010.02.002.

Harboe M, Johnson C, Nymo S, Ekholt K, Schjalm C, Lindstad JK, et al. Properdin binding to
complement activating surfaces depends on initial C3b deposition. Proc Natl Acad Sci U S
A. 2017 Jan 24;114(4):E534-E539. doi: 10.1073/pnas.1612385114.

Harboe M, Garred P, Lindstad JK, Pharo A, Muller F, Stahl GL, et al. The role of properdin
in zymosan- and Escherichia coli-induced complement activation. J Immunol. 2012 Sep
1,189(5):2606-13. doi: 10.4049/jimmunol.1200269.

O'Flynn J, Kotimaa J, Faber-Krol R, Koekkoek K, Klar-Mohamad N, Koudijs A, et al. Proper-
din binds independent of complement activation in an in vivo model of anti-glomeru-
lar basement membrane disease. Kidney Int. 2018 Dec;94(6):1141-1150. doi: 10.1016/j.
kint.2018.06.030.

Fremeaux-BacchiV, Fakhouri F, Garnier A, Bienaimé F, Dragon-Durey MA, Ngo S, et al. Ge-
netics and outcome of atypical hemolytic uremic syndrome: a nationwide French series
comparing children and adults. ClinJ Am Soc Nephrol. 2013 Apr;8(4):554-62. doi: 10.2215/
CJN.04760512.

Durey MA, Sinha A, Togarsimalemath SK, Bagga A. Anti-complement-factor H-associated
glomerulopathies. Nat Rev Nephrol. 2016 Sep;12(9):563-78. doi: 10.1038/nrneph.2016.99.

Kerr H, Richards A. Complement-mediated injury and protection of endothelium: lessons
from atypical haemolytic uraemic syndrome. Immunobiology. 2012 Feb;217(2):195-203.
doi: 10.1016/}.imbi0.2011.07.028.

Smith RJH, Appel GB, Blom AM, Cook HT, D'Agati VD, Fakhouri F, et al. C3 glomerulop-
athy - understanding a rare complement-driven renal disease. Nat Rev Nephrol. 2019
Mar;15(3):129-143. doi: 10.1038/s41581-018-0107-2.

Michels MAHM, Wijnsma KL, Kurvers RAJ, Westra D, Schreuder MF, van Wijk JAE, et al. Long-
term follow-up including extensive complement analysis of a pediatric C3 glomerulopathy
cohort. Pediatr Nephrol. 2022 Mar;37(3):601-612. doi: 10.1007/s00467-021-05221-6.
Servais A, Noél LH, Roumenina LT, Le Quintrec M, Ngo S, Dragon-Durey MA, et al. Acquired
and genetic complement abnormalities play a critical role in dense deposit disease and
other C3 glomerulopathies. Kidney Int. 2012 Aug;82(4):454-64. doi: 10.1038/ki.2012.63.
Wong EKS, Marchbank KJ, Lomax-Browne H, Pappworth 1Y, Denton H, Cooke K, et al. C3
Glomerulopathy and Related Disorders in Children: Etiology-Phenotype Correlation and
Outcomes. Clin J Am Soc Nephrol. 2021 Nov;16(11):1639-1651. doi: 10.2215/CJN.00320121.
Daha MR, Fearon DT, Austen KF. C3 nephritic factor (C3NeF): stabilization of fluid phase
and cell-bound alternative pathway convertase. J Immunol. 1976 Jan;116(1):1-7.

Marinozzi MC, Chauvet S, Le Quintrec M, Mignotet M, Petitprez F, Legendre C, et al. C5
nephritic factors drive the biological phenotype of C3 glomerulopathies. Kidney Int. 2017
Nov;92(5):1232-1241. doi: 10.1016/j.kint.2017.04.017.



General introduction

124.

125.

126.

127.

128.

129.

130.

131

132.

133.

134.

135.

136.

Zand L, Lorenz EC, Cosio FG, Fervenza FC, Nasr SH, Gandhi MJ, et al. Clinical findings,
pathology, and outcomes of C3GN after kidney transplantation. ] Am Soc Nephrol. 2014
May;25(5):1110-7. doi: 10.1681/ASN.2013070715.

Ricklin D, Mastellos DC, Reis ES, Lambris JD. The renaissance of complement therapeutics.
Nat Rev Nephrol. 2018 Jan;14(1):26-47. doi: 10.1038/nrneph.2017.156.

Mastellos DC, Ricklin D, Lambris JD. Clinical promise of next-generation complement ther-
apeutics. Nat Rev Drug Discov. 2019 Sep;18(9):707-729. doi: 10.1038/541573-019-0031-6.

Rother RP, Rollins SA, Mojcik CF, Brodsky RA, Bell L. Discovery and development of the com-
plementinhibitor eculizumab for the treatment of paroxysmal nocturnal hemoglobinuria.
Nat Biotechnol. 2007 Nov;25(11):1256-64. doi: 10.1038/nbt1344.

Zuber J, Fakhouri F, Roumenina LT, Loirat C, Frémeaux-Bacchi V. Use of eculizumab for
atypical haemolytic uraemic syndrome and C3 glomerulopathies. Nat Rev Nephrol. 2012
Nov;8(11):643-57. doi: 10.1038/nrneph.2012.214.

Mullard A. First approval of a complement C3 inhibitor opens up autoimmune and inflam-
matory opportunities. Nat Rev Drug Discov. 2021 Jul;20(7):496. doi: 10.1038/d41573-021-
00094-8.

Hillmen P, Szer J, Weitz I, R6th A, Hochsmann B, Panse J, et al. Pegcetacoplan versus Eculi-
zumab in Paroxysmal Nocturnal Hemoglobinuria. N Engl ] Med. 2021 Mar 18;384(11):1028-
1037. doi: 10.1056/NEJM0a2029073.

Vo AA, Zeevi A, Choi), Cisneros K, Toyoda M, Kahwaji J, et al. A phase I/Il placebo-controlled
trial of C1-inhibitor for prevention of antibody-mediated rejection in HLA sensitized pa-
tients. Transplantation. 2015 Feb;99(2):299-308. doi: 10.1097/TP.0000000000000592.

Jordan SC, ChoiJ, Aubert O, Haas M, Loupy A, Huang E, et al. A phase I/ll, double-blind, pla-
cebo-controlled study assessing safety and efficacy of C1 esterase inhibitor for prevention
of delayed graft function in deceased donor kidney transplant recipients. Am J Transplant.
2018 Dec;18(12):2955-2964. doi: 10.1111/ajt.14767.

HuangE, Vo A, Choi), Ammerman N, Lim K, Sethi S, et al. Three-year outcomes of a random-
ized, double-blind, placebo-controlled study assessing safety and efficacy of C1 esterase
inhibitor for prevention of delayed graft function in deceased donor kidney transplant
recipients. Clin J Am Soc Nephrol. 2020 Jan 7;15(1):109-116. doi: 10.2215/CJN.04840419.

Kassimatis T, Qasem A, Douiri A, Ryan EG, Rebollo-Mesa |, Nichols LL, et al. A double-blind
randomised controlled investigation into the efficacy of Mirococept (APT070) for prevent-
ing ischaemia reperfusion injury in the kidney allograft (EMPIRIKAL): study protocol for a
randomised controlled trial. Trials. 2017 Jun 6;18(1):255. doi: 10.1186/513063-017-1972-x.

Schréppel B, Akalin E, Baweja M, Bloom RD, Florman S, Goldstein M, et al. Peritransplant
eculizumab does not prevent delayed graft function in deceased donor kidney trans-
plant recipients: Results of two randomized controlled pilot trials. Am ] Transplant. 2020
Feb;20(2):564-572. doi: 10.1111/ajt.15580.

Glotz D, Russ G, Rostaing L, Legendre C, Tufveson G, Chadban S, et al. Safety and efficacy of
eculizumab for the prevention of antibody-mediated rejection after deceased-donor kidney
transplantation in patients with preformed donor-specific antibodies. Am J Transplant. 2019
Oct;19(10):2865-2875. doi: 10.1111/ajt.15397.

33




Chapter 1

137.

138.

139.

140.

141

142.

143.

144.

Kaabak M, Babenko N, Shapiro R, Zokoyev A, Dymova O, Kim E. A prospective randomized,
controlled trial of eculizumab to prevent ischemia-reperfusion injury in pediatric kidney
transplantation. Pediatr Transplant. 2018 Mar;22(2). doi: 10.1111/petr.13129.

Kimura'Y, Zhou L, Miwa T, Song WC. Genetic and therapeutic targeting of properdin in mice
prevents complement-mediated tissue injury. ] Clin Invest. 2010 Oct;120(10):3545-54. doi:
10.1172/jci41782.

Miwa T, Sato S, Gullipalli D, Nangaku M, Song WC. Blocking properdin, the alternative path-
way, and anaphylatoxin receptors ameliorates renal ischemia-reperfusion injury in de-
cay-accelerating factor and CD59 double-knockout mice. J Immunol. 2013 Apr 1,190(7):3552-
9. doi: 10.4049/jimmunol.1202275.

Ueda Y, Miwa T, Gullipalli D, Sato S, Ito D, Kim H, et al. Blocking properdin prevents comple-
ment-mediated hemolytic uremic syndrome and systemic thrombophilia. ] Am Soc Nephrol.
2018 Jul;29(7):1928-1937. doi: 10.1681/ASN.2017121244.

Gullipalli D, Zhang F, Sato S, Ueda Y, Kimura Y, Golla M, et al. Antibody inhibition of properdin
prevents complement-mediated intravascular and extravascular hemolysis. J Immunol.
2018 Aug 1;201(3):1021-1029. doi: 10.4049/jimmunol.1800384.

Lesher AM, Zhou L, Kimura'Y, Sato S, Gullipalli D, Herbert AP, et al. Combination of factor H
mutation and properdin deficiency causes severe C3 glomerulonephritis. ] Am Soc Nephrol.
2013 Jan;24(1):53-65. doi: 10.1681/ASN.2012060570.

Ruseva MM, Vernon KA, Lesher AM, Schwaeble WJ, Ali YM, Botto M, et al. Loss of properdin
exacerbates C3 glomerulopathy resulting from factor H deficiency. ] Am Soc Nephrol. 2013
Jan;24(1):43-52. doi: 10.1681/ASN.2012060571.

Morgan BP, Harris CL. Complement, a target for therapy in inflammatory and degenerative
diseases. Nat Rev Drug Discov. 2015 Dec;14(12):857-77. doi: 10.1038/nrd4657.



General introduction

35








