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circulating factor H-related protein 5 (FHR5). The addition of FHRS5 to patient serum reduced hemolysis
of rabbit red blood cells, and at higher concentrations, this even occurred in normal sera. We, therefore,
suggest that this genetic variant could contribute to complement activation.

In summary, this thesis describes many novel variants in genes encoding complement proteins
associated with aHUS, C3G and IC-MPGN, and describes the phenotype of several variants to better
understand how they cause disease. Furthermore, a factor D inhibitor was effectively shown to block
factor B degradation and down-stream complement activation.
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Medalsnotr

skyli manna hverr,

eeva til snotr sé;

orlog sin

viti engi fyrir,

peim er sorgalausastr sefi.

Every man should be moderately wise, let him never be too
wise; let no one have foreknowledge of his fate, one’s mind is

[then] freest from sorrows (1)

Havamal verse 56, unknown author (800-900 AC)
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Preface

Genotyping has become an important part of clinical practice in a broad spectrum
of specialities. The human genome project generated the first sequence of the human
genome. Genome-wide association studies have revealed previously unknown
genotype-phenotype associations. Genes known to be associated with a certain
condition can be studied with targeted gene sequence panels. This evolution has
created data on several rare variants, and functional testing of these can elucidate
the mechanism of disease, paving the way for the development of specific therapies,
and precision medicine.

Rare disease is defined as a condition affecting less than 1 in 2000 persons. Rare
diseases are a challenge for the clinician and are often difficult to diagnose. It has
been shown that ~80% of rare diseases have a genetic cause (2). There are no
approved treatments for the majority of rare diseases (3). It is estimated that there
are more than 30 million individuals living with rare diseases in the European Union
and more than 300 million globally.

Atypical hemolytic uremic syndrome (aHUS) and C3 glomerulopathy (C3G) are
examples of rare diseases that are severe and associated with genetic variants, that
result in excess activation of the complement system. The pathophysiology is
associated with dysfunction of complement proteins caused by rare genetic variants
or acquired autoantibodies. The penetrance of the phenotype is incomplete, and thus
there are other factors determining the development of disease.

In this thesis, I will introduce the complement system and the kidney diseases
associated with its excess activation, describe the genetic background studies, the
available treatments and the state of current knowledge including my scientific
contributions.
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Abstract

Complement-mediated kidney diseases are ultrarare conditions characterized by
excess complement activation related in most cases to complement gene variants or
circulating autoantibodies. These conditions are chronic and can lead to kidney
failure. They include atypical hemolytic uremic syndrome (aHUS), C3 glomeru-
lopathy (C3G), and, to a certain extent, immune complex-membranoproliferative
glomerulonephritis (IC-MPGN). In this thesis, a panel of genes was studied
including CFH, C3, FB, FI, CD46/MCP, C5, CFHRI-5, CFP, CLU, DGKE, THBD
and PLG.

The phenotype of three heterozygous CFB variants was characterized in Paper I in
which one variant (D371G) was shown to have gain-of-function properties and form
excess C3 convertase. The phenotype was compared to a well-characterized CFB
variant, D279G, and studies showed that a factor D inhibitor, Danicopan, could
inhibit cleavage of factor B and excess complement activation as determined by
hemolysis of rabbit red blood cells and release of C5b-9 from human glomerular
endothelial cells. In Paper I the CFB D371G variant was further studied in a large
pedigree in which three family members were affected by aHUS and seven were
carriers of the variant. Two of the carriers were adult monozygotic twins but only
one was affected by the disease. As they did not carry other variants this suggests
that the CFB D371G variant predisposes but is not the sole factor associated with
the development of the aHUS phenotype. In Paper 111 a large cohort (n=141) of
Nordic patients with the three kidney diseases was investigated. Patients (72%
aHUS and 38% C3G) were found to have genetic variants with a minor allele
frequency <1% or with known association with these conditions. Twenty-six of the
variants were novel. Importantly, many patients had more than one genetic variant,
and 17 variants occurred in both patients with aHUS and C3G. The latter indicates
that genotype per se does not predict phenotype in these conditions. In Paper IV
the phenotype of a heterozygous variant in CFHRS5, M514R, was investigated. The
variant was found in a child with aHUS with a deletion of CFHR3/CFHRI as well
as antibodies to factor H. The variant was minimally secreted from cells and the
patient had low levels of circulating factor H-related protein 5 (FHRS). The addition
of FHRS to patient serum reduced hemolysis of rabbit red blood cells, and at higher
concentrations, this even occurred in normal sera. We, therefore, suggest that this
genetic variant could contribute to complement activation.

In summary, this thesis describes many novel variants in genes encoding
complement proteins associated with aHUS, C3G and IC-MPGN, and describes the
phenotype of several variants to better understand how they cause disease.
Furthermore, a factor D inhibitor was effectively shown to block factor B
degradation and down-stream complement activation.
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The immune system

The host immune system has an important role in maintaining homeostasis when
confronted with external and internal challenges. Invading pathogens are an
example of an external threat and protection requires an intact barrier of the host, a
response if the invader breaks through, and finally elimination of the pathogen and
repair of tissue. The ideal immune response would be to perform these actions,
without any deleterious effect on host tissues (4). The importance of the immune
system is demonstrated by the consequences of its dysfunction. Hypofunction leads
to infections and an increased risk of developing malignancies, while overactivation
leads to autoimmune diseases.

The immune system consists of the innate and the acquired adaptive immune
systems that are intertwined.

The innate immune system

The innate immune system is the evolutionarily most conserved part of the immune
system. Its main function is to rapidly prevent infection by elimination of invading
pathogens, and activation of the adaptive immune response when required (5). It
performs this by recognizing common pathogen-associated molecular patterns
(PAMPs) on pathogens, and danger-associated molecular patterns (DAMPs) on
damaged host cells.

Disruption of homeostasis is sensed by a variety of proteins termed pattern
recognition receptors (PRRs), that recognize and interact with components of the
pathogen or damaged host cell. PRRs are mostly expressed by macrophages and
dendritic cells and endothelial cells. They can be soluble or membrane-bound,
recognizing pathogens such as bacteria or viruses extracellularly or intracellularly
(6, 7). Recognition of “non-self”’- PAMP surfaces initiates a signalling pathway. A
prototypical example of a PAMP is lipopolysaccharide (LPS) in the outer membrane
of Gram-negative bacteria. LPS is recognized by Toll-like receptor 4 that triggers
an intracellular signalling pathway resulting in the generation of pro-inflammatory
mediators. Similarly, endogenous molecules released from stressed, injured, or
dying host cells are examples of DAMPs (6). These can be altered phospholipids,
heat shock proteins, adenosine triphosphate (ATP), deoxyribonucleic acid (DNA),

13



ribonucleic acid (RNA), or molecules usually located within lysosomes or
mitochondria that spill out to the extracellular compartment as a result of stress.

The innate immune system consists of physical and chemical barriers as well as
cellular and humoral elements. The first-line barrier in the mammalian host is the
epithelial surface of the skin and mucous membranes. This barrier contains three
main hinders for invaders: The normal bacterial flora, that inhibits excessive growth
of other microorganisms, a mechanical barrier formed by tight junctions between
epithelial cells, the mucosal layer of mucosal membranes, and a chemical barrier
including antimicrobial peptides (8, 9). The cellular part involves granulocytes,
macrophages, dendritic cells, mast cells, and natural killer cells, and the humoral
part is composed of specific effector proteins such as cytokines, chemokines and the
complement system. The complement system is a complex surveillance system in
defense against pathogens, as well as in maintaining host homeostasis, initiating
inflammation, and activating the adaptive immune system (10). The complement
system will be elaborated on below.

The adaptive immune system

The main function of the adaptive immune response is to distinguish between host
and foreign antigens, generating an adapted pathogen-specific immunologic effector
mechanism, that eliminates the pathogen or infected cells and develops
immunological memory for quick elimination of a specific pathogen. It consists of
a cellular response mediated by T lymphocytes and a humoral response mediated
by antibodies produced by B lymphocytes. The development of this specific
response takes days to weeks (11). Lymphocytes are activated by non-self antigens
in mucosal membranes or peripheral lymphoid organs, including lymph nodes, the
spleen, and tonsils (12).

Auto-antibodies are formed if tolerance mechanisms are dysfunctional, and this
leads to the maturation of auto-antibody producing B-cells as well as their sub-
sequent differentiation into antibody-secreting plasma cells (13).
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The complement system

The complement system was first identified by Jules Bordet as a heat-sensitive
component of human plasma that “complemented” antibodies in the killing of
bacteria (14). The complement system includes approximately 50 proteins, mainly
synthesized in the liver (5). Complement proteins are found circulating as inactive
zymogens, or as membrane-bound proteins. Complement activation occurs in the
fluid phase, on the cell membrane, and as well as intracellularly (5). The
complement system responds through a well-coordinated sequence of enzymatic
reactions, resulting in the elimination of microorganisms, immune complexes, and
cells that are damaged, altered, or undergoing apoptosis. This elimination can occur
through processes such as opsonization and phagocytosis, cellular lysis, or by
triggering the activation of the adaptive immune system (15, 16). During this
process, the activation of complement leads to inflammation through the liberation
of anaphylatoxins (17). Furthermore, the complement system serves as a connection
between the innate and adaptive immune systems, participating in the stimulation
of B cells, the removal of B cells that react to self, and the facilitation of T cell
responses (16). Complement participates in crosstalk with both the coagulation
system and the contact system (18).

Depending on the trigger, the complement cascade is initiated via the classical, the
lectin, or the alternative pathway (Figure 1) (19-21). Activation via the classical and
lectin pathways necessitates the presence of pattern recognition molecules (such as
C1lq, mannan-binding lectin, and collectins) capable of distinguishing between self
and non-self surfaces, by attaching to damage-associated molecular patterns
(DAMPs) and pathogen-associated molecular patterns (PAMPs). The alternative
pathway is triggered by activated non-self surfaces and does not rely on a
recognition molecule. All three pathways converge in the activation of the C3
convertase (22). This pivotal element of the complement system consists of
fragments from activated C3 and factor B. The pathways are described below.
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* IgM, IgG + Carbohydrate residues on
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///
l //////
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Figure 1: Overview of the complement system

Complement is initiated through three pathways the classical, lectin and alternative pathways that
converge at the level of C3 in the cleavage of C3 to its fragments C3b and C3a. The C3b fragment can
attach to surfaces via a thioester bond, and the soluble C3a fragment binds to its receptor C3aR.
Progression of the complement cascade results in the cleavage of C5 to its fragments C5b and Cb5a.
C5b bound to C6-C9n forms the membrane attack complex. C5a is a chemoattractant and an
anaphylatoxin. Mannan binding lectin (MBL). C3a receptor (C3aR), C5a receptor 1 (C5aR1), C5a
receptor 2 (C5aR2). Created with BioRender.com

Overview of complement physiology

Classical pathway activation

The initiation of the classical pathway occurs when the recognition molecule Clq
interacts with PAMPs on pathogens or DAMPs on apoptotic cells in a calcium-
dependent manner (23). Clq in complex with the serine proteases Cls and Clr
(C1qr2s2) binds to the Fc domain of an antibody in complex with an antigen (20).
The classical pathway can also be triggered in an immune complex independent
manner (5) for example by LPS of bacteria (24) and surface molecules of dying cells
(25). Upon binding its target, the C1qr2s2 complex undergoes a conformational
change that triggers the activation of serine proteases. As a result, Cls cleaves C4
and C2 into their subunits, enabling the formation of the classical/lectin pathway C3
convertase C4bC2a (26, 27).
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Lectin pathway activation

The lectin pathway is initiated by ficolins especially mannose-binding-lectin (MBL)
(28), and collectins, that recognize and bind to PAMPs on the cell membranes of
bacteria, viruses, and on and DAMPs damaged or dying cells (29). The serine
proteases of the lectin pathway are called MBL-associated serine proteases
(MASPs). MASP-1 or MASP-2 form a complex with ficolins or collectins (30).
MASP-1 cleaves C2, and simultaneously activates MASP-2 an in a Ca™ -dependent
process (31). MASP2 cleaves both C2 and C4, leading to the formation of the
classical/lectin pathway C3 convertase C4bC2a (32, 33).

Alternative pathway activation

The alternative pathway is constitutionally active and can therefore respond rapidly
to invading pathogens (5). Hydrolysis of C3 results in a C3(H20) conformation that
enables the binding of the serine protease factor B (34). On binding factor B
undergoes a conformational change allowing factor D to attach in a Mg -dependent
reaction (35). Factor D enzymatically cleaves factor B, resulting in the generation
of the smaller Ba fragment and the larger Bb fragment. Bb remains bound to
C3(H20), giving rise to the alternative pathway C3 pre-convertase, designated as
C3(H20)Bb. This pre-convertase holds the capability to cleave C3 into C3b and
C3a. This cleavage action exposes a highly reactive thioester bond in C3b,
facilitating its swift attachment to activating surfaces (36). This process is referred
to as the tick-over theory (37). When an activating surface is not present, the
liberated C3b undergoes rapid degradation.

Activating surfaces enable the binding of deposited C3b to factor B. Subsequently,
factor D catalyses the cleavage of factor B into its fragments, facilitated by the
presence of Mg++. This process culminates in the formation of the C3 convertase
termed C3bBb (38). The surface-bound C3bBb convertase is stabilized by properdin
(39). This gives rise to a cycle of amplified C3b production, constituting the
amplification loop of the alternative pathway (Figure 2). Properdin is the main
activator of the alternative pathway (40). In contrast to most complement proteins,
properdin is expressed extra-hepatically by leukocytes and neutrophils release
properdin upon activation (41). The amplification loop accounts for nearly all
deposited C3b irrespective of the initiating pathway of complement activation (42,
43).

In addition to the above C3b has an opsonizing role in labelling pathogens as well
as immune complexes for clearance by phagocytosis (44).

C3ais a mediator of inflammation, an anaphylatoxin, as binding to the C3a receptor
(C3aR) stimulates mast cells to release histamine, inducing smooth muscle con-
traction, vasodilatation, and cytokine release (45). Cytokine release results in the
chemotaxis of leukocytes to the sites of inflammation.
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Figure 2: Alternative pathway activation and the amplification loop
(Adapted from a figure by Erik Linnér with permission)

Terminal pathway activation

C3bBb or C4b2a convertases possess the ability to attach extra C3b molecules,
resulting in the formation of C5 convertases C3bBb3b, or C4b2a3b, (46). This event
marks the commencement of the terminal pathway of the complement system.
Subsequently, the C5 convertases cleave C5, releasing the subunit C5a, a highly
potent chemoattractant and anaphylatoxin (47). C5b undergoes a change in structure
upon engaging with C6 and C7, resulting in its detachment from the convertase. The
C5b-7 complex features a hydrophobic surface that adheres to external surfaces and
recruits C8 (48). The C5b-8 complex can create a pore-like structure within the
membrane of the target cell, leading to cell lysis. However, this process becomes more
efficient in inducing osmotic lysis when multiple copies of C9 are added, resulting in
the formation of the C5b-9 complex, also known as the membrane attack complex
(MAC). This complex acts as a channel for the outward movement of ions and the
inward influx of water, enhancing the process of osmotic lysis. (49). Erythrocytes and
gram-negative bacteria are easily subject to lysis, whereas nucleated cells and thick-
walled gram-positive bacteria exhibit resistance and require multiple impacts for the
lysis process to occur (50). sC5b-9 (TCC) molecules signify unsuccessful insertions
and serve as indicators of terminal complement activation (51).

Furthermore, the membrane attack complex (MAC) possesses pro-inflammatory
characteristics that lead to the expression of pro-inflammatory mediators and
cytokines (52).

The highly potent chemoattractant and anaphylatoxin C5a can attach to two distinct
G-protein coupled receptors known as C5a receptor 1 (C5aR1)(53) and C5a receptor
2 (C5aR2) (54). These receptors, C5aR1 and C5aR2, are present on various cell
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types in tissues, as well as on myeloid cells such as monocytes/macrophages,
neutrophils, basophils, eosinophils, and mast cells (55). C5a's binding to C5aR1
results in the release of cytokines. C5aR2, on the other hand, plays a modulatory
role in the activity of C5aR1 (56).

Complement factor B

Factor B is an essential component of the C3 convertase. It is transcribed by the
CFB gene on chromosome 6 (6p21.33) localized within the major histocompatibility
complex class III region gene cluster (57). Factor B is mostly expressed by hepato-
cytes, but can even be expressed by immune cells, fibroblasts, intestinal epithelial
cells and kidney tubular cells (58-61). Factor B is a single-chain polypeptide with a
molecular weight of 93 kDa, made up of 764 amino acids (depicted in Figure 3).
The N-terminal fragment Ba (30 kDa) consists of three complement control proteins
(CCPs) also termed short consensus repeats or sushi domains (referred to as CCPs
in this thesis). The larger C-terminal fragment Bb (73 kDa), contains a von
Willebrand type A (VWA) domain, and a serine protease domain (62). The serum
concentration is approximately 200pug/mL, compared to C3 which circulates at a
concentration of approximately 1200 ug/mL (58).

Signal peptide Ba Bb
(1-25) (26-259) (260-764)
Factor B \/CCP\l/ Y\Ecpz\)\gcpa\ — A | =
(93 kDa) sl S 4

Cleavage site factor D

Figure 3: Structure of complement factor B

Factor B is composed of two main fragments Ba 30 kDa and Bb 73 kDa and a linker. Numbering refers
to what nucleotides comprise the fragments. The Ba fragment is composed of three CCPs. The Bb
fragment is composed of a von Willebrand type A domain (VWA) that contains the metal-ion dependent
adhesion site (MIDAS) and a serine protease (SP). The factor D cleavage site is marked by an arrow.

Factor B undergoes a conformational change upon binding to C3b(H20O) or C3b.
This alteration affects the MIDAS (Metal-ion-dependent adhesion) site in the VWA
domain region, facilitating the attachment of factor D, which subsequently can
cleave factor B (34). Once Bb becomes detached from C3b, it loses the ability to
reattach (38).

Factor B deficiency is an exceptionally uncommon condition, documented in only
two individuals. In both cases, this deficiency was linked to reduced defense against
encapsulated bacteria. This underscores the critical role of factor B in complement-
mediated defense against invading pathogens (63, 64).
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Overview of complement regulation

Maintaining a balance between complement activation and inhibition is crucial. This
equilibrium is essential to prevent excessive complement activation. Control
mechanisms are required at every stage of the cascade, involving both soluble and
membrane-bound regulators present in human cells (65).

Factor H, C4-binding protein (C4bp), decay accelerating factor (DAF, CD55),
membrane cofactor protein (MCP or CD46), complement receptor 1 (CR1, CD35),
and complement receptor 2 (CR2, CD21) are among the regulators (66). These
proteins are part of the superfamily called regulators of complement activation
(RCA), and they are encoded by genes located in the RCA cluster on chromosome
1932 (67). Additionally, other significant regulators encoded independently include
factor I and regulators specific to the terminal pathway. This thesis will focus on
regulators of the alternative pathway as they will be investigated.

Classical Pathway Lectin Pathway L Alternative Pathway

Cir,S, F— Cl1Inhibitor—— MASPs Factor B, Factor D

—
L
C4abC2a C3bBb
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HCR1 = +CR1
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tDAF [ C5 Convertase: J [ C5 Convertase: J DAL
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C3a
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seN
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Figure 4: Overview of complement regulation

Complement regulation is performed at all steps of the cascade and in all pathways as depicted. The
main regulators of the alternative pathway are factor H and factor |. The main regulators of the classical
and lectin pathway are C1 inhibitor, C4bp and factor |. The carboxypeptidase N inactivates C3a and C5a.
Vitronectin, Clusterin, and Protectin regulate the terminal pathway. C4bp in the classical and lectin
pathway has a corresponding function as factor H in the alternative pathway. MASP: MBL- associated
serine protease. CR1: Complement receptor 1. MCP: Membrane cofactor protein. DAF: Decay
accelerating factor. FH: Factor H. C4bp: C4 binding protein. Created with BioRender.com
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Regulators of the alternative pathway and amplification
loop

Complement factor H is the main soluble regulator of the alternative pathway of
complement as well as on the endothelial cell surface (68). Factor H is composed of
twenty CCPs. It inhibits the formation of the C3 convertase by binding C3b and
accelerates the decay of the C3 convertase by displacing Bb from the C3bBb
convertase. Factor H is a cofactor to factor [-mediated degradation and inactivation
of C3b (69, 70). The N-terminal CCPs 1-4 mediate C3b binding, cofactor activity
and decay-accelerating activity. The two C-terminal CCPs 19-20 interact with
molecules found on host cell surfaces and are crucial in host cell recognition (71).

Factor H-like protein-1 (FHL-1) is a truncated form of factor H composed of the
first seven N-terminal CCPs and transcribed by alternative splicing of the CFH
gene. It possesses properties associated with the N terminal of factor H (72).

Factor I mediates the irreversible degradation of C3b to its fragments iC3b and C3f
in the presence of cofactors factor H, MCP (CD46), and CR1. C3f is cleaved off
while iC3b remains bound to the cell membrane. Further fragmentation of iC3b
leads to the release of C3c while C3dg remains anchored to the membrane (73).

DAF (CD55) and CR1 accelerate the decay of the alternative pathway C3 convertase
(74).

Thrombomodulin accelerates factor [-mediated degradation of C3b (75). It also acts
as a cofactor for the activation of thrombin-activable fibrinolysis inhibitor (TAFI)
to TAFIa, which inactivates C3a and C5a (75). Likewise, carboxypeptidase N
cleaves C3a and C5a to their desArg forms, preventing binding to their respective
receptors (76).

Regulators of the terminal pathway

Protectin, clusterin, and vitronectin block the assembly of the pore-forming MAC
in the terminal pathway. Protectin (CD359) is a glycosylphosphatidylinositol (GPI)-
anchored regulator that binds C8 and blocks the recruitment of C9 to the complex
(77). Clusterin binds to C7, C8, and C9, and inhibits the correct assembly of the
MAC and insertion into the membrane (78). Vitronectin (Protein-S) binds to C5b-7
and inhibits the polymerization of C9, thereby blocking the assembly of the pore-
forming complex in the terminal pathway (79). Cub and sushi multiple domains 1
(CSMD1) is a cofactor for factor I mediated degradation of C3b, impedes insertion
of C7 and generation of the MAC (80).
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Factor H-related proteins

Factor H and factor H-related proteins (FHR) 1-5 comprise a family of structurally
related proteins. The encoding genes are positioned in the following order: CFH-
CFHR3-CFHRI-CFHR4-CFHR2-CFHRS5 (67). The five FHRs are synthesized in
the liver and composed of CCPs with various degrees of homology to factor H
(Figure 5)(81).

Regulatory function  Binding to GAGs C3b binding Host recognition
C3b binding Binding to GAGs
) C3b binding
r 1 r \ r d - I e—
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Figure 5: Homologous CCPs of factor H and factor H-related proteins

FHRs bear variable homology to corresponding CCPs of factor H. The N-terminal FHRs resemble CCP
6-8 of factor H. The C-terminal part shares homology to CCPs 19-20 of factor H. FHR-5 also shares
certain homology to factor H CCPs 10-14 (82). FHR-1, FHR-2 and FHR-5 contain dimerization domains
(marked by*). The molecular weight of each protein is depicted to the left. CCP: Complement control
protein. GAG: Glycosaminoglycans. For reference see (83, 84).

FHRs can be subdivided into two groups based on their ability to dimerize (85).
FHRI1, FHR2 and FHRS5 show high amino acid homology in the N-terminal (CCPs
1-2) and circulate in dimeric form, either as heterodimers or homodimers (86).
FHRS5 circulates in heterodimers (87) and homodimers (86). The non-dimerizing
FHR3 and FHR4 proteins have homologous C-terminal domains (83).

Precise quantification of the FHR proteins is challenging due to the high structural
homology of proteins in the factor H protein family, as well as the presence of
dimers. The circulating concentration of the FHRs is much lower than factor H (88).
In this thesis, FHRS was studied.
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Factor H-related protein -5

FHRS5 is a 65 kDa plasma protein composed of nine CCPs. It is the least conserved
FHR protein and is less prone to form dimers compared to FHR1 and FHR?2 (86).
CCPs 1-2 contain a dimerization motif, CCPs 5-7 bind to glycosaminoglycans,
components of the extracellular matrix, heparin, pentraxin, C reactive protein (CRP)
as well as DNA, and CCPs 8-9 bind C3b/C3d and glycosaminoglycans (89, 90).

FHRS5 was shown to display weak cofactor activity to factor I and inhibit the C3
convertase (89, 91). The significance of this finding has, however, been questioned
due to the concentrations used (92).

Other studies have suggested involvement in complement activation. Surface-bound
FHRS has been observed to engage with C3b, properdin, C1q, and pentraxins, acting
as a foundation for the generation of the alternative pathway C3 convertase (83, 93).
Others did not find direct binding between FHRS5 and properdin (93). FHRS can
compete with factor H for ligand binding and interfere with the regulatory function
of factor H thereby activating complement (87, 94, 95).

To further complicate the picture FHRS5 was reported to activate the C3 convertase
but regulate the C5 convertase, this has been explained by differential binding to
C3b (93, 94). Thus, the exact role of FHRS is still a matter of investigation.
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Complement-mediated kidney
diseases

Complement activation plays a distinct role in the pathophysiology of certain kidney
disorders, including systemic lupus erythematosus, post-streptococcal glomerulo-
nephritis, membranous nephropathy, allograft rejection and ischemic injury,
antibody-mediated rejection, IgA nephropathy, and vasculitis. This thesis places
particular emphasis on exploring the involvement of complement activation in
atypical hemolytic uremic syndrome (aHUS), C3 glomerulopathy (C3G), and
immune complex-associated membranoproliferative glomerulonephritis (IC-
MPGN).

Atypical hemolytic uremic syndrome

Hemolytic uremic syndrome manifests as the triad of non-immune hemolytic
anemia, thrombocytopenia, and acute kidney injury. aHUS is associated with
complement dysregulation via the alternative pathway. The causative abnormality
can be aberrant dysfunctional complement proteins associated with genetic variants
or autoantibodies to factor H. The alternative pathway of complement is most
commonly involved.

aHUS is an ultra-rare chronic disease with an incidence of 0.5-2 cases/million (96).
aHUS can present at all ages (97), both sexes are equally represented in childhood,
but females are overrepresented as adults (98). Presentation during the neonatal
period or in infancy is most probably associated with genetic variants, either in
complement genes or other genes, such as DGKE (99) or MMACHC (cobalamin C
type methylmalonic aciduria and homocystinuria) (100). The development of
disease is most often associated with a trigger, such as an infection, vaccination, or
pregnancy together with a dysregulated complement system (101).

aHUS usually presents acutely with the rapid progress of the disease. Patients
present with pallor, icterus secondary to hemolytic anemia, purpura indicating
thrombocytopenia, edema, hypertension, and oliguria caused by acute kidney injury.
Arterial hypertension can be severe (96). Extrarenal manifestations encompass
neurological symptoms such as seizures and coma. Ophthalmological symptoms
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such as blindness. Other extrarenal manifestations include pancreatitis, myocardial
infarction, gastrointestinal involvement, extracerebral artery stenosis and digital
gangrene (102).

Laboratory work up of hemolysis shows anemia with a negative direct antiglobulin
test (DAT test), increased reticulocytes, lactate hydrogenase, bilirubin, and low hap-
toglobin due to consumption (Table 1). Blood films show fragmented red blood cells
or schistocytes. Complement work-up involves, as a minimum, measurement of C3,
C3dg, and autoantibodies to factor H. Despite dysregulation of the alternative path-
way, C3 levels can be normal (101).

Table 1: Work-up of a patient suspected of aHUS

First evaluation of the patient with kidney injury and clinically suspected HUS:

History, physical examination, and medical review.

History penetrated with regards to triggers: infections, vaccinations, drugs, pregnancy and family
history.

Routine lab work up: Complete blood count with differential count, reticulocyte count, blood smear,
conjugated and total bilirubin, lactate dehydrogenase, Direct antiglobulin test (Coombs test),
coagulation screen. Kidney, hepatic, and pancreatic function.

Urine for dipstick, microscopy.

If clinical suspicion of aHUS:

Complement C3, C3dg. Anti-factor H antibodies.

ADAMTS13.Homocysteine, methylmalonic acid (plasma and urine).

Screening for rheumatologic disease.

Blood culture.

Stool: Swab/culture or PCR for EHEC genes.

Genetic aHUS panel

ADAMTS13: A disintegrin and metalloproteinase with a thrombospondin type 1 motif, member 13. PCR:
Polymerase chain reaction. ECEC: enterohemorrhagic Escherichia coli

aHUS is a clinical diagnosis of exclusion. A kidney biopsy is not essential for the
diagnosis and is rarely performed. The pathology observed is thrombotic
microangiopathy (103), and typically, immunofluorescence staining yields negative
results for immunoglobulins, C3, and C5b-9 (104). Differential diagnoses to be
excluded are thrombotic thrombocytopenic purpura (105), hemolytic uremic
syndrome associated with Shiga toxin-producing enterohemorrhagic Escherichia
coli (96), or secondary to neuraminidase-producing pathogens such as Strepto-
coccus pneumoniae (106), autoimmune diseases, cancers, drugs, hemopoietic stem-
cell or solid organ transplantation, malignant hypertension or monoclonal
gammopathy (107, 108).

Complete recovery may occur after the presenting episode, but the disease course is
relapsing and if untreated most patients eventually develop kidney failure requiring
permanent kidney replacement therapy with dialysis or transplantation. The disease
tends to recur after a kidney transplant (109).
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For patients with aHUS, the rates of kidney failure or death at 3-5 years was ~40%
in children and more than 60% in adults before the introduction of anti-complement
therapy (110). The outcome of kidney transplantation was also poor with recurrence
of disease in 60-70%, in most cases developing within the first year after
transplantation (111). With the emergence of complement inhibitory treatments the
risk of developing kidney failur is 10-15% (112).

The pathology

aHUS is a form of thrombotic microangiopathy (TMA). The TMA lesion
ischaracterized by endothelial injury and detachment and platelet aggregation.
Occlusion of the microvascular lumen leads to ischemia (96). In the kidney both the
glomerular capillaries as well as the arterioles are affected with disrupted swollen
endothelium that is detached from the basal membrane, leading to thickened vessel
walls. The damaged endothelium is pro-coagulant, leading to fibrin deposition and
platelet consumption. This results in thrombocytopenia (113). The glomerular
filtration barrier is damaged, and glomerular filtration decreased due to luminal
occlusion, leading to ischemic damage to the nephron and acute kidney injury.

Patients presenting with symptoms and signs of thrombotic microangiopathy are
usually not biopsied at presentation because of the risk of bleeding complications
due to low platelet counts. Available biopsies are either from patients with an
atypical presentation, unclear diagnosis, or post-mortem (114, 115).

Genetic drivers of disease

More than 50% of aHUS patients have been shown to carry rare pathogenic
complement gene variants (98, 116-121). Most variants are heterozygous with
incomplete penetrance (122). Homozygous variants are unusual but have been
described in CFH and MCP (123, 124). A combination of variants is reported in~15
% of patients (118, 119, 125). Variants have been identified that affect different
components and regulations of the complement system. Variants in complement
regulators are the most common. Interpreting the significance of a novel variant is
a challenge. Prediction can be carried out by analysis of the minor allele frequency,
family pedigree (segregation analysis), and expected consequence on the protein
structure using prediction models (126, 127). Familial disease is described in ~20%
of cases (120). The inheritance is usually autosomal dominant (122).

Functional testing of mutant complement variants by in vitro and/or in vivo models
is important in elucidating the phenotype regarding complement activation.

CFH variants account for 25% of cases. Missense variants in the C-terminal of
factor H lead to aberrant host cell recognition (128) as well as decreased decay of
the C3 convertase and cofactor activity (129). Patients with CFH variants in the
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C-terminal usually have normal FH levels. Mutant variants have also been detected
in C3 (130-132), CFB (63, 133), CFI (134-136), MCP/CD46 (137, 138) and in non-
complement genes such as THMD (75). Based on the functions of these proteins,
described above, mutant variants can lead to a gain-of-function in C3 or factor B,
thereby enhancing the activity of the C3 convertase, or loss-of-function in
complement regulators by decreasing co-factor activity, degradation of C3 (CFI) or
inactivation of C3a and C5a (THMD). CFB variants and their phenotype will be
investigated in this thesis.

Deletion of FHR3/I particularly in homozygous form is associated with auto-
antibodies to factor H in aHUS (81). Variants at the C terminal of FHRI may
resemble C-terminal variants in CFH (139). Variants in CFHRS5 have also been
identified in aHUS (120, 140, 141). To my knowledge functional studies of CFHRS
variants in aHUS have not been reported and one such variant will be investigated
here.

Haplotypes

Certain combinations of genetic variants in the RCA gene cluster tend to be inherited
together as a haplotype and have been associated with aHUS (81). Two specific
haplotypes in aHUS are CFH(H3)tgtggt and MCPggaac (142, 143).

Acquired drivers of disease

Factor H auto-antibodies are associated with aHUS in 5-10% of cases except in
India, where anti-FH autoantibodies are the main cause of aHUS and occur in ~55%
of aHUS patients typically associated with CFHR3/1 deletions (144). The antibodies
preferentially bind to the C terminal of factor H (145) and inhibit the binding of
factor H to the endothelial cell leading to complement dysregulation on the cell
surface. The level of antibodies is correlated to disease activity (146). aHUS
associated with autoantibodies to FH is a recurrent disease leading to kidney
failure (144, 147).

Management of atypical hemolytic uremic syndrome

Symptomatic treatment of high blood pressure, kidney failure and kidney
replacement therapy are administered if needed. Transplantation with organs from
living-related donors carries a risk of de novo disease in the donor if they carry the
same disease-associated genetic variant, and careful genotyping is, therefore, crucial
(148). Combined kidney and liver transplantation was previously attempted (149).
This strategy was associated with complications, complement activation and high
mortality.
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Complement blockade is a gold standard for the treatment of aHUS in children and
adults. Eculizumab is a recombinant monoclonal antibody targeting C5, preventing
C5 cleavage while allowing for proximal complement functions such as
opsonization and phagocytosis (150-153).

The risk of terminal complement inhibition is infection with encapsulated bacteria.
Vaccination against Neisseria meningitis is required. Eculizumab is administered
intravenously every other week. Ravulizumab a C5 inhibitor with a longer half-life
given every 8 weeks. The availability of these treatments is not universal, and the
cost is extremely high. The duration of treatment is contingent on the patient’s risk
for recurrence. A subgroup of patients with a specific polymorphism in C5 are non-
responders to treatment (154).

Treatment duration with complement inhibitors is controversial, some advocate life-
long treatment for patients carrying variants associated with a more severe pheno-
type while others suggest discontinuation is possible (155, 156).

Treatment of aHUS caused by auto-antibodies to factor H is immunosuppressive
including cyclophosphamide, rituximab, and corticosteroids in combination with
plasma exchanges, followed by maintenance with mycophenolate mofetil and
prednisolone (157).

C3 glomerulopathy

C3G is a chronic kidney disease that can be categorized into two forms: C3
glomerulonephritis (C3GN) and Dense Deposit Disease (DDD) (158). Both
conditions arise due to a disruption in the complement system, specifically, the
alternative pathway (159) This dysregulation is typically triggered by rare genetic
variations in complement proteins or by auto-antibodies, as elaborated below. C3G
is an exceedingly rare disorder, with an estimated incidence of 1 to 3 cases per
million (158). DDD mainly manifests during childhood, while C3GN can manifest
later in life. The prevalence of both forms is consistent across both sexes.

C3G presentation can be triggered by an upper respiratory tract infection or a
streptococcal infection (160). Clinical features are heterogeneous but include
hematuria, proteinuria, hypertension and affected kidney function. One third of
patients with C3G will develop kidney failure within 10 years and the disease recurs
in the transplant in 50% of cases within 5 years (161).

There are two extrarenal features in C3G. These are drusen, electron-dense macular
complement deposits in the basement membrane of the retina (Bruch’s membrane)
(145, 162) and acquired partial lipodystrophy, loss of subcutaneous fat in the face
and the upper half of the body (163).
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Decreased C3 levels are found in 40-60% of patients with C3G(164). Levels of
terminal activation product sC5b-9 (TCC) are increased in approximately 25% of
patients with DDD and 50% of patients with C3GN (165).

Diagnosis based on pathology

Diagnosis of C3G is based on clinical characteristics combined with kidney biopsy
findings. Immunofluorescence is necessary to make a diagnosis of C3G and electron
microscopic evaluation is required to distinguish DDD from C3GN (166).

Light microscopy shows a membranoproliferative or mesangioproliferative pattern
of glomerulonephritis. Crescents may be present. A membranoproliferative pattern
is characterized by cell proliferation, infiltration of inflammatory cells and
deposition of products of complement activation in the capillary wall and
mesangium, causing changes in the basement membrane and capillary wall
thickening (167).

Immunofluorescence microscopy shows dominant glomerular C3 staining of at least
two orders of magnitude greater than the intensity for other immune reactants(168).
Staining for C5b-9 in glomeruli is also positive (169).

Electron microscopy in DDD reveals thickened glomerular basement membranes
and intramembranous electron-dense ribbon-like deposits. The deposits in C3GN
are localized to the subendothelial- or subepithelial areas of the basement membrane
(170). Deposits are composed of complement components (171).

Acquired drivers of C3G

C3 nephritic factors (C3NeF) are autoantibodies that stabilize the C3 convertase
resulting in resistance to decay. C3NeFs are found in 50% of patients with C3G
(164, 172). Other autoantibodies include C4NeF which stabilize the C3 convertases
of the classical and lectin pathway (173) and C5NeFs which stabilize the C5
convertase (174). The latter are more often found in C3GN than in DDD.

Genetic drivers of disease

C3G is not always clearly correlated to rare genetic variants. Approximately 25%
of patients are found to carry rare variants in retrospective studies (164, 165, 175)
and familial cases are rare. Reports indicate the occurrence of both autosomal
dominant and autosomal recessive inheritance patterns. The degree of penetrance
remains uncertain and the risk to family members is likely low (176). Homozygous
and compound heterozygotic variants were reported in C3G (177).
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CFH variants have been reported in approximately 11% (178, 179) clustered to the
N-terminal SCR1-4 resulting in impaired fluid phase regulation of the alternative
pathway. Decay and cofactor activity is decreased as well as binding to C3b, while
host cell recognition remains intact. Homozygous CFH variants impair the release
of factor H. The result is excessive consumption of C3 in plasma and C3 degradation
products deposit in glomeruli (124, 180, 181). Likewise, variants have been found
in CFI (5% of C3G patients) (164, 182) and the MCP gene (2%) (182).

C3 variants were found in approximately 11% of C3G patients. Both heterozygous
and homozygous. Variants result in an overactive C3 convertase either resistant to
decay or reduced factor I-mediated proteolysis of C3b in the presence of factor H
(183). CFB variants may also be associated with C3G possibly by causing a
stabilized C3 convertase but functional studies are lacking (184).

CFHR variants, rearrangements, duplications, and hybrid and fusion proteins were
reported (81, 185-190). One form of C3G is termed CFHRS5 nephropathy and was
shown to be associated with exon duplication in CFHR)S in a Cypriot family (191).

Rare variants in genes THBD (175) and DGKE (192) have been reported but the
functional significance is unclear.

Management of C3 glomerulopathy

Mild cases of C3G (proteinuria <0.5 g/24h and normal kidney function) warrant
supportive treatment with renin-angiotensin-aldosterone-system blockade, low-
sodium diet and lipid control. In cases of moderate disease (proteinuria >0.5 g/24h,
elevated kidney function parameters), immunomodulatory treatment is indicated,
combining mycophenolate mofetil and oral glucocorticoids (193). The risk of
relapse is high after MMF discontinuation.

In severe cases (proteinuria >2 g/24h, elevated kidney function parameters) intra-
venous methylprednisolone pulses are given. Cases presenting with rapidly
progressive glomerulonephritis are treated with glucocorticoid pulses, followed by
oral treatment combined with either cyclophosphamide or mycophenolate mofetil
(161). Plasma infusion or exchange has also been suggested for patients with
moderate to severe disease (194).

The data on the use of other immunosuppressive agents such as rituximab and
calcineurin inhibitors is too scarce to conclude.

Complement inhibitory treatment with an anti-C5 antibody (eculizumab) is reserved
for a subset of patients with a more severe phenotype that does not respond to initial
treatment with mycophenolate mofetil and glucocorticoid treatment, or as an add-
on treatment for patients presenting with rapidly progressive glomerulonephritis.
Eculizumab has been evaluated in two studies (195, 196). The results did not report
a uniform beneficial effect.
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Complement inhibitors of the alternative pathway have been investigated in various
trials. These include the factor D inhibitor danicopan in a trial that was discontinued
and the factor B inhibitor iptacopan being tested in a phase 3 trial (NCT04817618)
(197-199). C3 inhibition with pegcetacoplan influenced complement levels and
proteinuria (198, 199). The oral C5aR1 antagonist Avacopan is also currently being
investigated in a phase 2 trial (NCT03301467) (198, 199). A lectin pathway
inhibitor, the MASP2 inhibitor narsolimab, is also in the phase 2 trial
(NCT02682407). Our group has shown that renin can cleave C3 and that patients
with C3G, in a limited study, benefited from treatment with a renin inhibitor,
aliskiren, showing reduced complement activation in the circulation and in the
kidneys (169). This is being further assessed in a phase 2 trial (NCT04183101).

The management of kidney transplantation in patients with C3G is challenging
because of the high risk of disease recurrence and graft loss (165).

Immune complex membranoproliferative
glomerulonephritis

The clinical picture of IC-MPGN is similar to C3 glomerulopathy. The etiology may
be different, as immune complexes are formed during infections, autoimmune
disases and malignancies. Biopsies show MPGN with immunoglobulin deposition
in addition to complement (168). Although these conditions are not primarily
complement-mediated cluster analysis has shown that a subgroup of patients exhibit
complement activation and have C3NeF as well as genetic variants in genes
encoding complement proteins suggesting an overlap with C3G (200). The course
of disease is dependent on the primary cause and its amenability to treatment.
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Complement-targeted therapy

Growing evidence of the involvement of the complement system in the pathogenesis
of various diseases has been an incentive for the development of complement-
targeted therapy. Nonetheless, the manipulation of the complement system, an
ancient evolutionary mechanism, and a vital element of innate immunity, requires
careful consideration. The current recommendation for treatment of aHUS is
terminal pathway inhibition with intravenous eculizumab or ravulizumab which
involves increased risk of meningococcal infections and protocols recommend
vaccination against encapsulated bacteria and prophylactic antibiotics (109, 201).

Targeting components of the alternative pathway in both aHUS and C3G has been
proposed as a rational strategy. These inhibitors should theoretically allow for the
activity of the classical and lectin pathways.

Several potential complement inhibitors in the pipeline can be administered orally
or subcutaneously. This offers the advantage of enabling treatments outside of a
hospital setting.

Table 2 summarizes the current status of some complement inhibitors approved or
in trials.
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The present investigation

The overall aim of this thesis was to correlate genotype to phenotype in complement-
mediated kidney diseases and evaluate a complement inhibitory treatment, using in
vitro models.

Specific aims:

1.

To investigate the phenotype of factor B mutations in atypical hemolytic
uremic syndrome and membranoproliferative glomerulonephritis and
characterize the effect of a factor D inhibitor.

To study complement activation in monozygotic twins with a factor B mutation
and discordance for disease expression.

To describe genetic variants in complement in a cohort of Nordic patients with
atypical hemolytic uremic syndrome, C3 glomerulopathy and
membranoproliferative glomerulonephritis.

To investigate a genetic variant in factor H-related protein 5 in atypical
hemolytic uremic syndrome for its effect on complement activation.
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Methods

A brief description of the main methods included in this thesis is presented below. The
methods and the rationale for the choice are summarized in Table 3. For details, please
see the individual papers.

Ethical statement:

The study involved using sensitive patient data, blood samples and DNA from living
human subjects. All studies were performed in accordance with the Declaration of
Helsinki and with the approval of the Swedish Ethical Review Authority or the
approval of the Regional Ethics Review Board of Lund University.

Papers I and II: The project involved blood and DNA from patients, family members
and controls in Iceland, Norway and Sweden and was approved by the National
Bioethics Committee of Iceland, The Data Protection Officer at Oslo University
Hospital and the Swedish Ethical Review Authority. Written informed consent was
obtained from all individuals included in the study, patients or their parents, healthy
controls as well as individuals included in the deCODE database.

Papers III and IV: The project involved blood and DNA samples from patients with
complement-mediated kidney disease living in Sweden and Norway as well as their
family members and healthy controls. The studies were approved by the Swedish Eth-
ical Review Authority. In Paper III the Swedish Ethical Review Authority waived the
requirement for written consent from patients included retrospectively in this study. All
patients included after October 2021 gave informed consent. In Paper IV informed con-
sent was obtained from the patient, her parents and the

controls.
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Table 3: Methods used in this thesis

Description Paper
1 Il ] v
Clinical data History, laboratory results, disease course + + + +
and familial cases
Genetics Sanger sequencing + + +
Whole exon sequencing + + + +
Whole genome sequencing + + +
Mutagenesis CFB +
CFHR5 +
ELISA Quantification + +
Autoantibody detection +
Activation products (Ba, C3a, C5a, sC5b-9) + + +
Immunoblot Protein size by immunoblot + +
Protein dimer analysis +
C3 convertase formation and visualization of +
the degradation of factor B
Hemolytic Sheep RBCs + +
assay’
Rabbit RBCs + +
pGECs? C3 deposition by immunofluorescence + +
microscopy
SPR Factor B binding to C3b +
Assembly of the C3 convertase +
FD inhibition C3 convertase formation factor B degradation +
products visualized by immunoblotting
Statistics Two-tailed Mann-Whitney U-test +
Kruskal Wallis multiple comparison tests + +
followed by Dunns procedure
Non-parametric Wilcoxon signed rank test +

" The difference between hemolytic assays using sheep and rabbit erythrocytes lies in their susceptibility to
complement-mediated lysis. Rabbit erythrocytes lack certain complement regulators and have low
membrane sialic acid content, making them easily lysed. On the other hand, sheep erythrocytes are not lysed
by human complement under normal conditions. They are used to measure the assembly of C3 convertase,
as their complement activation kinetics are slower due to the regulatory activity of factor H, allowing the
reaction to be stopped before MAC formation on pre-existing C3-convertases

2 Glomerular endothelial cells were activated with ADP before incubation with sera and compared to normal
controls in paper |. In paper 2 the aim was to compare the two twins with each other and not to compare
them with normal sera. There was deposition of C3 fragments as well as C5b-9 in both twins with or without
ADP pre-stimulation in the pilot studies. Final experiments were performed without pre-stimulation with ADP.
ELISA: Enzyme-linked immunosorbent assay. FB: Factor B. FHR-5: Factor H-related protein 5. RBCs: Red
blood cells. MAC: Membrane attack complex. GEC: Primary glomerular endothelial cells. SPR: Surface
plasmon resonance. ADP: Adenosine diphosphate. ELISA: Ensyme-linked immunosorbent assay. RBC: Red
blood cells. pGECs: Primary Glomerular Endothelial Cells. SPR: Surface Plasmon Resonance; FD: Factor
D.

Human subjects

The laboratory at the Department of Pediatrics, Lund University, is a European
reference lab for the detection of genetic variants in complement factors associated with
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complement-mediated kidney diseases. The data in the referral may include
information regarding the patient sex, age, diagnosis, relevant aspects of the disease
course, treatments, transplantation and family history.

Blood samples

Collection and shipment of samples were performed according to the standardized local
routine of the referring unit. The samples were aliquoted upon arrival to minimize ex-
vivo complement activation and stored at -80°C.

Screening for autoantibodies

Patients with complement-mediated kidney diseases were screened for factor H auto-
antibodies and/ or nephritic factors. In Paper I patients were also screened for factor B
autoantibodies. Antibodies to factor H and nephritic factors were performed in
accordance with hospital routines.

C3 nephritic factor was assayed using three methods: ELISA (210), hemolysis (211),
or crossed immunoelectrophoresis ((212, 213). A positive ELISA result indicates the
presence of an IgG against the alternative pathway C3 convertase (C3bBb). The hemo-
lytic assay is functional. C4 nephritic factor was detected using a previously described
modified method (173).

Genetic analysis and variant screening

Genetic assays were performed by Sanger sequencing (until 2016) or by whole exome
or whole genome sequencing, the latter from 2020. Next generation sequencing was
performed in collaboration with the Center for Molecular Diagnostics, Skéne
University Hospital in Lund and deCODE in Reykjavik. The genetic panel filtered 17
genes, including complement factor H (CFH), factor I (CFI), membrane cofactor
protein (MCP, CD46), C3, factor B (CFB), properdin (CFP), clusterin (CLU), factor
H-related proteins 1-5 (CFHRI-CFHR)), a disintegrin and metalloproteinase with a
thrombospondin type 1 motif, member 13 (4DAMTSI3), thrombomodulin (THBD),
diacylglycerol kinase epsilon (DGKE), C5 and plasminogen (PLG). ADAMTSI13
variants were not included in this thesis.

Data analysis

When a variant was detected, it was annotated using Ensembl Variant Effect Predictor
and interpretation was carried out using gnomAD, or a database for complement
variants, complement-db.org, and a literature search was performed. Nonsynonymous
genetic variants were described as having a minor allele frequency of <1% or variants
that were previously associated with aHUS, C3G or IC-MPGN. Prediction of the
significance of found variants was performed using Mastermind Genomic Search
Engine (https://www.genomenon.com/mastermind). Classification of predicted variant
pathogenicity was reported according to international recommendations (145) using
ACMG (214).
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Variant protein expression for functional testing

Recombinant wild-type and mutated proteins were generated for functional studies.
Mutagenesis was performed in wild-type CFB or CFHR5. Competent cells were
transformed with plasmids. Sanger sequencing was performed to confirm the
introduction of mutations. Wild-type and mutated proteins were synthesized in human
embryonic kidney (HEK) cells subject to transient transfection. Supernatants were
collected and concentrated, and proteins assayed by immunoblotting for size and
ELISAs for concentration. Likewise, lysates were obtained by scraping the cells. The
wild-type and mutant constructs of factor B were added to factor B-depleted serum in
certain experiments (hemolysis and glomerular endothelial cell stimulation).

Analysis of complement proteins

Complement proteins in human samples were assayed by hospital routines. Factor B
and FHRS were measured by ELISAs. Complement by-products formed during
activation, including C3a, Ba, C5a and soluble C5b9, were quantified using
commercially available ELISA kits. The size of complement proteins factor B and
FHRS was assayed by immunoblotting and compared with the purified proteins,
plasma-purified for factor B or recombinant human FHRS.

Hemolytic assays

Functional activity of the complement system via the alternative pathway was analysed
with a hemolytic assay using rabbit red blood cells (RBCs) in Mg-ethylene glycol-
bis(B-aminoethyl ether (EGTA) buffer (allowing activation of the alternative pathway,
as EGTA chelates Ca™ which is necessary for activation of the classical/lectin
pathways) (215). Human RBCs are protected against lysis by soluble and membrane-
bound complement regulators. Sheep and rabbit RBCs do not possess sufficient
membrane-bound regulator's (DAF (CDS55), protectin (CD59), and CR1(CD35)) for
protection against human complement-mediated lysis (216, 217). Rabbit RBCs lyse
easily as they in addition possess minimal amounts of sialic acid needed for factor H
surface regulation (218, 219). In Papers I and II sheep RBCs were used in a two-step
assay originally developed for the detection of C3 nephritic factors (211) in which
human serum was first incubated with the RBCs for 10 min at 30°C, the reaction was
stopped by the addition of EDTA followed by addition of rat serum in EDTA (as source
of the terminal complement pathway components) to induce hemolysis. In Papers I and
IV rabbit RBCs were also used. Released hemoglobin was quantified by absorbance at
405 nm.

Complement activation on endothelial cells

Complement activation on glomerular endothelial cells was studied by incubating sera
with primary glomerular endothelial cells. Serum was from patients or controls or
factor B-depleted serum with wild-type and mutant constructs in the presence/absence
of'a factor D inhibitor. The cells were preactivated with ADP (in Paper I), and incubated
with 25% serum for 2 h at 37°C. The supernatants were collected for analyses of
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complement activation products C3a, C5a, sC5b9 and Ba. The cells were further
stained for C3c or C5b-9 and analysed by microscopy.

Factor B binding to C3 assayed by surface plasmon resonance

The binding of wild-type and mutant constructs of factor B to C3b and the formation
of the C3 convertase were studied by surface plasmon resonance. C3b was immobilized
on a carboxymethylated sensor chip, and factor B with factor D were injected over the
surface, to study their capacity to form the convertase. In a second set-up binding
between factor B and C3b was assayed, and the affinity/dissociation constant was
calculated.

Factor B cleavage in the presence of a factor D inhibitor

C3 convertases were constructed on a plate coated with C3b and incubated with 20%
sera, or factor B constructs, with or without a factor D inhibitor, for 1 hour at 37°C.
Samples were collected and after separation transferred to PVDF membranes,
incubated with anti-factor B and immunoblotted to detect the Bb fragment and the
effect of factor D inhibition on the cleavage of factor B.

Analysis of CFHRS dimerization

An assay was performed to detect dimers of CFHRS5. Monomers in serum would be
eluted in the flow-through using 100 kDa concentration tubes. Proteins larger than 100
kDa (such as dimers of CFHRS at approximately 130 kDa) would be retained in the
concentrate. The content of the flow-through and concentrates was subject to SDS-
PAGE and immunoblotting. Dimers of CFHRS separate to monomers under these
conditions and detection is performed using a polyclonal anti-human FHRS5 antibody.

Statistics

GraphPad Prism software was used to analyse statistical differences. Comparison
between the two groups was assessed by the two-tailed Mann Whitney U test, or, when
paired, by Wilcoxon signed rank test. Kruskal-Wallis multiple-comparison test
followed by Dunn’s procedure was applied to evaluate differences between more than
two groups. A P value < 0.05 was considered significant.
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Results

Paper I

This study aimed to investigate the phenotype of CFB variants in patients with aHUS
and IC-MPGN and the effect of a factor D inhibitor on factor B in the presence of wild-
type and mutated factor B. The CFB variants investigated were D371G and E601K
associated with aHUS and 1242L associated with [C-MPGN.

The results using patient sera indicated that the presence of the CFB D371G variant
was associated with increased complement activation as primarily demonstrated by the
induction of sheep RBC hemolysis. This was also true for the CFB 1242 variant. Using
the mutated constructs in factor B-depleted serum, in the presence of rabbit RBCs,
similar results were obtained for the D371G construct. The results were compared to a
positive control construct, CFB D279G. The D371G construct formed a stronger C3
convertase and bound more C3 than the wild-type construct while the other constructs,
12421 and E601K, did not. Likewise, the D371G construct, in factor B-depleted serum,
induced more sC5b-9 release from glomerular endothelial cells than the wild-type.
Importantly, the enhanced hemolysis and C5b-9 release caused by the D371G and
D279G variants was inhibited by factor D inhibition. The inhibitor also effectively
blocked factor B degradation in patient and normal serum and in the presence of
constructs in factor B-depleted serum. The results clearly showed that the CFB D371G
variant induced a gain-of-function which could be inhibited by danicopan.

Paper 11

This paper continued the observations made in Paper I, as the CFB D371G variant was
detected in a large pedigree in which seven family members were carriers of the variant
and three of these were affected by aHUS. No other mutations in complement genes
were found in the affected carriers. The aim was to describe the pedigree and
investigate the founder effect within a pedigree of 210 individuals. The origin of the
mutation could be traced to an ancestor most probably born in the late 1800s. In the
process, an interesting observation was made as two family members were
monozygotic twins with a discordant phenotype for aHUS. The phenotype of com-
plement activation in the twin sera was investigated but no differences between them
were found regarding the induction of sheep RBC hemolysis as well as levels of C3a,
C5a, and C5b-9. One sample exhibited elevated Ba in the affected twin. Furthermore,
no differences were found regarding the release of Ba, C3a, C5a and C5b-9 into
supernatants when twin sera were separately incubated with glomerular endothelial
cells. Likewise, no differences were found in C3c and C5b-9 deposition on the cells
when incubated with sera. To our knowledge, this is the first report of monozygotic
twins with a family history of aHUS and a discordant phenotype indicating that the
genotype, the CFB gain-of-function variant, is an important risk factor but does not
solely predict phenotype.
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Paper 111

This study aimed to describe genetic variants in a cohort of Nordic patients (n=141)
with aHUS, C3G and IC-MPGN with a focus on 16 genes including complement-
encoding genes. Of altogether 141 patients, 94 patients had aHUS and one of these
also developed IC-MPGN (124), 40 had C3G and 7 had IC-MPGN. A large majority
of patients (85/141) were found to have rare genetic variants, with a MAF <1%, or
variants that were previously found to be disease-associated. In aHUS patients 68
different genetic variants or deletions were identified and 30 patients had more than
one variant, variants in CFH were the most common. Most variants were
heterozygous, but six variants were homozygous. In C3G patients 30 genetic variants,
deletions or duplications, were identified, and eight patients had more than one variant,
C3 variants were the most common. Likewise, in the patients with IC-MPGN five
genetic variants were identified. Altogether 26 novel variants were identified. This
study did not carry out functional studies and phenotypic correlations are referred to if
previously described. The study also correlated genetic findings to the presence of
kidney failure. One of the most interesting findings here was that the same genetic
variant could, in separate individuals, present as either aHUS or C3G. This was
described for 18 different variants in CFH, C3, CFI, MCP/CD46, CFHR3/1 (deletion),
CFHR5, THBD, and PLG.

Paper IV:

This project aimed to describe the complement-associated phenotype of a CFHRS
variant in a pediatric patient with aHUS and autoantibodies to FH. Genotyping by
Sanger and whole exome sequencing showed that the patient had a homozygous
deletion of CFHR3/CFHRI, previously shown to be associated with autoantibodies to
factor H (220), and a heterozygous variant in CFHRS ¢.1541T>G; p.M514R. The
serum level of FHRS was low. The parents were unaffected by aHUS and did not have
antibodies to factor H. The father was a heterozygous carrier of the CFHR5 variant
M514R and the deletion of CFHR3/CFHRI. Serum levels of FHRS were also low in
the father’s sample. FHRS in the serum from the patient and the father formed dimers.
The mother was a heterozygous carrier of the CFHR3/CFHRI deletion but did not carry
the CFHRYS variant M514R.

The CFHR5 M514R variant was previously reported in C3 glomerulopathy (221) and
age-related macular degeneration (222), but its phenotype had not been described. Our
goal was to evaluate if the CFHR) variant, in addition to antibodies to factor H, could
contribute to complement activation, or if it, instead, had a protective role. Serum from
the patient, her father or controls induced hemolysis of rabbit RBCs. Adding
recombinant human FHRS5 to the patient’s serum, or her father’s, to achieve
physiological concentrations, reduced hemolysis. In control sera, in which
physiological concentrations of FHRS were presumably present, the addition of FHRS
at physiological concentrations did not significantly alter the degree of hemolysis.
However, the addition of FHRS5 at higher than physiological concentrations
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significantly decreased hemolysis of rabbit RBCs even in control sera suggesting a
regulatory role on RBCs.

The mutant variant was expressed by mutagenesis and transfection of HEK cells. The
cells secreted minute amounts of the protein compared to the wild-type and the mutant
variant was retained intracellularly as cell lysates had higher amounts of the mutant
variant compared to the wild-type. The low levels of secreted variants could explain
low serum levels in carriers of the variant.
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Discussion

Patients seeking healthcare for possible aHUS, C3G or IC-MPGN are diagnosed based
on their clinical history, signs and symptoms during the clinical presentation, physical
exam, laboratory findings, and, in C3G or IC-MPGN, specific indicative findings in
light microscopy, immunofluorescence and ultra morphologic examination of their
kidney biopsies. Once a diagnosis is determined, patients are further investigated
comprehensively by the measurement of complement levels, thereby determining
which complement pathway is activated, if possible, and assays of auto-antibodies
(anti-factor H in aHUS and nephritic factors in C3G or IC-MPGN). Genetic testing
comprises a panel of disease-associated genes. From the original observations that
complement is activated in HUS (even before subclassification to aHUS was achieved)
(223) and MPGN (224, 225), and comprehensive studies showing how complement is
activated in these diseases, an enhanced understanding of how the complement system
works has emerged, and what happens when complement is dysregulated. To add to
the complexity of these conditions, not all rare genetic variants lead to complement
dysfunction and not all bearers of disease-associated variants develop the disease. It is
essential to investigate patients comprehensively to be able to advise as to the
appropriate choice of therapy (anti-complement or immunosuppressive), risk of
recurrence, risk of discontinuation of therapy, suitability of kidney transplantation and
choice of donor, risk of disease development in family members, including family
members considered as kidney donors.

This thesis addressed some of these pertinent issues. In Paper III most patients living
in Sweden and Norway with aHUS, C3G, and some with IC-MPGN, underwent genetic
investigation, and the findings were correlated with disease phenotype. Next generation
sequencing included a panel of 16 genes encoding factor H, C3, factor I, MCP, factor
B, properdin, clusterin, factor H-related proteins 1-5, thrombomodulin, C5, DGKE and
plasminogen. The panel also included genetic variants in ADAMTS13, encoding the
von Willebrand cleaving protease (226), but as these are associated with thrombotic
thrombocytopenic purpura, and not with the diseases investigated herein, they were not
included in Paper III. We describe many novel variants mostly in genes encoding
complement proteins. Assessment of their phenotype can be achieved by mutagenesis.
Variants in PLG and DGKE are not associated with complement dysfunction. We found
4 rare variants in PLG and 3 in DGKE of which 2 in DGKE and one in PLG were novel.
The mechanism by which variants in PLG and DGKE contribute to the development of
aHUS is not necessarily related to complement activation and possibly associated with
the promotion of thrombosis. Patients with variants in DGKE usually present early in
life with proteinuria and hypertension (227). The mechanism by which DGKE, present
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in the endothelium and platelets, prevents thrombosis by inactivating diacylglycerol
signalling. Loss-of-function variants can therefore induce thrombosis (227).
Plasminogen has a known role in the fibrinolytic system, and as such prevents excess
thrombosis. Thus, one could assume that mutant variants may have less of a fibrinolytic
effect. Plasminogen was, however, shown to bind C3, C3b and C5 and enhance factor
I-mediated inactivation of C3b (228) as well as the assembly of C5b-9 (229). Plasmin
also inhibited complement-mediated hemolysis and cleaved C3 (228) and iC3b (230).
Mutated PLG may therefore play a role in promoting thrombosis and activating
complement and both mechanisms could contribute to the development of aHUS.

Patient DNA was assayed by Sanger sequencing until 2016 and from 2017 by next
generation sequencing. Sanger sequencing is more time-consuming and expensive and
was carried out for genes encoding five proteins: factor H, C3, factor I, MCP, and factor
B. For this reason, certain other variants could have been missed in patients sequenced
by this method.

The finding of a genetic variant in one or more of the 16 genes investigated in the panel
included here could explain the propensity for disease. Particularly in families in which
all affected individuals carry the same variant or set of variants, the risk for the
development of disease in carriers can be assessed by this evaluation. The investigation
of unaffected carriers can, however, have consequences, such as living with the
prospect of developing disease or passing the disease on to descendants, in the
ambiguous setting of incomplete penetrance.

In Paper I we described a factor B variant, D371G, that clearly led to overactivation
of complement, as demonstrated by the low C3 levels in carriers (affected and
unaffected), induction of sheep red blood cell hemolysis, enhanced binding to C3 and
formation of the C3 convertase, and induction of C5b-9 release from glomerular
endothelial cells. And yet, even though we could demonstrate that this genetic variant
was hyper functional and strongly associated with disease, we show in Paper II that
monozygotic twins bearing the same genetic background, and this rare variant, differed
in disease expression. This finding, although only described in one set of twins, is of
importance as it demonstrates that genetic composition is a risk factor for the develop-
ment of aHUS but not the sole disease-causing factor. Other environmental and
epigenetic factors can drive disease as well. Thus, in providing genetic counselling to
individuals with a family history of aHUS practitioners should exert excess caution as
the presence of a genetic variant, regardless of how dysfunctional it is in testing, does
not necessarily indicate that the individual will develop disease.

An interesting finding in Paper I and Paper III was that the same genetic variants
could be found in aHUS, C3G or IC-MPGN. This finding, as well as the study of
monozygotic twins, strengthens the assumption that genetic make-up is just one, albeit
important, aspect, but does not fully determine the disease phenotype.

Along the same lines, prediction models, such as CADD, attempt to predict the pheno-
type of certain variants based on a combination of conservation and functional
prediction data (231). We applied prediction models to variants described in Paper 111
as these can differ from actual phenotypic studies of mutated recombinant proteins
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expressed in transfected cells (232). Furthermore, as healthy carriers of disease-
associated variants can be informed of the predictions one should exercise caution in
over-interpretation of these prediction tools.

In Papers I and II patient sera were incubated with glomerular endothelial cells for
detection of complement activation by the release of complement activation products
or deposition of C3c and C5b-9. In Paper II these assays were used to detect differences
between the monozygotic twins bearing the same CFB gain-of-function variant CFB
D371G. In Paper I the assays aimed to compare patient sera with normal sera.
Deposition of C3 or C5b-9 on endothelial cells has been recently suggested to be a
useful method for the detection of gain-of-function mutant variants in patient sera as
well as in their unaffected relatives (233, 234). In our hands control sera also exhibited
C3 deposition on glomerular endothelial cells (Paper 1) and we found measurement of
C5b-9 release into the cell supernatant to be a more reliable method for the detection
of complement activation.

FHRS5 has been suggested to be both a complement activator or regulator, in different
studies (83). Its function as a complement activator can be due to direct interaction with
C3b (235), or by interfering with the interaction between factor H and
glycosaminoglycans on host cells (236) as well as its binding to pentraxin 3,
extracellular matrix (94) and apoptotic cells (95). An earlier study demonstrated
complement regulatory functions including cofactor activity for factor [-mediated C3b
degradation and inhibition of C3 convertase activity (89) using both physio-logical (3-
6 ug/mL) and super-physiological FHR-5 concentrations. The use of higher
concentrations has brought those results into question.

Genetic variants in CFHRS have been detected in aHUS (120, 140, 141), C3G (191)
and IC-MPGN (237). A subtype of C3G is termed FHR5 nephropathy (191). In C3G
glomerular FHRS is highly prevalent in glomeruli with C3 deposits (238). The contri-
bution of variants in FHRS5 to these diseases could be due to gain-of-function if FHRS
is an activator, or loss-of-function if it is a regulator. With these conflicting data in
mind, we carried out a study on a patient with aHUS and the CFHRS5 variant M514R
(Paper 1V). This patient also had a homozygous deletion of CFHR3/1 and antibodies
to factor H. The latter could suffice in explaining the development of disease. We
wondered whether the presence of a variant in CFHR5 was protective or promoted
disease. The M514R variant was not secreted and the patient, as well as her father,
carrying the CFHRS5 variant without antibodies to factor H, had low levels of
circulating FHRS, most probably representing the normal allele that formed dimers.
Patient serum induced rabbit RBC hemolysis. Adding FHRS to the patient's serum, her
father’s serum, or even normal serum (at higher concentrations), reduced the degree of
hemolysis. These results suggest that FHRS5 may have a regulatory role in complement
activation on RBCs and that the low levels of FHRS in the patient could contribute to
the development of disease.

To date, there are no specific treatments available for C3G while aHUS can be treated
with eculizumab or, in patients with antibodies to factor H, with immunosuppressive
therapies. Eculizumab is exceedingly expensive (239). In Paper I we used Danicopan,
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a factor D inhibitor that can be administered orally. Danicopan blocked factor B
cleavage to Bb, hemolysis of rabbit RBCs and the assembly of C5b-9 and its release
from glomerular endothelial cells in the presence of gain-of-function CFB mutations.
We suggest that Danicopan could have a beneficial add-on effect in C3G or in aHUS
patients in which eculizumab is insufficient. Danicopan will only block the proximal
effects of the alternative pathway and leave the classical and lectin pathways, as well
as the terminal complement pathway, intact with possibly less risk of infection with
encapsulated bacteria. Another benefit could be its cost and that it is administered
orally.
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Conclusions

e Genetic assessment of patients with complement-mediated kidney diseases is
essential for diagnostics, choice of therapy and donor, and genetic counselling.

e Qenetic variants in complement-mediated diseases, even if proven to exhibit
gain-of-function, are a predisposing factor and not the sole cause of disease.

e Factor D inhibition can effectively block complement activation initiated by
CFB variants.

e Factor H-related protein 5 may have a regulatory role regarding complement
activation on RBCs.
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Popularvetenskaplig sammanfattning

Var tillvaro ér priglat av snuviga ndsor, halsfluss och allergier. Immunsystemet ar
kroppens forsvarsmekanism som oftast avvirjer angreppet vilket gor att symptomen
gar over snabbt. Forsvarsmekanismen maste vara noga reglerad for att inte angripa
kroppens egna strukturer. Obalans kan leda till livshotande organskador och
sjukdomar.

Komplementsystemet spelar en viktig roll i immunforsvaret. Det bestar av en grupp
proteiner i blodet som interagerar med varandra ndr de stoter pa "alarmsignaler”" och
stimulerar snabba skyddsétgérder. Dessa bidrar till eliminering av bakterier och virus,
aktivering av andra delar av immunsystemet samt omhéndertagandet av doende celler
och immunkomplex. C3, faktor B och faktor D &r centrala komplementproteiner.
Foréndringar i gener som kodar for komplementproteiner och antikroppar mot
komplementproteiner kan leda till 6verdriven och ohdmmad komplementmedierad
attack.

Atypiskt hemolytiskt uremiskt syndrom och C3 glomerulopati dr exempel pa
komplementmedierade njursjukdomar. Dessa kroniska sjukdomar kan resultera i
njurskador och slutstadiet av njursvikt, ddr den enda behandlingen 4r dialys och
njurtransplantation. Det &r ofta barn och unga vuxna som drabbas.

Vid atypiskt hemolytiskt uremiskt syndrom angriper komplementsystemet celler pé
insidan av blodkarl, blodet levrar sig och det kan resultera i att kirlen blockeras vilket
kan leda till syrebrist i vivnaden och celldod.

Vid C3 glomerulopati &r komplementsystemet dveraktivt i cirkulationen, C3 foérbruks
samtidigt som nedbrytningsprodukter inte renas bort utan istéllet inlagras. Detta kan
leda till kronisk inflammation 1 njuren. Vid immunkomplexmedierat
membranoproliferativ glomerulonefrit inlagras immunkomplex istillet.

Det finns en effektiv komplementhdmmande behandling for atypiskt hemolytiskt
uremiskt syndrom bestdende av en antikropp mot ett protein i terminala delen av
komplementkaskaden. Behandlingen &r endast framgangsrik for en andel patienter med
C3 glomerulopati och dr extremt dyr, och behdver ges pé sjukhus. Det finns ett starkt
behov av att utveckla fler, billigare och béttre behandlingsalternativ.

Avhandlingens syfte ar att beskriva genetiska varianter hos patienter med komplement-
medierade njursjukdomar, sammanstilla betydelsen av dessa, samt att undersdka
effekten av en alternativ komplementhimmande behandling hos patienter med
komplementfaktor B variant.

Avhandlingen bestar av foljande fyra delarbeten:
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Arbete I:

Aradéttir SS, Kristoffersson A-C, Roumenina LT, Bjerre A, Kashioulis P, Palsson R,
Karpman D. Factor D inhibition blocks complement activation induced by mutant
factor B associated with atypical hemolytic uremic syndrome and

membranoproliferative glomerulonephritis. Frontiers in Immunology.
2021;12:690821.

Tre faktor B varianter detekterades bland patienter med atypiskt hemolytiskt uremiskt
syndrom och membranoproliferativ glomerulonefrit. Enbart en faktor B genvariant
bevisades leda till Gveraktivering av komplement. Tilldgg av en ny komplementfaktor
D hiammare normaliserade komplement-aktiviteten bade i blodprov samt i experiment
med rena proteiner.

Arbete II:

Aradéttir SS, Kristoffersson, A-C, Jensson BO, Sulem P, Gong, H, Palsson R,
Karpman D. Factor B mutation in monozygotic twins discordant for atypical hemolytic
uremic syndrome. Kidney International Reports 2023; 8: 1097-1101.

Slakttradet for patienten som beskrevs i arbete I kartlades. I familjen har tre individer
varit sjuka. 203 friska individer gensekvenserades, i syftet att hitta ursprunget for
genvarianten. Denna sparades till slutet av 1800 talet. En av patienterna ar
endggstvilling och hans tvillingbror &r frisk. Tvillingarna analyserades med
helgenomsekvensering och dér fanns inga signifikanta skillnader mellan deras genom.
Vi undersokte komplementaktivering i deras blod samt hur deras komplementsystem
paverkade njurceller. Den friska tvillingens komplement-aktivering skilde sig inte ifrdn
den sjuka tvillingens. Detta dr bevis pa att fler faktorer d4n genfordandring behovs for att
orsaka atypiskt hemolytiskt uremiskt syndrom.

Arbete I11:

Rydberg V, Aradéttir SS, Kristoffersson A-C, Svitacheva N, Karpman D. Genetic
investigation of Nordic patients with complement-mediated kidney diseases. Frontiers
in Immunology. 2023; 14:1254759

Genetiska varianter i komplementgener associerade med atypiskt hemolytiskt uremiskt
syndrom, C3 glomerulopati eller immunkomplex medierat membranoproliferativ
glomerulonefrit beskrevs i en stor nordisk kohort. Genetisk utredning ar av betydelse
nir det kommer till behandlingsalternativ (komplementhdmmande handling eller
immunhdmmande behandling), for att forutse sjukdomsforlopp, samt planera strategier
1 samband med njurtransplantation. Sammanlagt 141 patienter fran Sverige och Norge
undersoktes i en retrospektiv studie och resultaten visar vilka varianter som
detekterades. Tjugosex nya varianter beskrevs. Arton gemensamma varianter
detekterades hos tva av patientgrupperna, vilket dr bevis pa att en och samma
komplementgenvariant kan vara bidragande faktor i utvecklingen av tva olika
sjukdomar.
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Arbete [V:

Aradéttir SS, Kristoffersson A-C, Linnér E, Karpman, D. Complement dys-relation
associated with a genetic variant in factor H-related 5 in atypical hemolytic uremic
syndrome. Under review.

Oenighet rader bland forskare avseende “factor H-related 5 proteinets funktion, om
det aktiverar eller himmar komplementsystemet. I detta arbete beskrivs konsekvensen
av en genetisk variant i komplementproteinet ’factor H-relaterad 5 1 atypiskt hemo-
lytiskt uremiskt syndrom. Patienten, samt anhdrig som var bérare av samma variant,
hade lagre halt av cirkulerande “’factor H-related 5” protein i blodbanan. Vid framstall-
ning av proteinet uttrycktes enbart sma mingder av “factor H-relaterad 5” protein. Var
tolkning &r att genforindringen leder till ett ’factor H-related” protein som inte frisétts
ifrén cellerna. I denna studie hade “factor H-relaterad 5 hammande effekt pa komple-
mentfunktion pa réda blodkroppar. Om proteinets funktion &r att kontrollera komple-
mentfunktion, sa skulle en ladg halt i blodbanan kunna gora patienten mer utsatt for
komplementattack och komplementmedierad njursjukdom.

Slutsatserna av avhandlingen é&r:

e Genetisk utredning ar visentlig for diagnostik, val av behandlingsalternativ,
strategi vid transplantation och for genetisk rddgivning till anhdriga.

e Aven om det bevisas att genvarianter leder till ett protein som resulterar i
ohimmad komplementaktivering, sa fungerar de nidrmast som risk och inte
sjukdomsorsakande faktor.

e Komplement faktor D inhibitor ir effektiv mot 6veraktivering av komplement-
systemet orsakat av faktor B-varianter.

e Faktor H relaterad 5 proteinet kan ha en reglerande roll av komplementaktive-
ring pé roda blodkroppar.
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[slensk samantekt

Hversdagslegar birtingamyndir arasa sem likaminn verdur fyrir eru nefrennsli,
halsbélga og ofnaemi. Onamiskerfid sinnir verndandi hlutverki og vinnur oftast baedi
hratt og vel. Ofnaemi proast pegar dnaemiskerfid misles vaka og varnaradgerdir verda
yfirdrifnar. Vid lifedlisfreedilegar adsteedur eru hemlar sem 6virkja ensimvirka hluta i
onemiskerfinu og koma pannig i veg fyrir aras 4 hraustar frumur likamans. Ef stjérnun
onemiskerfisins fer ur jafnveegi pa getur pad valdid lifshettulegum sjutkdémum.

Magnakerfid (e. complement system) er hluti af varnarkerfi mannsins og samanstendur
af kerfi proteina i bl60inu sem hvarfast hvert vid annad i navist ,,hattumerkja®. Prote-
inin C3, faktor B og faktor D spila lykilhlutverk. Kerfid magnar 6namissvor t.a.m
aoferdir sem leida til eydingar sykils svo sem athtidun, beinu frumurofi, bolgusvérun
asamt pvi ad virkja adra hluta 6nemiskerfisins. Meinvaldandi breytingar i genum
proteina magnakerfisins og/eda sjalfsmotefni geta valdid homlulausri aras magnaker-
fisins.

Odamigert blédsundrunar- og pvageitrunarheilkenni (e. atypical hemolytic uremic
syndrome) og C3 gauklakvilli (e. C3 glomerulopathy) eru demi um magnakerfis
midlada nyrnasjuikdoma. Pessir langvinnu sjikdomar geta leitt til nyrnaskemmda og
lokastigs nyrnabilunar, krefst medferdar mednyrnaskilun og nyrnaigraedslu. Oft eru
pad bdrn og ungir einstaklingar sem veikjast.

Odamigert blodsundrunar- og pvageitrunarheilkenni er blédsegasmazdakvilli (e.
thrombotic microangiopathy) sem einkennist af ofvirkni magnakerfisins 4 innrabordi
smarra @0a 1 gauklum (e.glomeruli), sem leidir til blodtappamyndunar og &dateppu i
starfseiningu nyrans.

C3 gauklakvilli einkennist af pvi ad virkni magnakerfisins er 6hamin i bl6drasinni, C3
melist oftast lagt i blodi, en safnast fyrir innan & adaveggi i gauklum nyrans.
Sjukdomum fylgir langvinn gauklabdlga. Métefnafléttutengd himnu- og frumufjol-
gunargauklabdlga (e. membranoproliferative glomerulonephritis) er svipadur
sjukdomur par sem motefnafléttur og i vissum tilfellum C3 safnast fyrir og trufla
starfsemi nyrans.

Sértaek medferd med magnakerfis hemli (Soliris, eculizumab) hefur storbeett horfur
sjuklinga med 6demigert blodsundrunar- og pvageitrunarheilkenni. Medferdin er mjog
kostnadarsom og krefst sjiikrahtisdvalar. Medferdin hefur ekki gefio jafn goda raun
fyrir sjuklinga sem pjast af C3 gauklakvilla eda motefnafléttutengdri himnu- og
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frumufjélgunargauklabolgu. Pad er gridarleg porf a4 proun odyrari og betri medferdar-
valkosta.

Markmid doktorsverkefnisins var ad lysa erfdabreytileikum hja sjiklingum med
magnakerfismidlada nyrnasjuikdoma, ad skyra pydingu pessara breytinga fyrir fram-
vindu sjukdoms, nyrnaigradslukosti og til ad geta veitt erfoafredilega radgjof til
adstandenda. Einnig eru skodud ahrif annars medferdarvalkosts vid blédsundrunar- og
pvageitrunarheilkenni. Ad lokum lysi ég mogulegu hlutverki einstaks magna- ker-
fisproteins. Doktorsverkefnid byggir 4 fjorum vordum:

Fyrsta grein:

Aradéttir SS, Kristoffersson A-C, Roumenina LT, Bjerre A, Kashioulis P, Palsson R,
Karpman D. Factor D inhibition blocks complement activation induced by mutant
factor B associated with atypical hemolytic uremic syndrome and
membranoproliferative glomerulonephritis. Frontiers in Immunology.2021;12:690821.

Lyst er premur erfdabreytingum i faktor B sem fundust i sjiklingum med blé6dsundru-
nar- og pvageitrunarheilkenni og himnu- og frumufjélgunargauklabolgu. Einvérdungu
stok faktor B erfoabreyting leiddi til stjornlausrar reesingar magnakerfisins. Lyst er
ahrifum meoferdarvalkostsins faktor D-hemils a tvéo mismunandi faktor b protein med
aukna virkni. Faktor D-hemill gat styrt magnakerfinu i bl6di sjuklinga og einnig pegar
ahrifin voru skodud med hreinum préteinum.

Onnur grein:

Aradéttir SS, Kristoffersson, A-C, Jensson BO, Sulem P, Gong, H, Palsson R,
Karpman D. Factor B mutation in monozygotic twins discordant for atypical hemolytic
uremic syndrome. Kidney International Reports 2023; 8: 1097-1101.

Attartré sjuklings med 6demigert blodsundrunar- og pvageitrunarheilkenni orsakad af
ofvirku faktor B proteini var ritad. { fjolskyldunni voru prir einstaklingar greindir med
sjukdéminn og allir voru peir arfberar a faktor B erfoabreytingunni. Alls 203 hraustir
@ttingjar voru skimadir og uppruni erfoabreytileikans rakinn til loka 19.aldar. Medal
sjuklinganna er eineggja tviburi. Tviburabr6dir hans er hraustur arfberi. Heilu
erfdamengi tviburanna voru radgreind og fannst enginn mismunur. Vid skodudum vir-
kjun magnakerfisins i sermi tviburanna og hvada ahrif peettir i blodi peirra h6fou a raud
blédkorn og frumur sem klada innra lag &0a i starfseiningu nyrans. Pad var ekki hagt
a0 finna mun 4 magnakerfisvirkjun hja tviburunum i pessum rannsoknum. bad er
sonnun fyrir pvi ad sjikdomsvaldandi erfdabreyting er ekki naegileg ein og sér til ad
einstaklingur veikist af 6deemigeru blédsundrunar- og pvageitrunarheilkenni, adrir paet-
tir spila hlutverk.

Pridja grein:

Rydberg V, Aradéttir SS, Kristoffersson A-C, Svitacheva N, Karpman D. Genetic
investigation of Nordic patients with complement-mediated kidney diseases.
Frontiers in Immunology. 2023; 14:1254759.
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Erfoabreytileika i genum magnakerfisins er lyst i mengi sjuklinga fra Noregi og
Svipjod sem hafa verid greindir med magnakerfis-tengda nyrnasjikdéma. { heildina
voru 141 sjuklingar skodadir i afturskyggnri rannsokn. Nidurstéournar syna hlutfall
sjuklinga med erfdabreytingar og/eda sjalfs-motefni, virkjun magnakerfis i bléovokva
og sjukdoémsframvindu. Tuttugu og sex nyjum stokkbreytingum i genum magnaker-
fisins er lyst. Atjan stokkbreytingar voru sameiginlegar hja sjuklingum med mismu-
nandi greiningar og er sonnun pess ad sami erfoabreytileiki i magnakerfis-proteinum
getur valdid tveimur mismunandi sjukdomum.

Fjoroa grein:

Arbete IV:

Aradéttir SS, Kristoffersson A-C, Linnér E, Karpman, D. Complement dysregulation
associated with a genetic variant in factor H-related 5 in atypical hemolytic uremic
syndrome. | ritskodun.

Ekki eru allir ssmmala um hvada hlutverki ,,factor H-related 5 proteinid gegnir i mag-
nakerfinu, hvort pad raesi eda hemli virkjun. Greinin lysir afleidingum erfoabreytileika
i “factor H-related 5 proteini hja sjuklingi med dodaemigert blédsundrunar- og
pvageitrunarheilkenni. Fadir sjuklingsins var hraustur arfberi. Blodprufur beggja syndu
leekkadan styrk ,,faktor H-related 5 1 bl6di. Vio talkum nidurstéournar 4 pann veg ad
erfdabreytingin valdi breytingum i préteininu sem leidi til framleidsluvanda. I pessari
rannsokn var ,,factor H-related 5 hemill & magnakerfis-midlad blooraudalos. Ef hlut-
verk ,.faktor H-related protein 5 er ad hemja virkni magnakerfisins, pa geti lagur
styrkur 1 blodi skyrt aukna dheettu 4 ad veikjast af 6demigerdu blédsundrunar- og
pvageitrunarheilkenni.

Nidurstodur doktorsritgerdarinnar eru eftirfarandi:

e Uppvinnsla 4 erfoabreytileika er afar mikilveeg fyrir greiningu, medferdarval,
i tengslum vid adgerdadztlun fyrir nyrnaigreedslu og einnig i tengslum vid
erfoafredilega radgjof til adstandenda sjuklinga.

e  bratt fyrir ad unnt sé ad sanna ad erfOabreytileiki leidi til proteins sem valdi
homlulausri virkjun magnakerfisins, pa er pad ekki eitt og sér orsok sjukdoms
heldur ahattupattur.

o Magnakerfis-hemillinn, faktor D, hindrar ofvirkni magnakerfisins hja
sjuklingum med faktor B erfdabreytileika.

e Hlutverk ,,faktor H-related 5 préteinsins er mogulega ad vera hemill 4 mag-
nakerfismidludu blédraudalosi.

59






Acknowledgments

I wish to express my gratitude to those who have helped and provided encouragement
throughout the 8-year process of completing this thesis. In particularlar, I would like to
thank:

My supervisor Professor Diana Karpman, for introduction to the magic of com-
plement and having me as part of the pediatric group. It's truly inspiring to collaborate
with a researcher who is so deeply engaged in their field, that consistently shows
enthusiasm for research and remains sharp, despite long hours and lack of sleep. I'm
grateful for your generosity, which extends not only to the time dedicated to engaging
tutoring but also for the planning of all the retreats, ballet experiences, and enjoyable
meals.

To my co-supervisor, Zivile Bekassy. Your encouragement and reassurance have been
invaluable, and your calm and composed attitude has provided me with a steady
perspective, even during challenging times. I appreciate your generosity in sharing your
immense clinical expertise and your company in numerous international meetings.
Your belief in my potential has fueled my passion for research and learning.

To Ann-Charlotte, thank you for teaching me molecular techniques. It's truly inspiring
to witness your passion for research. Your expertise shines through effortlessly. These
attributes as well as your patience and positive attitude have been fuel to my motivation
for research. I am grateful for the critical questions that have challenged my thinking.
Thank you for your guidance in the laboratory work, for good company on meetings in
Ystad, Innsbruck, Copenhagen, Madrid, Berlin, and Bern, and for your nuggets of
wisdom on science and life.

To Ida for always having time for questions and for seemingly always having a sharp
answer and asking me questions back. It has been an inspiration to follow your
development as a scientist. Thank you for the help with visualization of data and
statistics as well as for the good times at the above-mentioned congresses, the after
work and all the good laughs.

To Ashmita for help with the fluorescence quantification and for encouragement. |
truly admire your discipline, your knowledge, and the meticulously maintained lab
books. Thank you for your insight and friendly demeanour.

61



For Annie, for your assistance with microscopy and your genuine interest in my work.
Despite our research being in opposite fields, you have dissected my projects and asked
the core questions.

Ingrid, Niklas, Milan, Sebastian and Maria for being savvy physicians as well as
scientists, genuinely good-hearted individuals and inspiring company.

Professor Rolf Ljung, for your encouragement, kind guidance and sincere commitment
to advancing pediatric research.

My mentor Professor Lisa Rydén. Thank you for sharing your experiences. It has given
me perspective and a set of tools to approach my PhD education.

Thanks to all former and current members of the pediatric group, especially Alex-
andra, Markus, Albin, Kalle, Sara, Johan, Anne-Lie and Ramesh for your kind
attitude, sharpness, scientific and informal discussions, and willingness to let me draw
your blood and cheering me up when results were disappointing. For guidance on the
various challenges we encounter in research. The retreats, meetings, “fredagsfika” and
after-work together have made this journey even more pleasant.

To Henning, Erik, and Viktor, I extend my gratitude for your contributions. Col-
laborating with you was enriching!

To my co-authors and collaborators for contributions to this work. Especially to
Professor Runélfur Palsson for genuine commitment and pleasant collaboration on on
paper I and II and for mediating the collaboration with deCODE. To Professor Lubka
Roumenina for excellent methodological advice in paper 1. To Professor Anna Bjerre,
for interest in the projects, friendly attitude and collaboration in papers I and III. To
associate professor Lillemor Skattum, for expert advice on methodological questions
in paper | and III. To Pérhildur Juliusdéttir for discussion and advice on genomics.

To all the amazing scientists C14 for the friendly, welcoming atmosphere!

I would like to extend my gratitude to the patients and their parents for their partic-
ipation in the studies comprising this thesis. My appreciation to the referring physicians
and nurses that have taken time from their busy clinical everyday life to collaborate.

To my colleagues at Skanes University Hospital and Helsingborg Hospital, I want to
express my thanks for creating an environment of learning, collaboration, and mutual
respect. [ want to express my gratitude to each of them for covering for me while I was
in the lab. Your dedication and your commitment to patient care serve as a source of
inspiration. Through this, I have not only expanded my clinical acumen but also
developed meaningful relationships that I treasure.

62



I would especially like to thank my former colleagues at the pediatric nephrology unit,
SUS. Lisa Sartz for sharing your clinical expertise, it has expanded my medical
knowledge and been inspiring. Thank you for finding solutions in the pediatric
nephrology timetable for my research during my employment at Skénes University
Hospital. To Therese Rosenblad for valuable advice, friendship and being the ,,cream
on the cake®. To Christine Hansen for the care, good honest advice and all the laughs.

To my colleagues BUM Landskrona and Barn Helsingborg, Ahmad Saleh and Maria
Sundler for teamwork and for your motivational words.

My sincere gratitude to my superiors Stina Westlund and Anna-Karin Albin,
Helsingborg Hospital as well as Anders Castor, Professor Helena Larson, Jacek
Toporoski, Johan Svahn, Katarina Johansson, Skanes University Hospital, for
advancing medical research and threby improving the quality of healthcare for children.

I am truly fortunate to be surrounded by a precious circle of individuals. To my friends
and neighbors in Sweden, Iceland, and Denmark. Your presence in my life has been a
source of encouragement, and joy. Thank you for the cheering, for listening, and for
the proofreading of popular summaries.

To Rannveig, your words of encouragement, your understanding, and your genuine care
have provided a balm for my soul. I want to express my gratitude for this as well as for
the special place you've reserved for Embla in your heart. To Iéunn for being cool and
an inspiration. To Alma for your friendship, and the straightforward and honest pep
talks. To Péra and Elva for the good moments and the motivation. You are all classy
and sassy and I admire your unapologetic attitude.

To my pediatrician crew “adal-gellurnar”, Berglind, Birna, Helga, Ingunn, and
Kristbjorg for being feisty. Thank you for your immeasurable support and for being
cool always, even when inappropriately dressed for a wine tasting in Hotel Tyldsand.
Shout-out to you!

Special thanks to Kristine “min gamle leesemakker” and “pani, chai ka pani”-fellow for
being genuine and resourceful always. To the colleagues from medical school, Copen-
hagen University. “Fagligt mgde-pigerne” Mette, Anne-Marie for all the spa dates, for
being wonderful and sincere friends. My gratitude for “dejlige” clinical progress
meetings in Copenhagen and updates on the Danish royal family. To Inga Jona and
Gugga for supportive friendships, and advice on progressing clinical careers and
research. You rock!

To my high school friends “miislurnar” béra Kristin, Asdis Résa og Gudny, for a
precious, solid friendship. I treasure the numerous moments spent together, from our
first "Greifaball & Ingholi," to the latest trail run Torekov-Béstad.

63



To the “cava-alla-daga crew” Aslaug, Biddy, Asdis og Iris for friendship since
primary school providing me with moments of rejuvenation and recharging. You
are simply the best!

I reflect on my journey so far, I am filled with deep gratitude for the support of my
family. To my in-laws Anna and Siggi for their interest, the support, and for mo-
tivating me to work on improving patient care. To Alma and Jénas for kindness,
support, continuous Eurovision updates, travels, and always welcoming us.

To my fabulous brother Einar and lovely Lisa, Ol6f Yrja and Una for rainbow,
glitter and sweetness. For creating all the moments and memories together, and for
providing a warm welcome for us always.

To my parents, | am filled with deep gratitude. Your guidance has been a beacon
of light, illuminating my path. You taught me that challenges are just steppingstones
on the journey to success and that life is a beautiful journey filled with moments
together to cherish and experiences to savour. You are the living embodiment of the
values and principles you imparted to me. Your dedication, hard work, and love for
each other show what it is to truly live a meaningful life. I am not the only one who
has benefited from your wisdom and care. Thank you for your assistance with the
children over the years, our shared journeys, and all the treasured times at the cot-
tage.

To Sigurdur Ari and Audur Embla, my motivation, my inspiration, and my heart.
The people you've become fill me with immense pride. Your patience during my
busy and often demanding days has been admirable. Your willingness to share in
my aspirations and offer encouragement along the way has amazed me. You were
devastated when you heard that this thesis would be given away for free! You
thought it would get ripped from the shelves and we collect huge royalties. Not quite
how it works, but hopefully this will make sense for you later in life.

To my partner Oli. Over the course of two decades, you have been the steadfast
companion through every twist and turn of this rollercoaster ride. As I reflect on the
journey we've shared so far, I am reminded of the laughter we've shared, the obsta-
cles we've overcome, and the dreams we've pursued together. Your willingness to
step repeatedly out of your comfort zone has shown me your dedication and the
depth of your affection. Thank you for everything! And, okay, I'll admit it, you were
right about some of the grammar in the Icelandic popular summary.

The completion of this thesis has been made possible through generous support. The
study was financed by grants from the Swedish state under the agreement between the
Swedish government and the county councils, the ALF-agreement (86637) and
Southern Health Care Region Research funding. I would like to express my
gratitude for the contributions of the following, Southern Health Care Region
Research funding, the Pediatric Society of Southern Sweden, the Medical Faculty,
University of Lund for donations for participation in congresses.

64



References

10.

11.

12.

Schorn BE. 'How can his word be trusted?': speaker and authority in Old Norse wisdom
poetry (doctoral thesis). University of Cambridge; 2012.
https://doi.org/10.17863/CAM.15907

Wright CF, FitzPatrick DR, Firth HV. Paediatric genomics: diagnosing rare disease in
children. Nat Rev Genet. 2018;19(5):253-68.
https://doi.org/10.1038/nrg.2017.116

Rare diseases, common challenges. Nat Genet. 2022;54(3):215.
https://doi.org/10.1038/s41588-022-01037-8

Paludan SR, Pradeu T, Masters SL, Mogensen TH. Constitutive immune mechanisms:
mediators of host defence and immune regulation. Nat Rev Immunol. 2021;21(3):137-
50. https://doi.org/10.1038/s41577-020-0391-5

Merle NS, Church SE, Fremeaux-Bacchi V, Roumenina LT. Complement System Part
I - Molecular Mechanisms of Activation and Regulation. Front Immunol. 2015;6:262.
https://doi.org/10.3389/fimmu.2015.00262

Amarante-Mendes GP, Adjemian S, Branco LM, Zanetti LC, Weinlich R, Bortoluci
KR. Pattern Recognition Receptors and the Host Cell Death Molecular Machinery.
Front Immunol. 2018;9:2379.

https://doi.org/10.3389/fimmu.2018.02379

Li D, Wu M. Pattern recognition receptors in health and diseases. Signal Transduct
Target Ther. 2021;6(1):291.

https://doi.org/10.1038/s41392-021-00687-0

Moens E, Veldhoen M. Epithelial barrier biology: good fences make good neighbours.
Immunology. 2012;135(1):1-8.
https://doi.org/10.1111/j.1365-2567.2011.03506.x

Chromek M, Arvidsson I, Karpman D. The antimicrobial peptide cathelicidin protects
mice from Escherichia coli O157:H7-mediated disease. PLoS One. 2012;7(10):
€46476. https://doi.org/10.1371/journal.pone.0046476

Mantovani A, Garlanda C. Humoral Innate Immunity and Acute-Phase Proteins. N
Engl J Med. 2023;388(5):439-52.
https://doi.org/10.1056/NEJMra2206346

Bonilla FA, Oettgen HC. Adaptive immunity. J Allergy Clin Immunol. 2010;125(2
Suppl 2):S33-40. https://doi.org/10.1016/j.jaci.2009.09.017

Goodnow CC, Crosbie J, Jorgensen H, Brink RA, Basten A. Induction of self-tolerance
in mature peripheral B lymphocytes. Nature. 1989;342(6248):385-91.
https://doi.org/10.1038/342385a0

65



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

66

Ludwig RJ, Vanhoorelbeke K, Leypoldt F, Kaya Z, Bieber K, McLachlan SM, et al.
Mechanisms of Autoantibody-Induced Pathology. Front Immunol. 2017;8:603.
https://doi.org/10.3389/fimmu.2017.00603

Bordet. Les leucocytes et les propriétés actives du sérum chez les vaccinés. Annales
de I'Institut Pasteur. 1895(9):462.
http://hdl.handle.net/2013/ULB-DIPOT:oai:dipot.ulb.ac.be:2013/286772

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;274(1):33-58.

https://doi.org/10.1111/imr.12500

Bennett KM, Rooijakkers SH, Gorham RD, Jr. Let's Tie the Knot: Marriage of
Complement and Adaptive Immunity in Pathogen Evasion, for Better or Worse. Front
Microbiol. 2017;8:89.

https://doi.org/10.3389/fmicb.2017.00089

Schanzenbacher J, Kohl J, Karsten CM. Anaphylatoxins spark the flame in early
autoimmunity. Front Immunol. 2022;13:958392.
https://doi.org/10.3389/fimmu.2022.958392

Bekassy Z, Lopatko Fagerstrom I, Bader M, Karpman D. Crosstalk between the renin-
angiotensin, complement and kallikrein-kinin systems in inflammation. Nat Rev
Immunol. 2022;22(7):411-28.

https://doi.org/10.1038/s41577-021-00634-8

Pangburn MK, Schreiber RD, Miiller-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. J Exp Med. 1981;
154(3):856-67. https://doi.org/10.1084/jem.154.3.856

Galvan MD, Greenlee-Wacker MC, Bohlson SS. Clq and phagocytosis: The perfect
complement to a good meal. J Leukoc Biol. 2012;92(3):489-97.
https://doi.org/10.1189/j1b.0212099

Matsushita M, Endo Y, Fujita T. Cutting edge: complement-activating complex of
ficolin and mannose-binding lectin-associated serine protease. J Immunol. 2000;
164(5):2281-4.

https://doi.org/10.4049/jimmunol.164.5.2281

Zarantonello A, Revel M, Grunenwald A, Roumenina LT. C3-dependent effector
functions of complement. Immunol Rev. 2023;313(1):120-38.
https://doi.org/10.1111/imr.13147

Frazer-Abel A, Sepiashvili L, Mbughuni MM, Willrich MAV. Chapter One -
Overview of Laboratory Testing and Clinical Presentations of Complement
Deficiencies and Dysregulation. In: Makowski GS, editor. Advances in Clinical
Chemistry. 77: Elsevier; 2016. p. 1-75.

https://doi.org/10.1016/bs.acc.2016.06.001

Roumenina LT, Popov KT, Bureeva SV, Kojouharova M, Gadjeva M, Rabheru S, et
al. Interaction of the globular domain of human Clq with Salmonella typhimurium
lipopolysaccharide. Biochim Biophys Acta. 2008;1784(9):1271-6.
https://doi.org/10.1016/j.bbapap.2008.04.029




25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Gaboriaud C, Frachet P, Thielens NM, Arlaud GJ. The human clq globular domain:
structure and recognition of non-immune self ligands. Front Immunol. 2011;2:92.
https://doi.org/10.3389/fimmu.2011.00092

Ziccardi RJ. The first component of human complement (C1): activation and control.
Springer Semin Immunopathol. 1983;6(2-3):213-30.
https://doi.org/10.1007/bf00205874

Gal P, Dobd J, Zavodszky P, Sim RB. Early complement proteases: Clr, Cls and
MASPs. A structural insight into activation and functions. Mol Immunol.
2009;46(14):2745-52. https://doi.org/10.1016/7.molimm.2009.04.026

Matsushita M, Endo Y, Taira S, Sato Y, Fujita T, Ichikawa N, et al. A novel human
serum lectin with collagen- and fibrinogen-like domains that functions as an opsonin.
J Biol Chem. 1996;271(5):2448-54.

https://doi.org/10.1074/jbc.271.5.2448

Garred P, Genster N, Pilely K, Bayarri-Olmos R, Rosbjerg A, Ma Y], et al. A journey
through the lectin pathway of complement-MBL and beyond. Immunol Rev. 2016
;274(1):74-97. https://doi.org/10.1111/imr.12468

Degn SE, Kjaer TR, Kidmose RT, Jensen L, Hansen AG, Tekin M, et al. Complement
activation by ligand-driven juxtaposition of discrete pattern recognition complexes.
Proc Natl Acad Sci U S A. 2014;111(37):13445-50.
https://doi.org/10.1073/pnas.1406849111

Héja D, Kocsis A, Dobd J, Szilagyi K, Szasz R, Zavodszky P, et al. Revised
mechanism of complement lectin-pathway activation revealing the role of serine
protease MASP-1 as the exclusive activator of MASP-2. Proc Natl Acad Sci U S A.
2012;109(26):10498-503.

https://doi.org/10.1073/pnas.1202588109

Kjaer TR, Thiel S, Andersen GR. Toward a structure-based comprehension of the
lectin pathway of complement. Mol Immunol. 2013;56(4):413-22.
https://doi.org/10.1016/j.molimm.2013.05.007

Kidmose RT, Laursen NS, Dob¢ J, Kjaer TR, Sirotkina S, Yatime L, et al. Structural
basis for activation of the complement system by component C4 cleavage. Proc Natl
Acad Sci U S A. 2012;109(38):15425-30.
https://doi.org/10.1073/pnas.1208031109

Forneris F, Ricklin D, Wu J, Tzekou A, Wallace RS, Lambris JD, et al. Structures of
C3b in complex with factors B and D give insight into complement convertase
formation. Science. 2010;330(6012):1816-20.
https://doi.org/10.1126/science.1195821

Nilsson B, Nilsson Ekdahl K. The tick-over theory revisited: is C3 a contact-activated
protein? Immunobiology. 2012;217(11):1106-10.
https://doi.org/10.1016/j.imbi0.2012.07.008

Law SK, Dodds AW. The internal thioester and the covalent binding properties of the
complement proteins C3 and C4. Protein Sci. 1997;6(2):263-74.
https://doi.org/10.1002/pro.5560060201

67



37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

68

Bexborn F, Andersson PO, Chen H, Nilsson B, Ekdahl KN. The tick-over theory
revisited: formation and regulation of the soluble alternative complement C3
convertase (C3(H20)Bb). Mol Immunol. 2008;45(8):2370-9.
https://doi.org/10.1016/j.molimm.2007.11.003

Pangburn MK, Miiller-Eberhard HJ. The C3 convertase of the alternative pathway of
human complement. Enzymic properties of the bimolecular proteinase. Biochem J.
1986;235(3):723-30.

https://doi.org/10.1042/bj2350723

Hourcade DE. The role of properdin in the assembly of the alternative pathway C3
convertases of complement. J Biol Chem. 2006;281(4):2128-32.
https://doi.org/10.1074/jbc.M508928200

Pedersen DV, Lorentzen J, Andersen GR. Structural studies offer a framework for
understanding the role of properdin in the alternative pathway and beyond. Immunol
Rev. 2023;313(1):46-59.

https://doi.org/10.1111/imr.13129

Chen JY, Cortes C, Ferreira VP. Properdin: A multifaceted molecule involved in
inflammation and diseases. Mol Immunol. 2018;102:58-72.

https://doi.org/10.1016/j.molimm.2018.05.018

Pangburn MK. Initiation of the alternative pathway of complement and the history of
"tickover". Immunol Rev. 2023;313(1):64-70.

https://doi.org/10.1111/imr.13130

Harboe M, Ulvund G, Vien L, Fung M, Mollnes TE. The quantitative role of
alternative pathway amplification in classical pathway induced terminal complement
activation. Clin Exp Immunol. 2004;138(3):439-46.
https://doi.org/10.1111/].1365-2249.2004.02627.x

Winkelstein JA, Smith MR, Shin HS. The role of C3 as an opsonin in the early stages
of infection. Proc Soc Exp Biol Med. 1975;149(2):397-401.
https://doi.org/10.3181/00379727-149-38815

Hugli TE. Structure and function of C3a anaphylatoxin. Curr Top Microbiol Immunol.
1990;153:181-208. https://doi.org/10.1007/978-3-642-74977-3_10

Berends ET, Gorham RD, Jr., Ruyken M, Soppe JA, Orhan H, Aerts PC, et al.
Molecular insights into the surface-specific arrangement of complement C5 convertase
enzymes. BMC Biol. 2015;13:93.

https://doi.org/10.1186/s12915-015-0203-8

Hugli TE, Miiller-Eberhard HJ. Anaphylatoxins: C3a and C5a. Adv Immunol.
1978;26:1-53. https://doi.org/10.1016/s0065-2776(08)60228-x

Serna M, Giles JL, Morgan BP, Bubeck D. Structural basis of complement membrane
attack complex formation. Nat Commun. 2016;7:10587.
https://doi.org/10.1038/ncomms10587

Hadders MA, Bubeck D, Roversi P, Hakobyan S, Forneris F, Morgan BP, et al.
Assembly and regulation of the membrane attack complex based on structures of C5b6
and sC5b9. Cell Rep. 2012;1(3):200-7.

https://doi.org/10.1016/j.celrep.2012.02.003




50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Morgan BP. Complement membrane attack on nucleated cells: resistance, recovery
and non-lethal effects. Biochem J. 1989;264(1):1-14.
https://doi.org/10.1042/bj2640001

Morgan BP, Walters D, Serna M, Bubeck D. Terminal complexes of the complement
system: new structural insights and their relevance to function. Immunol Rev.
2016;274(1):141-51. https://doi.org/10.1111/imr.12461

Xie CB, Jane-Wit D, Pober JS. Complement Membrane Attack Complex: New Roles,
Mechanisms of Action, and Therapeutic Targets. Am J Pathol. 2020;190(6):1138-50.
https://doi.org/10.1016/j.ajpath.2020.02.006

Feng Y, Zhao C, Deng Y, Wang H, Ma L, Liu S, et al. Mechanism of activation and
biased signaling in complement receptor C5aR1. Cell Res. 2023:1-13.
https://doi.org/10.1038/s41422-023-00779-2

Li XX, Lee JD, Kemper C, Woodruff TM. The Complement Receptor C5aR2: A
Powerful Modulator of Innate and Adaptive Immunity. J Immunol. 2019;
202(12):3339-48. https://doi.org/10.4049/jimmunol.1900371

Ember JA, Hugli TE. Complement factors and their receptors. Immunopharmacology.
1997;38(1-2):3-15.

https://doi.org/10.1016/s0162-3109(97)00088-x

Zhang T, Garstka MA, Li K. The Controversial C5a Receptor C5aR2: Its Role in
Health and Disease. J Immunol Res. 2017;2017:8193932.
https://doi.org/10.1155/2017/8193932

Carroll MC, Campbell RD, Bentley DR, Porter RR. A molecular map of the human
major histocompatibility complex class III region linking complement genes C4, C2
and factor B. Nature. 1984;307(5948):237-41.

https://doi.org/10.1038/307237a0

Laskowski J, Thurman JM. Chapter 14 - Factor B. In: Barnum S, Schein T, editors.
The Complement FactsBook (Second Edition): Academic Press; 2018. p. 135-46.
https://doi.org/10.1016/C2015-0-06595-9

Passwell J, Schreiner GF, Nonaka M, Beuscher HU, Colten HR. Local extrahepatic
expression of complement genes C3, factor B, C2, and C4 is increased in murine lupus
nephritis. J Clin Invest. 1988;82(5):1676-84.

https://doi.org/10.1172/JCI1113780

Welch TR, Beischel LS, Frenzke M, Witte D. Regulated expression of complement
factor B in the human kidney. Kidney Int. 1996;50(2):521-5.
https://doi.org/10.1038/ki.1996.344

LiD, Zou L, Feng Y, Xu G, Gong Y, Zhao G, et al. Complement Factor B Production
in Renal Tubular Cells and Its Role in Sodium Transporter Expression During
Polymicrobial Sepsis. Crit Care Med. 2016;44(5):¢289-99.
https://doi.org/10.1097/ccm.0000000000001566

Campbell RD, Bentley DR. The structure and genetics of the C2 and factor B genes.
Immunol Rev. 1985;87:19-37.
https://doi.org/10.1111/j.1600-065x.1985.tb01143 x

69



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

70

Slade C, Bosco J, Unglik G, Bleasel K, Nagel M, Winship I. Deficiency in complement
factor B. N Engl J Med. 2013;369(17):1667-9.
https://doi.org/10.1056/NEJMc1306326

Gauthier A, Wagner E, Thibeault R, Lavoie A. A Novel Case of Complement Factor
B Deficiency. J Clin Immunol. 2021;41(1):277-9.
https://doi.org/10.1007/s10875-020-00906-3

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

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

Rodriguez de Cordoba S, Diaz-Guillen MA, Heine-Suner D. An integrated map of the
human regulator of complement activation (RCA) gene cluster on 1q32. Mol Immunol.
1999;36(13-14):803-8. https://doi.org/10.1016/s0161-5890(99)00100-5

Rodriguez de Cordoba S, Esparza-Gordillo J, Goicoechea de Jorge E, Lopez-Trascasa
M, Sanchez-Corral P. The human complement factor H: functional roles, genetic
variations and disease associations. Molecular Immunology. 2004;41(4):355-67.
https://doi.org/https://doi.org/10.1016/j.molimm.2004.02.005

Meri S, Pangburn MK. Regulation of alternative pathway complement activation by
glycosaminoglycans: specificity of the polyanion binding site on factor H. Biochem
Biophys Res Commun. 1994;198(1):52-9.

https://doi.org/10.1006/bbrec.1994.1008

Giannakis E, Male DA, Ormsby RJ, Mold C, Jokiranta TS, Ranganathan S, et al.
Multiple ligand binding sites on domain seven of human complement factor H. Int
Immunopharmacol. 2001;1(3):433-43.
https://doi.org/10.1016/s1567-5769(00)00040-0

Rodriguez de Cérdoba S, Esparza-Gordillo J, Goicoechea de Jorge E, Lopez-Trascasa
M, Sanchez-Corral P. The human complement factor H: functional roles, genetic
variations and disease associations. Mol Immunol. 2004;41(4):355-67.

https://doi.org/10.1016/j.molimm.2004.02.005

Mannes M, Dopler A, Huber-Lang M, Schmidt CQ. Tuning the Functionality by
Splicing: Factor H and Its Alternative Splice Variant FHL-1 Share a Gene but Not All
Functions. Front Immunol. 2020;11:596415.
https://doi.org/10.3389/fimmu.2020.596415

Tsiftsoglou SA, Willis AC, Li P, Chen X, Mitchell DA, Rao Z, et al. The catalytically
active serine protease domain of human complement factor 1. Biochemistry. 2005;
44(16):6239-49. https://doi.org/10.1021/bi047680t

Pangburn MK. Differences between the binding sites of the complement regulatory
proteins DAF, CR1, and factor H on C3 convertases. J Immunol. 1986;136(6):2216-
21. https://pubmed.ncbi.nlm.nih.gov/2419425/

Delvaeye M, Noris M, De Vriese A, Esmon CT, Esmon NL, Ferrell G, et al.

Thrombomodulin mutations in atypical hemolytic-uremic syndrome. N Engl J Med.
2009;361(4):345-57. https://doi.org/10.1056/NEJMo0a0810739




76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Matthews KW, Mueller-Ortiz SL, Wetsel RA. Carboxypeptidase N: a pleiotropic
regulator of inflammation. Mol Immunol. 2004;40(11):785-93.
https://doi.org/10.1016/j.molimm.2003.10.002

Meri S, Morgan BP, Davies A, Daniels RH, Olavesen MG, Waldmann H, et al. Human
protectin (CD59), an 18,000-20,000 MW complement lysis restricting factor, inhibits
C5b-8 catalysed insertion of C9 into lipid bilayers. Immunology. 1990;71(1):1-9.
https://pubmed.ncbi.nlm.nih.gov/1698710/

Tschopp J, Chonn A, Hertig S, French LE. Clusterin, the human apolipoprotein and
complement inhibitor, binds to complement C7, C8 beta, and the b domain of C9. J
Immunol. 1993;151(4):2159-65.

https://pubmed.ncbi.nlm.nih.gov/8345200/

Sheehan M, Morris CA, Pussell BA, Charlesworth JA. Complement inhibition by
human vitronectin involves non-heparin binding domains. Clin Exp Immunol. 1995;
101(1):136-41. https://doi.org/10.1111/].1365-2249.1995.tb02289.x

Gialeli C, Gungor B, Blom AM. Novel potential inhibitors of complement system and
their roles in complement regulation and beyond. Mol Immunol. 2018;102:73-83.
https://doi.org/10.1016/j.molimm.2018.05.023

Rodriguez de Cordoba S. Genetic variability shapes the alternative pathway
complement activity and predisposition to complement-related diseases. Immunol
Rev. 2023;313(1):71-90. https://doi.org/10.1111/imr.13131

Poppelaars F, Goicoechea de Jorge E, Jongerius I, Baeumner AJ, Steiner MS, Jozsi M,
et al. A Family Affair: Addressing the Challenges of Factor H and the Related Proteins.
Front Immunol. 2021;12:660194.

https://doi.org/10.3389/fimmu.2021.660194

Lucientes-Continente L, Marquez-Tirado B, Goicoechea de Jorge E. The Factor H
protein family: The switchers of the complement alternative pathway. Immunol Rev.
2023;313(1):25-45.

https://doi.org/10.1111/imr.13166

Zipfel PF, Skerka C. Complement factor H and related proteins: an expanding family
of complement-regulatory proteins? Immunol Today. 1994;15(3):121-6.
https://doi.org/10.1016/0167-5699(94)90155-4

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

van Beek AE, Pouw RB, Brouwer MC, van Mierlo G, Geissler J, Ooijevaar-de Heer
P, et al. Factor H-Related (FHR)-1 and FHR-2 Form Homo- and Heterodimers, while
FHR-5 Circulates Only As Homodimer in Human Plasma. Front Immunol. 2017;
8:1328.

https://doi.org/10.3389/fimmu.2017.01328

Goicoechea de Jorge E, Caesar JJ, Malik TH, Patel M, Colledge M, Johnson S, et al.
Dimerization of complement factor H-related proteins modulates complement
activation in vivo. Proc Natl Acad Sci U S A. 2013;110(12):4685-90.
https://doi.org/10.1073/pnas.1219260110

71



88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

72

Barnum SR, Barlow PN. Chapter 31 - Factor H-Related Proteins 1-5. In: Barnum S,
Schein T, editors. The Complement FactsBook (Second Edition): Academic Press;
2018. p. 329-40.

https://doi.org/10.1016/C2015-0-06595-9

McRae JL, Duthy TG, Griggs KM, Ormsby RJ, Cowan PJ, Cromer BA, et al. Human
factor H-related protein 5 has cofactor activity, inhibits C3 convertase activity, binds
heparin and C-reactive protein, and associates with lipoprotein. J Immunol.
2005;174(10):6250-6.

https://doi.org/10.4049/jimmunol.174.10.6250

Chen Q, Manzke M, Hartmann A, Biittner M, Amann K, Pauly D, et al. Complement
Factor H-Related 5-Hybrid Proteins Anchor Properdin and Activate Complement at
Self-Surfaces. ] Am Soc Nephrol. 2016;27(5):1413-25.
https://doi.org/10.1681/asn.2015020212

Zwarthoff SA, Berends ETM, Mol S, Ruyken M, Aerts PC, Jozsi M, et al. Functional
Characterization of Alternative and Classical Pathway C3/C5 Convertase Activity and
Inhibition Using Purified Models. Front Immunol. 2018;9:1691.
https://doi.org/10.3389/fimmu.2018.01691

Csincsi Al Kopp A, Zo6ldi M, Banlaki Z, Uzonyi B, Hebecker M, et al. Factor H—
Related Protein 5 Interacts with Pentraxin 3 and the Extracellular Matrix and
Modulates Complement Activation. The Journal of Immunology. 2015;194(10):4963-
73. https://doi.org/10.4049/jimmunol.1403121

Papp A, Papp K, Uzonyi B, Cserhalmi M, Csincsi Al, Szabo Z, et al. Complement
Factor H-Related Proteins FHR1 and FHRS5 Interact With Extracellular Matrix
Ligands, Reduce Factor H Regulatory Activity and Enhance Complement Activation.
Front Immunol. 2022;13:845953.

https://doi.org/10.3389/fimmu.2022.845953

Csincsi A I, Kopp A, Z61di M, Banlaki Z, Uzonyi B, Hebecker M, et al. Factor H-
related protein 5 interacts with pentraxin 3 and the extracellular matrix and modulates
complement activation. J Immunol. 2015;194(10):4963-73.
https://doi.org/10.4049/jimmunol. 1403121

Karpati E, Papp A, Schneider AE, Hajnal D, Cserhalmi M, Csincsi A1, et al.
Interaction of the Factor H Family Proteins FHR-1 and FHR-5 With DNA and Dead
Cells: Implications for the Regulation of Complement Activation and Opsonization.
Front Immunol. 2020;11:1297.

https://doi.org/10.3389/fimmu.2020.01297

Karpman D, Loos S, Tati R, Arvidsson I. Haemolytic uraemic syndrome. J Intern Med.
2017;281(2):123-48. https://doi.org/10.1111/joim.12546

Brocklebank V, Wood KM, Kavanagh D. Thrombotic Microangiopathy and the
Kidney. Clin J] Am Soc Nephrol. 2018;13(2):300-17.
https://doi.org/10.2215/CIN.00620117

Fremeaux-Bacchi V, Fakhouri F, Garnier A, Bienaimé F, Dragon-Durey MA, Ngo S,
et al. Genetics and outcome of atypical hemolytic uremic syndrome: a nationwide
French series comparing children and adults. Clin J] Am Soc Nephrol. 2013;8(4):554-
62. https://doi.org/10.2215/cjn.04760512




99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

Khandelwal P, Thangaraju S, Krishnamurthy S, Ohri A, Pais P, Mathew G, et al.
Clinical features and outcomes of patients with diacylglycerol kinase epsilon
nephropathy: a nationwide experience. Pediatr Nephrol. 2023;38(9):3009-16.
https://doi.org/10.1007/s00467-023-05939-5

Lemoine M, Frangois A, Grangé S, Rabant M, Chatelet V, Cassiman D, et al.
Cobalamin C Deficiency Induces a Typical Histopathological Pattern of Renal
Arteriolar and Glomerular Thrombotic Microangiopathy. Kidney Int Rep. 2018;
3(5):1153-62. https://doi.org/10.1016/.ekir.2018.05.015

Kavanagh D, Goodship TH, Richards A. Atypical hemolytic uremic syndrome. Semin
Nephrol. 2013;33(6):508-30.
https://doi.org/10.1016/j.semnephrol.2013.08.003

Kavanagh D, Goodship TH. Atypical hemolytic uremic syndrome, genetic basis, and
clinical manifestations. Hematology Am Soc Hematol Educ Program. 2011;2011:15-
20. https://doi.org/10.1182/asheducation-2011.1.15

Sethi S, Fervenza FC. Pathology of renal diseases associated with dysfunction of the
alternative pathway of complement: C3 glomerulopathy and atypical hemolytic uremic
syndrome (aHUS). Semin Thromb Hemost. 2014;40(4):416-21.
https://doi.org/10.1055/s-0034-1375701

Angioi A, Fervenza FC, Sethi S, Zhang Y, Smith RJ, Murray D, et al. Diagnosis of
complement alternative pathway disorders. Kidney Int. 2016;89(2):278-88.
https://doi.org/10.1016/1.kint.2015.12.003

Reese JA, Muthurajah DS, Kremer Hovinga JA, Vesely SK, Terrell DR, George JN.
Children and adults with thrombotic thrombocytopenic purpura associated with severe,
acquired Adamts13 deficiency: comparison of incidence, demographic and clinical
features. Pediatr Blood Cancer. 2013;60(10):1676-82.
https://doi.org/10.1002/pbc.24612

Spinale JM, Ruebner RL, Kaplan BS, Copelovitch L. Update on Streptococcus
pneumoniae associated hemolytic uremic syndrome. Curr Opin Pediatr. 2013;
25(2):203-8. https://doi.org/10.1097/MOP.0b013e32835d7f2¢

Loirat C, Fakhouri F, Ariceta G, Besbas N, Bitzan M, Bjerre A, et al. An international
consensus approach to the management of atypical hemolytic uremic syndrome in
children. Pediatr Nephrol. 2016;31(1):15-39.
https://doi.org/10.1007/s00467-015-3076-8

Thompson GL, Kavanagh D. Diagnosis and treatment of thrombotic microangiopathy.
Int J Lab Hematol. 2022;44 Suppl 1(Suppl 1):101-13.
https://doi.org/10.1111/ijlh.13954

Fakhouri F, Schwotzer N, Frémeaux-Bacchi V. How I diagnose and treat atypical
hemolytic uremic syndrome. Blood. 2023;141(9):984-95.
https://doi.org/10.1182/blood.2022017860

Noris M, Caprioli J, Bresin E, Mossali C, Pianetti G, Gamba S, et al. Relative role of
genetic complement abnormalities in sporadic and familial aHUS and their impact on
clinical phenotype. Clin J Am Soc Nephrol. 2010;5(10):1844-59.
https://doi.org/10.2215/¢jn.02210310

73



111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

74

Le Quintrec M, Zuber J, Moulin B, Kamar N, Jablonski M, Lionet A, et al.
Complement genes strongly predict recurrence and graft outcome in adult renal
transplant recipients with atypical hemolytic and uremic syndrome. Am J Transplant.
2013;13(3):663-75. https://doi.org/10.1111/ajt. 12077

Fakhouri F, Zuber J, Frémeaux-Bacchi V, Loirat C. Haemolytic uraemic syndrome.
Lancet. 2017;390(10095):681-96.
https://doi.org/10.1016/s0140-6736(17)30062-4

Savage B, Almus-Jacobs F, Ruggeri ZM. Specific synergy of multiple substrate-
receptor interactions in platelet thrombus formation under flow. Cell. 1998;94(5):657-
66. https://doi.org/10.1016/s0092-8674(00)81607-4

Karpman D, Hakansson A, Perez MT, Isaksson C, Carlemalm E, Caprioli A, et al.
Apoptosis of renal cortical cells in the hemolytic-uremic syndrome: in vivo and in vitro
studies. Infect Immun. 1998;66(2):636-44.
https://doi.org/10.1128/i2i.66.2.636-644.1998

Hosler GA, Cusumano AM, Hutchins GM. Thrombotic thrombocytopenic purpura and
hemolytic uremic syndrome are distinct pathologic entities. A review of 56 autopsy
cases. Arch Pathol Lab Med. 2003;127(7):834-9.
https://doi.org/10.5858/2003-127-834-ttpahu

Fan X, Yoshida Y, Honda S, Matsumoto M, Sawada Y, Hattori M, et al. Analysis of
genetic and predisposing factors in Japanese patients with atypical hemolytic uremic
syndrome. Mol Immunol. 2013;54(2):238-46.
https://doi.org/10.1016/j.molimm.2012.12.006

Caprioli J, Noris M, Brioschi S, Pianetti G, Castelletti F, Bettinaglio P, et al. Genetics
of HUS: the impact of MCP, CFH, and IF mutations on clinical presentation, response
to treatment, and outcome. Blood. 2006;108(4):1267-79.
https://doi.org/10.1182/blood-2005-10-007252

Zhang T, Lu J, Liang S, Chen D, Zhang H, Zeng C, et al. Comprehensive Analysis of
Complement Genes in Patients with Atypical Hemolytic Uremic Syndrome. Am J
Nephrol. 2016;43(3):160-9.

https://doi.org/10.1159/000445127

Osborne AJ, Breno M, Borsa NG, Bu F, Frémeaux-Bacchi V, Gale DP, et al. Statistical
Validation of Rare Complement Variants Provides Insights into the Molecular Basis
of Atypical Hemolytic Uremic Syndrome and C3 Glomerulopathy. J Immunol.
2018;200(7):2464-78.

https://doi.org/10.4049/jimmunol.1701695

Maga TK, Nishimura CJ, Weaver AE, Frees KL, Smith RJ. Mutations in alternative
pathway complement proteins in American patients with atypical hemolytic uremic
syndrome. Hum Mutat. 2010;31(6):E1445-60.

https://doi.org/10.1002/humu.21256

Bu F, Borsa NG, Jones MB, Takanami E, Nishimura C, Hauer JJ, et al. High-
Throughput Genetic Testing for Thrombotic Microangiopathies and C3
Glomerulopathies. ] Am Soc Nephrol. 2016;27(4):1245-53.
https://doi.org/10.1681/asn.2015040385




122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Noris M, Bresin E, Mele C, Remuzzi G. Genetic Atypical Hemolytic-Uremic
Syndrome. In: Adam MP, Mirzaa GM, Pagon RA, Wallace SE, Bean LJH, Gripp KW,
et al., editors. GeneReviews(®). 1993. Seattle (WA): University of Washington,
https://pubmed.ncbi.nlm.nih.gov/20301541/

Gnappi E, Allinovi M, Vaglio A, Bresin E, Sorosina A, Pilato FP, et al. Membrano-
proliferative glomerulonephritis, atypical hemolytic uremic syndrome, and a new
complement factor H mutation: report of a case. Pediatr Nephrol. 2012;27(10):1995-
9. https://doi.org/10.1007/s00467-012-2210-0

Vaziri-Sani F, Holmberg L, Sjoholm AG, Kristoffersson AC, Manea M, Frémeaux-
Bacchi V, et al. Phenotypic expression of factor H mutations in patients with atypical
hemolytic uremic syndrome. Kidney Int. 2006;69(6):981-8.
https://doi.org/10.1038/sj.ki.5000155

Bu F, Zhang Y, Wang K, Borsa NG, Jones MB, Taylor AO, et al. Genetic Analysis of
400 Patients Refines Understanding and Implicates a New Gene in Atypical Hemolytic
Uremic Syndrome. J] Am Soc Nephrol. 2018;29(12):2809-19.
https://doi.org/10.1681/asn.2018070759

McLaren W, Gil L, Hunt SE, Riat HS, Ritchie GR, Thormann A, et al. The Ensembl
Variant Effect Predictor. Genome Biol. 2016;17(1):122.
https://doi.org/10.1186/s13059-016-0974-4

Kircher M, Witten DM, Jain P, O'Roak BJ, Cooper GM, Shendure J. A general
framework for estimating the relative pathogenicity of human genetic variants. Nat
Genet. 2014;46(3):310-5. https://doi.org/10.1038/ng.2892

Sanchez-Corral P, Pérez-Caballero D, Huarte O, Simckes AM, Goicoechea E, Lopez-
Trascasa M, et al. Structural and functional characterization of factor H mutations
associated with atypical hemolytic uremic syndrome. Am J Hum Genet.
2002;71(6):1285-95. https://doi.org/10.1086/344515

Martin Merinero H, Zhang Y, Arjona E, Del Angel G, Goodfellow R, Gomez-Rubio
E, et al. Functional characterization of 105 factor H variants associated with aHUS:
lessons for variant classification. Blood. 2021;138(22):2185-201.
https://doi.org/10.1182/blood.2021012037

Frémeaux-Bacchi V, Miller EC, Liszewski MK, Strain L, Blouin J, Brown AL, et al.
Mutations in complement C3 predispose to development of atypical hemolytic uremic
syndrome. Blood. 2008;112(13):4948-52.
https://doi.org/10.1182/blood-2008-01-133702

Schramm EC, Roumenina LT, Rybkine T, Chauvet S, Vieira-Martins P, Hue C, et al.
Mapping interactions between complement C3 and regulators using mutations in
atypical hemolytic uremic syndrome. Blood. 2015;125(15):2359-69.
https://doi.org/10.1182/blood-2014-10-609073

Roumenina LT, Frimat M, Miller EC, Provot F, Dragon-Durey MA, Bordereau P, et
al. A prevalent C3 mutation in aHUS patients causes a direct C3 convertase gain of
function. Blood. 2012;119(18):4182-91.
https://doi.org/10.1182/blood-2011-10-383281

75



133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

76

Marinozzi MC, Vergoz L, Rybkine T, Ngo S, Bettoni S, Pashov A, et al. Complement
factor B mutations in atypical hemolytic uremic syndrome-disease-relevant or benign?
J Am Soc Nephrol. 2014;25(9):2053-65.
https://doi.org/10.1681/asn.2013070796

Feng S, Liang X, Kroll MH, Chung DW, Afshar-Kharghan V. von Willebrand factor
is a cofactor in complement regulation. Blood. 2015;125(6):1034-7.
https://doi.org/10.1182/blood-2014-06-585430

Seya T, Nakamura K, Masaki T, Ichihara-Itoh C, Matsumoto M, Nagasawa S. Human
factor H and C4b-binding protein serve as factor I-cofactors both encompassing
inactivation of C3b and C4b. Mol Immunol. 1995;32(5):355-60.
https://doi.org/10.1016/0161-5890(94)00157-v

Nilsson SC, Sim RB, Lea SM, Fremeaux-Bacchi V, Blom AM. Complement factor I
in health and disease. Mol Immunol. 2011;48(14):1611-20.
https://doi.org/10.1016/j.molimm.2011.04.004

Richards A, Kemp EJ, Liszewski MK, Goodship JA, Lampe AK, Decorte R, et al.
Mutations in human complement regulator, membrane cofactor protein (CD46),
predispose to development of familial hemolytic uremic syndrome. Proc Natl Acad Sci
U S A.2003;100(22):12966-71.

https://doi.org/10.1073/pnas.2135497100

Atkinson JP, Liszewski MK, Richards A, Kavanagh D, Moulton EA. Hemolytic
uremic syndrome: an example of insufficient complement regulation on self-tissue.
Ann N'Y Acad Sci. 2005;1056:144-52.
https://doi.org/10.1196/annals.1352.032

Martin Merinero H, Subias M, Pereda A, Gomez-Rubio E, Juana Lopez L, Fernandez
C, et al. Molecular bases for the association of FHR-1 with atypical hemolytic uremic
syndrome and other diseases. Blood. 2021;137(25):3484-94.
https://doi.org/10.1182/blood.2020010069

Westra D, Vernon KA, Volokhina EB, Pickering MC, van de Kar NC, van den Heuvel
LP. Atypical hemolytic uremic syndrome and genetic aberrations in the complement
factor H-related 5 gene. J Hum Genet. 2012;57(7):459-64.
https://doi.org/10.1038/jhg.2012.57

Monteferrante G, Brioschi S, Caprioli J, Pianetti G, Bettinaglio P, Bresin E, et al.
Genetic analysis of the complement factor H related 5 gene in haemolytic uraemic
syndrome. Mol Immunol. 2007;44(7):1704-8.
https://doi.org/10.1016/j.molimm.2006.08.004

Bernabéu-Herrero ME, Jiménez-Alcazar M, Anter J, Pinto S, Sanchez Chinchilla D,
Garrido S, et al. Complement factor H, FHR-3 and FHR-1 variants associate in an
extended haplotype conferring increased risk of atypical hemolytic uremic syndrome.
Mol Immunol. 2015;67(2 Pt B):276-86.
https://doi.org/10.1016/j.molimm.2015.06.021

Ermini L, Goodship TH, Strain L, Weale ME, Sacks SH, Cordell HJ, et al. Common
genetic variants in complement genes other than CFH, CD46 and the CFHRs are not
associated with aHUS. Mol Immunol. 2012;49(4):640-8.
https://doi.org/10.1016/j.molimm.2011.11.003




144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Puraswani M, Khandelwal P, Saini H, Saini S, Gurjar BS, Sinha A, et al. Clinical and
Immunological Profile of Anti-factor H Antibody Associated Atypical Hemolytic
Uremic Syndrome: A Nationwide Database. Front Immunol. 2019;10:1282.
https://doi.org/10.3389/fimmu.2019.01282

Goodship TH, Cook HT, Fakhouri F, Fervenza FC, Frémeaux-Bacchi V, Kavanagh D,
et al. Atypical hemolytic uremic syndrome and C3 glomerulopathy: conclusions from
a "Kidney Disease: Improving Global Outcomes" (KDIGO) Controversies
Conference. Kidney Int. 2017;91(3):539-51.
https://doi.org/10.1016/1.kint.2016.10.005

Sinha A, Gulati A, Saini S, Blanc C, Gupta A, Gurjar BS, et al. Prompt plasma
exchanges and immunosuppressive treatment improves the outcomes of anti-factor H
autoantibody-associated hemolytic uremic syndrome in children. Kidney Int.
2014;85(5):1151-60. https://doi.org/10.1038/ki.2013.373

Raina R, Mangat G, Hong G, Shah R, Nair N, Abboud B, et al. Anti-factor H antibody
and its role in atypical hemolytic uremic syndrome. Front Immunol. 2022;13:931210.
https://doi.org/10.3389/fimmu.2022.931210

Donne RL, Abbs I, Barany P, Elinder CG, Little M, Conlon P, et al. Recurrence of
hemolytic uremic syndrome after live related renal transplantation associated with
subsequent de novo disease in the donor. Am J Kidney Dis. 2002;40(6):E22.
https://doi.org/10.1053/ajkd.2002.36938

Remuzzi G, Ruggenenti P, Codazzi D, Noris M, Caprioli J, Locatelli G, et al.
Combined kidney and liver transplantation for familial haemolytic uraemic syndrome.
Lancet. 2002;359(9318):1671-2. https://doi.org/10.1016/s0140-6736(02)08560-4

Legendre CM, Licht C, Muus P, Greenbaum LA, Babu S, Bedrosian C, et al. Terminal
complement inhibitor eculizumab in atypical hemolytic-uremic syndrome. N Engl J
Med. 2013;368(23):2169-81.

https://doi.org/10.1056/NEJMoa1208981

Rathbone J, Kaltenthaler E, Richards A, Tappenden P, Bessey A, Cantrell A. A
systematic review of eculizumab for atypical haemolytic uraemic syndrome (aHUS).
BMJ Open. 2013;3(11):e003573.

https://doi.org/10.1136/bmjopen-2013-003573

Greenbaum LA, Fila M, Ardissino G, Al-Akash SI, Evans J, Henning P, et al.
Eculizumab is a safe and effective treatment in pediatric patients with atypical
hemolytic uremic syndrome. Kidney Int. 2016;89(3):701-11.
https://doi.org/10.1016/j.kint.2015.11.026

Fakhouri F, Hourmant M, Campistol JM, Cataland SR, Espinosa M, Gaber AO, et al.
Terminal Complement Inhibitor Eculizumab in Adult Patients With Atypical
Hemolytic Uremic Syndrome: A Single-Arm, Open-Label Trial. Am J Kidney Dis.
2016;68(1):84-93.

https://doi.org/10.1053/j.ajkd.2015.12.034

Nishimura J, Yamamoto M, Hayashi S, Ohyashiki K, Ando K, Brodsky AL, et al.
Genetic variants in C5 and poor response to eculizumab. N Engl J Med.
2014;370(7):632-9. https://doi.org/10.1056/NEJMoal311084

77



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

78

Bouwmeester RN, Duineveld C, Wijnsma KL, Bemelman FJ, van der Heijden JW, van
Wijk JAE, et al. Early Eculizumab Withdrawal in Patients With Atypical Hemolytic
Uremic Syndrome in Native Kidneys Is Safe and Cost-Effective: Results of the
CUREiIHUS Study. Kidney Int Rep. 2023;8(1):91-102.
https://doi.org/10.1016/j.ekir.2022.10.013

Noris M, Remuzzi G. Every Fifteen Days Forever? Kidney Int Rep. 2023;8(1):4-7.
https://doi.org/10.1016/j.ekir.2022.11.006

Bagga A, Khandelwal P, Mishra K, Thergaonkar R, Vasudevan A, Sharma J, et al.
Hemolytic uremic syndrome in a developing country: Consensus guidelines. Pediatr
Nephrol. 2019;34(8):1465-82.

https://doi.org/10.1007/s00467-019-04233-7

Heiderscheit AK, Hauer JJ, Smith RJH. C3 glomerulopathy: Understanding an ultra-
rare complement-mediated renal disease. Am J Med Genet C Semin Med Genet.
2022;190(3):344-57. https://doi.org/10.1002/ajmg.c.31986

Wong EKS, Kavanagh D. Diseases of complement dysregulation-an overview. Semin
Immunopathol. 2018;40(1):49-64.
https://doi.org/10.1007/s00281-017-0663-8

Al-Ghaithi B, Chanchlani R, Riedl M, Thorner P, Licht C. C3 Glomerulopathy and
post-infectious glomerulonephritis define a disease spectrum. Pediatr Nephrol.
2016;31(11):2079-86. https://doi.org/10.1007/s00467-015-3311-3

Vivarelli M, van de Kar N, Labbadia R, Diomedi-Camassei F, Thurman JM. A clinical
approach to children with C3 glomerulopathy. Pediatr Nephrol. 2022;37(3):521-35.
https://doi.org/10.1007/s00467-021-05088-7

Savige J, Amos L, Ierino F, Mack HG, Symons RC, Hughes P, et al. Retinal disease
in the C3 glomerulopathies and the risk of impaired vision. Ophthalmic Genet.
2016;37(4):369-76.

https://doi.org/10.3109/13816810.2015.1101777

Misra A, Peethambaram A, Garg A. Clinical features and metabolic and autoimmune
derangements in acquired partial lipodystrophy: report of 35 cases and review of the
literature. Medicine (Baltimore). 2004;83(1):18-34.
https://doi.org/10.1097/01.md.0000111061.69212.59

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;82(4):454-64.
https://doi.org/10.1038/ki.2012.63

Fakhouri F, Le Quintrec M, Frémeaux-Bacchi V. Practical management of C3
glomerulopathy and Ig-mediated MPGN: facts and uncertainties. Kidney Int.
2020;98(5):1135-48.

https://doi.org/10.1016/1.kint.2020.05.053

Fakhouri F, Fremeaux-Bacchi V, Noel LH, Cook HT, Pickering MC. C3
glomerulopathy: a new classification. Nat Rev Nephrol. 2010;6(8):494-9.
https://doi.org/10.1038/nrneph.2010.85




167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Cook HT, Pickering MC. Histopathology of MPGN and C3 glomerulopathies. Nat Rev
Nephrol. 2015;11(1):14-22.

https://doi.org/10.1038/nrneph.2014.217

Sethi S, Fervenza FC. Membranoproliferative Glomerulonephritis — A New Look at
an Old Entity. New England Journal of Medicine. 2012;366(12):1119-31.
https://doi.org/10.1056/NEJMral 108178

Békassy ZD, Kristoffersson AC, Rebetz J, Tati R, Olin Al, Karpman D. Aliskiren
inhibits renin-mediated complement activation. Kidney Int. 2018;94(4):689-700.
https://doi.org/10.1016/j.kint.2018.04.004

Walker PD, Ferrario F, Joh K, Bonsib SM. Dense deposit disease is not a
membranoproliferative glomerulonephritis. Mod Pathol. 2007;20(6):605-16.
https://doi.org/10.1038/modpathol.3800773

Servais A, Frémeaux-Bacchi V, Lequintrec M, Salomon R, Blouin J, Knebelmann B,
et al. Primary glomerulonephritis with isolated C3 deposits: a new entity which shares
common genetic risk factors with haemolytic uraemic syndrome. J Med Genet.
2007;44(3):193-9.

https://doi.org/10.1136/jmg.2006.045328

Iatropoulos P, Noris M, Mele C, Piras R, Valoti E, Bresin E, et al. Complement gene
variants determine the risk of immunoglobulin-associated MPGN and C3
glomerulopathy and predict long-term renal outcome. Mol Immunol. 2016;71:131-42.
https://doi.org/10.1016/].molimm.2016.01.010

Blom AM, Corvillo F, Magda M, Stasitoj¢ G, Nozal P, Pérez-Valdivia M, et al. Testing
the Activity of Complement Convertases in Serum/Plasma for Diagnosis of C4NeF-
Mediated C3 Glomerulonephritis. J Clin Immunol. 2016;36(5):517-27.
https://doi.org/10.1007/s10875-016-0290-5

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;92(5):1232-41.

https://doi.org/10.1016/1.kint.2017.04.017

latropoulos P, Daina E, Curreri M, Piras R, Valoti E, Mele C, et al. Cluster Analysis
Identifies Distinct Pathogenetic Patterns in C3 Glomerulopathies/Immune Complex-
Mediated Membranoproliferative GN. J Am Soc Nephrol. 2018;29(1):283-94.
https://doi.org/10.1681/asn.2017030258

Martin B, Smith RJH. C3 Glomerulopathy. In: Adam MP, Mirzaa GM, Pagon RA,
Wallace SE, Bean LJH, Gripp KW, et al., editors. GeneReviews(®). Seattle (WA):
University of Washington, Seattle; 1993.
https://pubmed.ncbi.nlm.nih.gov/20301598/

Dragon-Durey M-A, Frémeaux-Bacchi V, Loirat C, Blouin J, Niaudet P, Deschenes
G, et al. Heterozygous and Homozygous Factor H Deficiencies Associated with
Hemolytic Uremic Syndrome or Membranoproliferative Glomerulonephritis: Report
and Genetic Analysis of 16 Cases. Journal of the American Society of Nephrology.
2004;15(3):787-95.

https://doi.org/10.1097/01.Asn.0000115702.28859.A7

79



178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

80

Dragon-Durey MA, Fremeaux-Bacchi V, Loirat C, Blouin J, Niaudet P, Deschenes G,
et al. Heterozygous and homozygous factor h deficiencies associated with hemolytic
uremic syndrome or membranoproliferative glomerulonephritis: report and genetic
analysis of 16 cases. J] Am Soc Nephrol. 2004;15(3):787-95.
https://doi.org/10.1097/01.asn.0000115702.28859.a7

Sethi S, Fervenza FC. Membranoproliferative glomerulonephritis--a new look at an
old entity. N Engl J Med. 2012;366(12):1119-31.
https://doi.org/10.1056/NEJMral 108178

Ault BH, Schmidt BZ, Fowler NL, Kashtan CE, Ahmed AE, Vogt BA, et al. Human
factor H deficiency. Mutations in framework cysteine residues and block in H protein
secretion and intracellular catabolism. J Biol Chem. 1997;272(40):25168-75.
https://doi.org/10.1074/jbc.272.40.25168

Levy M, Halbwachs-Mecarelli L, Gubler MC, Kohout G, Bensenouci A, Niaudet P, et
al. H deficiency in two brothers with atypical dense intramembranous deposit disease.
Kidney Int. 1986;30(6):949-56.

https://doi.org/10.1038/ki.1986.278

Nester CM, Smith RJ. Complement inhibition in C3 glomerulopathy. Semin Immunol.
2016;28(3):241-9. https://doi.org/10.1016/.smim.2016.06.002

Martinez-Barricarte R, Heurich M, Valdes-Canedo F, Vazquez-Martul E, Torreira E,
Montes T, et al. Human C3 mutation reveals a mechanism of dense deposit disease
pathogenesis and provides insights into complement activation and regulation. J Clin
Invest. 2010;120(10):3702-12.

https://doi.org/10.1172/JC143343

Imamura H, Konomoto T, Tanaka E, Hisano S, Yoshida Y, Fujimura Y, et al. Familial
C3 glomerulonephritis associated with mutations in the gene for complement factor B.
Nephrol Dial Transplant. 2015;30(5):862-4.

https://doi.org/10.1093/ndt/gfv054

Malik TH, Lavin PJ, Goicoechea de Jorge E, Vernon KA, Rose KL, Patel MP, et al. A
hybrid CFHR3-1 gene causes familial C3 glomerulopathy. J Am Soc Nephrol.
2012;23(7):1155-60. https://doi.org/10.1681/asn.2012020166

Chen Q, Wiesener M, Eberhardt HU, Hartmann A, Uzonyi B, Kirschfink M, et al.
Complement factor H-related hybrid protein deregulates complement in dense deposit
disease. J Clin Invest. 2014;124(1):145-55.

https://doi.org/10.1172/jci71866

Xiao X, Ghossein C, Tortajada A, Zhang Y, Meyer N, Jones M, et al. Familial C3
glomerulonephritis caused by a novel CFHR5-CFHR2 fusion gene. Mol Immunol.
2016;77:89-96. https://doi.org/10.1016/;.molimm.2016.07.007

Togarsimalemath SK, Sethi SK, Duggal R, Le Quintrec M, Jha P, Daniel R, et al. A
novel CFHR1-CFHRS5 hybrid leads to a familial dominant C3 glomerulopathy. Kidney
Int. 2017;92(4):876-87.

https://doi.org/10.1016/].kint.2017.04.025




189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Tortajada A, Yébenes H, Abarrategui-Garrido C, Anter J, Garcia-Fernandez JM,
Martinez-Barricarte R, et al. C3 glomerulopathy-associated CFHR1 mutation alters
FHR oligomerization and complement regulation. J Clin Invest. 2013;123(6):2434-46.
https://doi.org/10.1172/1ci68280

Marquez-Tirado B, Gutiérrez-Tenorio J, Tortajada A, Lucientes Continente L,
Caravaca-Fontan F, Malik TH, et al. Factor H-Related Protein 1 Drives Disease
Susceptibility and Prognosis in C3 Glomerulopathy. J Am Soc Nephrol.
2022;33(6):1137-53. https://doi.org/10.1681/asn.2021101318

Gale DP, de Jorge EG, Cook HT, Martinez-Barricarte R, Hadjisavvas A, McLean AG,
et al. Identification of a mutation in complement factor H-related protein 5 in patients
of Cypriot origin with glomerulonephritis. Lancet. 2010;376(9743):794-801.
https://doi.org/10.1016/S0140-6736(10)60670-8

Ozaltin F, Li B, Rauhauser A, An SW, Soylemezoglu O, Gonul, II, et al. DGKE
variants cause a glomerular microangiopathy that mimics membranoproliferative GN.
J Am Soc Nephrol. 2013;24(3):377-84.
https://doi.org/10.1681/asn.2012090903

Caravaca-Fontan F, Diaz-Encarnacion MM, Lucientes L, Cavero T, Cabello V, Ariceta
G, et al. Mycophenolate Mofetil in C3 Glomerulopathy and Pathogenic Drivers of the
Disease. Clin J] Am Soc Nephrol. 2020;15(9):1287-98.
https://doi.org/10.2215/cjn.15241219

Kurtz KA, Schlueter AJ. Management of membranoproliferative glomerulonephritis
type II with plasmapheresis. J Clin Apher. 2002;17(3):135-7.
https://doi.org/10.1002/jca.10026

Le Quintrec M, Lapeyraque AL, Lionet A, Sellier-Leclerc AL, Delmas Y, Baudouin
V, et al. Patterns of Clinical Response to Eculizumab in Patients With C3
Glomerulopathy. Am J Kidney Dis. 2018;72(1):84-92.
https://doi.org/10.1053/j.ajkd.2017.11.019

Ruggenenti P, Daina E, Gennarini A, Carrara C, Gamba S, Noris M, et al. C5
Convertase Blockade in Membranoproliferative Glomerulonephritis: A Single-Arm
Clinical Trial. Am J Kidney Dis. 2019;74(2):224-38.
https://doi.org/10.1053/j.ajkd.2018.12.046

Schubart A, Flohr S, Junt T, Eder J. Low-molecular weight inhibitors of the alternative
complement pathway. Immunol Rev. 2023;313(1):339-57.
https://doi.org/10.1111/imr.13143

Krystel-Whittemore M, Dileepan KN, Wood JG. Mast Cell: A Multi-Functional
Master Cell. Front Immunol. 2015;6:620.
https://doi.org/10.3389/fimmu.2015.00620

Noris M, Daina E, Remuzzi G. Membranoproliferative glomerulonephritis: no longer
the same disease and may need very different treatment. Nephrology Dialysis
Transplantation. 2021;38(2):283-90.

https://doi.org/10.1093/ndt/gfab281

81



200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

210.

211.

212.

82

Iatropoulos P, Daina E, Curreri M, Piras R, Valoti E, Mele C, et al. Cluster Analysis
Identifies Distinct Pathogenetic Patterns in C3 Glomerulopathies/Immune Complex-
Mediated Membranoproliferative GN. J Am Soc Nephrol. 2018;29(1):283-94.
https://doi.org/10.1681/ASN.2017030258

Bozio CH, Isenhour C, McNamara LA. Characteristics of and meningococcal disease
prevention strategies for commercially insured persons receiving eculizumab in the
United States. PLoS One. 2020;15(11):¢0241989.
https://doi.org/10.1371/journal.pone.0241989

Harris CL. Expanding horizons in complement drug discovery: challenges and
emerging strategies. Semin Immunopathol. 2018;40(1):125-40.
https://doi.org/10.1007/s00281-017-0655-8

Lamers C, Xue X, Smiesko M, van Son H, Wagner B, Berger N, et al. Insight into
mode-of-action and structural determinants of the compstatin family of clinical
complement inhibitors. Nat Commun. 2022;13(1):5519.
https://doi.org/10.1038/s41467-022-33003-7

Gavriilaki E, Brodsky RA. Complementopathies and precision medicine. J Clin Invest.
2020;130(5):2152-63. https://doi.org/10.1172/JC1136094

Zelek WM, Xie L, Morgan BP, Harris CL. Compendium of current complement
therapeutics. Mol Immunol. 2019;114:341-52.
https://doi.org/10.1016/1.molimm.2019.07.030

Vonbrunn E, Buttner-Herold M, Amann K, Daniel C. Complement Inhibition in
Kidney Transplantation: Where Are We Now? BioDrugs. 2023;37(1):5-19.
https://doi.org/10.1007/s40259-022-00567-1

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

Schmidt CQ, Smith RJH. Protein therapeutics and their lessons: Expect the unexpected
when inhibiting the multi-protein cascade of the complement system. Immunol Rev.
2023;313(1):376-401.

https://doi.org/10.1111/imr.13164

Lamers C, Ricklin D, Lambris JD. Complement-targeted therapeutics: An emerging
field enabled by academic drug discovery. Am J Hematol. 2023;98 Suppl 4:S82-s9.
https://doi.org/10.1002/ajh.26875

Skattum L. Analysis of C3 Nephritic Factors by ELISA. Methods Mol Biol.
2019;1901:177-82. https://doi.org/10.1007/978-1-4939-8949-2 13

Rother U. A new screening test for C3 nephritis factor based on a stable cell bound
convertase on sheep erythrocytes. J Immunol Methods. 1982;51(1):101-7.
https://doi.org/10.1016/0022-1759(82)90386-6

Peters DK, Martin A, Weinstein A, Cameron JS, Barratt TM, Ogg CS, et al.
Complement studies in membrano-proliferative glomerulonephritis. Clin Exp
Immunol. 1972;11(3):311-20.

https://pubmed.ncbi.nlm.nih.gov/4625395/




213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

Sjoholm AG. Complement components and complement activation in acute
poststreptococcal ~ glomerulonephritis. Int  Arch  Allergy Appl Immunol.
1979;58(3):274-84. https://doi.org/10.1159/000232203

Richards S, Aziz N, Bale S, Bick D, Das S, Gastier-Foster J, et al. Standards and
guidelines for the interpretation of sequence variants: a joint consensus
recommendation of the American College of Medical Genetics and Genomics and the
Association for Molecular Pathology. Genet Med. 2015;17(5):405-24.
https://doi.org/10.1038/gim.2015.30

Forsgren A, Quie PG. Influence of the alternate complement pathway in opsonization
of several bacterial species. Infect Immun. 1974;10(2):402-4.
https://doi.org/10.1128/iai.10.2.402-404.1974

Platts-Mills TAE, Ishizaka K. Activation of the Alternate Pathway of Human
Complement by Rabbit Cells1. The Journal of Immunology. 1974;113(1):348-58.
https://doi.org/10.4049/jimmunol.113.1.348

Fearon D, Austen K. Activation of the alternative complement pathway with rabbit
erythrocytes by circumvention of the regulatory action of endogenous control proteins.
Journal of Experimental Medicine. 1977;146(1):22-33.
https://doi.org/10.1084/jem.146.1.22

Platts-Mills TA, Ishizaka K. Activation of the alternate pathway of human
complements by rabbit cells. J] Immunol. 1974;113(1):348-58.
https://pubmed.ncbi.nlm.nih.gov/4134064/

Van Dijk H, Rademaker PM, Willers JM. Determination of alternative pathway of
complement activity in mouse serum using rabbit erythrocytes. J Immunol Methods.
1980;36(1):29-39. https://doi.org/10.1016/0022-1759(80)90091-5

Zipfel PF, Mache C, Miiller D, Licht C, Wigger M, Skerka C. DEAP-HUS: deficiency
of CFHR plasma proteins and autoantibody-positive form of hemolytic uremic
syndrome. Pediatr Nephrol. 2010;25(10):2009-19.
https://doi.org/10.1007/s00467-010-1446-9

Zhang Y, Nester CM, Holanda DG, Marsh HC, Hammond RA, Thomas LJ, et al.
Soluble CR1 therapy improves complement regulation in C3 glomerulopathy. J Am
Soc Nephrol. 2013;24(11):1820-9.

https://doi.org/10.1681/asn.2013010045

Hughes AE, Bridgett S, Meng W, Li M, Curcio CA, Stambolian D, et al. Sequence and
Expression of Complement Factor H Gene Cluster Variants and Their Roles in Age-
Related Macular Degeneration Risk. Invest Ophthalmol Vis Sci. 2016;57(6):2763-9.
https://doi.org/10.1167/iovs.15-18744

Kaplan BS, Thomson PD, MacNab GM. Letter: Serum-complement levels in
haemolytic-uraemic syndrome. Lancet. 1973;2(7844):1505-6.
https://doi.org/10.1016/s0140-6736(73)92782-7

Meyers KE, Strife CF, Witzleben C, Kaplan BS. Discordant renal histopathologic
findings and complement profiles in membranoproliferative glomerulonephritis type
II1. Am J Kidney Dis. 1996;28(6):804-10.
https://doi.org/10.1016/s0272-6386(96)90379-0

83



225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

Michael AF, Herdman RC, Fish AJ, Pickering RJ, Vernier RL. Chronic
membranoproliferative glomerulonephritis with hypocomplementemia. Transplant
Proc. 1969;1(4):925-32.

https://pubmed.ncbi.nlm.nih.gov/4107072/

Kremer Hovinga JA, Coppo P, Lammle B, Moake JL, Miyata T, Vanhoorelbeke K.
Thrombotic thrombocytopenic purpura. Nat Rev Dis Primers. 2017;3:17020.
https://doi.org/10.1038/nrdp.2017.20

Lemaire M, Fremeaux-Bacchi V, Schaefer F, Choi M, Tang WH, Le Quintrec M, et
al. Recessive mutations in DGKE cause atypical hemolytic-uremic syndrome. Nat
Genet. 2013;45(5):531-6. https://doi.org/10.1038/ng.2590

Barthel D, Schindler S, Zipfel PF. Plasminogen is a complement inhibitor. J Biol
Chem. 2012;287(22):18831-42.
https://doi.org/10.1074/jbc.M111.323287

Foley JH, Walton BL, Aleman MM, O'Byrne AM, Lei V, Harrasser M, et al.
Complement Activation in Arterial and Venous Thrombosis is Mediated by Plasmin.
EBioMedicine. 2016;5:175-82.

https://doi.org/10.1016/j.ebiom.2016.02.011

Foley JH, Peterson EA, Lei V, Wan LW, Krisinger MJ, Conway EM. Interplay
between fibrinolysis and complement: plasmin cleavage of iC3b modulates immune
responses. J Thromb Haemost. 2015;13(4):610-8.

https://doi.org/10.1111/jth.12837

Kircher M, Witten DM, Jain P, O'Roak BJ, Cooper GM, Shendure J. A general
framework for estimating the relative pathogenicity of human genetic variants. Nature
Genetics. 2014;46(3):310-5. https://doi.org/10.1038/ng.2892

Pandurangan AP, Blundell TL. Prediction of impacts of mutations on protein structure

and interactions: SDM, a statistical approach, and mCSM, using machine learning.
Protein Sci. 2020;29(1):247-57. https://doi.org/10.1002/pro.3774

Gastoldi S, Aiello S, Galbusera M, Breno M, Alberti M, Bresin E, et al. An ex vivo
test to investigate genetic factors conferring susceptibility to atypical haemolytic
uremic syndrome. Front Immunol. 2023;14:1112257.
https://doi.org/10.3389/fimmu.2023.1112257

Noris M, Galbusera M, Gastoldi S, Macor P, Banterla F, Bresin E, et al. Dynamics of
complement activation in aHUS and how to monitor eculizumab therapy. Blood.
2014;124(11):1715-26. https://doi.org/10.1182/blood-2014-02-558296

McRae JL, Cowan PJ, Power DA, Mitchelhill KI, Kemp BE, Morgan BP, et al. Human

factor H-related protein 5 (FHR-5). A new complement-associated protein. J Biol
Chem. 2001;276(9):6747-54. https://doi.org/10.1074/jbc.M007495200

236. Gyapon-Quast F, Goicoechea de Jorge E, Malik T, Wu N, Yu J, Chai W, et al. Defining

84

the Glycosaminoglycan Interactions of Complement Factor H-Related Protein 5. J
Immunol. 2021;207(2):534-41.
https://doi.org/10.4049/jimmunol.2000072




237.

238.

239.

Garam N, Cserhalmi M, Prohédszka Z, Szilagyi A, Veszeli N, Szabo E, et al. FHR-5
Serum Levels and CFHRS Genetic Variations in Patients With Immune Complex-
Mediated Membranoproliferative Glomerulonephritis and C3-Glomerulopathy. Front
Immunol. 2021;12:720183.

https://doi.org/10.3389/fimmu.2021.720183

Medjeral-Thomas NR, Moffitt H, Lomax-Browne HJ, Constantinou N, Cairns T, Cook
HT, et al. Glomerular Complement Factor H-Related Protein 5 (FHRS) Is Highly
Prevalent in C3 Glomerulopathy and Associated With Renal Impairment. Kidney Int
Rep. 2019;4(10):1387-400.

https://doi.org/10.1016/.ekir.2019.06.008

Karpman D, Héglund P. Orphan drug policies and use in pediatric nephrology. Pediatr
Nephrol. 2017;32(1):1-6. https://doi.org/10.1007/s00467-016-3520-4

85









LUN

UNIVERSITY

FACULTY OF
MEDICINE

Faculty of Medicine

Clinical Sciences Lund

Department of Pediatrics

Lund University, Faculty of Medicine
Doctoral Dissertation Series 2023:117
ISBN 978-91-8021-458-2

ISSN 1652-8220

Printed by Media-Tryck, Lund 2023 % NORDIC SWAN ECOLABEL 3041 0903




	Tom sida
	350861_nr5_G5_Sunna.pdf
	Paper I.pdf
	Paper I.pdf
	Factor D Inhibition Blocks Complement Activation Induced by Mutant Factor B Associated With Atypical Hemolytic Uremic Syndrome and Membranoproliferative Glomerulonephritis
	Introduction
	Materials and Methods
	Subjects
	Blood Samples
	Genetic Analysis and Mutation Screening
	Measurement of Anti-Factor B Antibodies
	Mutagenesis
	Transient Transfection
	Determination of Factor B Size by Immunoblotting
	Measurement of Factor B Protein Levels
	Complement Activation on Primary Glomerular Endothelial Cells
	Hemolytic Assays Using Human Sera and Factor B Constructs
	Binding of Factor B Constructs to C3 Measured by Surface Plasmon Resonance
	Factor B Cleavage by Factor D in Solid Phase
	Soluble C5b-9 Measurement
	Statistics

	Results
	Factor B Variants
	Phenotypic Assays of the FB Mutations
	C3 Deposition on Glomerular Endothelial Cells
	Patient Sera Induced Hemolysis of Sheep Red Blood Cells
	Binding of Factor B Constructs to C3b and Formation of the C3 Convertase Determined by Surface Plasmon Resonance

	Effects of Factor D Inhibition
	Factor B Cleavage by the C3 Convertase
	Complement-Mediated Hemolysis of Rabbit Red Blood Cells
	Release of Soluble C5b-9 From Primary Glomerular Endothelial Cells


	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


	Image_1_Factor D Inhibition Blocks Complement Activation Induced by Mutant Factor B Associated With Atypical Hemolytic Uremic Syndrome and Membranopro (2)

	Tom sida
	Paper II.pdf
	Paper II.pdf
	Factor B Mutation in Monozygotic Twins Discordant for Atypical Hemolytic Uremic Syndrome
	Introduction
	Results
	A Family With Hereditary aHUS
	Factor B Variant in the Icelandic Family
	Discordant Phenotype in Monozygotic Twins
	Sheep Red Blood Cell Hemolysis Induced by Serum From the Monozygotic Twins
	Complement Activation Products in the Serum of the Monozygotic Twins
	Complement Activation on Glomerular Endothelial Cells Induced by Serum From the Monozygotic Twins

	Discussion
	Disclosure
	Acknowledgments
	Funding
	Supplementary Material
	References


	Supplementary methods Paper II
	Supplementary methods clean copy
	Revised Supplementary Table S1 clean copy
	Supplementary Table S2


	Tom sida
	Paper II.pdf
	Paper II.pdf
	Factor B Mutation in Monozygotic Twins Discordant for Atypical Hemolytic Uremic Syndrome
	Introduction
	Results
	A Family With Hereditary aHUS
	Factor B Variant in the Icelandic Family
	Discordant Phenotype in Monozygotic Twins
	Sheep Red Blood Cell Hemolysis Induced by Serum From the Monozygotic Twins
	Complement Activation Products in the Serum of the Monozygotic Twins
	Complement Activation on Glomerular Endothelial Cells Induced by Serum From the Monozygotic Twins

	Discussion
	Disclosure
	Acknowledgments
	Funding
	Supplementary Material
	References


	Supplementary methods Paper II
	Supplementary methods clean copy
	Revised Supplementary Table S1 clean copy
	Supplementary Table S2


	Tom sida
	Paper IV.pdf
	PAPER IV.pdf
	Paper IV Figure 1.pdf
	Paper IV Figure 2.pdf
	Paper IV Figure 3.pdf

	Tom sida
	Paper III.pdf
	Genetic investigation of Nordic patients with complement-mediated kidney diseases
	Introduction
	Methods
	Patients
	Genetic analysis
	Data analysis
	Assay of complement and auto-antibodies

	Results
	Genetic variants associated with disease
	Variants in aHUS and C3G
	Genetic variants and the course of disease

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


	Tom sida

	350861_nr8_G5_Sunna.pdf
	Paper I.pdf
	Paper I.pdf
	Factor D Inhibition Blocks Complement Activation Induced by Mutant Factor B Associated With Atypical Hemolytic Uremic Syndrome and Membranoproliferative Glomerulonephritis
	Introduction
	Materials and Methods
	Subjects
	Blood Samples
	Genetic Analysis and Mutation Screening
	Measurement of Anti-Factor B Antibodies
	Mutagenesis
	Transient Transfection
	Determination of Factor B Size by Immunoblotting
	Measurement of Factor B Protein Levels
	Complement Activation on Primary Glomerular Endothelial Cells
	Hemolytic Assays Using Human Sera and Factor B Constructs
	Binding of Factor B Constructs to C3 Measured by Surface Plasmon Resonance
	Factor B Cleavage by Factor D in Solid Phase
	Soluble C5b-9 Measurement
	Statistics

	Results
	Factor B Variants
	Phenotypic Assays of the FB Mutations
	C3 Deposition on Glomerular Endothelial Cells
	Patient Sera Induced Hemolysis of Sheep Red Blood Cells
	Binding of Factor B Constructs to C3b and Formation of the C3 Convertase Determined by Surface Plasmon Resonance

	Effects of Factor D Inhibition
	Factor B Cleavage by the C3 Convertase
	Complement-Mediated Hemolysis of Rabbit Red Blood Cells
	Release of Soluble C5b-9 From Primary Glomerular Endothelial Cells


	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


	Image_1_Factor D Inhibition Blocks Complement Activation Induced by Mutant Factor B Associated With Atypical Hemolytic Uremic Syndrome and Membranopro (2)

	Tom sida
	Paper II.pdf
	Paper II.pdf
	Factor B Mutation in Monozygotic Twins Discordant for Atypical Hemolytic Uremic Syndrome
	Introduction
	Results
	A Family With Hereditary aHUS
	Factor B Variant in the Icelandic Family
	Discordant Phenotype in Monozygotic Twins
	Sheep Red Blood Cell Hemolysis Induced by Serum From the Monozygotic Twins
	Complement Activation Products in the Serum of the Monozygotic Twins
	Complement Activation on Glomerular Endothelial Cells Induced by Serum From the Monozygotic Twins

	Discussion
	Disclosure
	Acknowledgments
	Funding
	Supplementary Material
	References


	Supplementary methods Paper II
	Supplementary methods clean copy
	Revised Supplementary Table S1 clean copy
	Supplementary Table S2


	Tom sida
	Paper II.pdf
	Paper II.pdf
	Factor B Mutation in Monozygotic Twins Discordant for Atypical Hemolytic Uremic Syndrome
	Introduction
	Results
	A Family With Hereditary aHUS
	Factor B Variant in the Icelandic Family
	Discordant Phenotype in Monozygotic Twins
	Sheep Red Blood Cell Hemolysis Induced by Serum From the Monozygotic Twins
	Complement Activation Products in the Serum of the Monozygotic Twins
	Complement Activation on Glomerular Endothelial Cells Induced by Serum From the Monozygotic Twins

	Discussion
	Disclosure
	Acknowledgments
	Funding
	Supplementary Material
	References


	Supplementary methods Paper II
	Supplementary methods clean copy
	Revised Supplementary Table S1 clean copy
	Supplementary Table S2


	Tom sida
	Paper IV.pdf
	PAPER IV.pdf
	Paper IV Figure 1.pdf
	Paper IV Figure 2.pdf
	Paper IV Figure 3.pdf

	Tom sida
	Paper III.pdf
	Genetic investigation of Nordic patients with complement-mediated kidney diseases
	Introduction
	Methods
	Patients
	Genetic analysis
	Data analysis
	Assay of complement and auto-antibodies

	Results
	Genetic variants associated with disease
	Variants in aHUS and C3G
	Genetic variants and the course of disease

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Supplementary material
	References


	Tom sida




