DEVELOPMENT OF IMMUNOASSAYS FOR SPECIFIC
CLASSICAL AND LECTIN PATHWAY ACTIVATION
MARKERS

PhD Thesis for a double Doctor of Philosophy degree under the
Marie Sktodowska-Curie Action European Doctorate Program “CORVOS”

Lisa Hurler

Doctoral School of Theoretical and Translational Medicine
Semmelweis University, Budapest, Hungary
and
Institute of Hygiene and Medical Microbiology,

Medical University of Innsbruck, Innsbruck, Austria

< BUD4
%\«P” _ sy,
z =N 7 :
©, /2 < 5 Vs
m%él.ljgf 2 MEDIZINISCHE
Y rers XS UNIVERSITAT
i INNSBRUCK

Supervisors: Zoltan Prohaszka, MD, DSc

Reinhard Wiirzner, MD, PhD
Official reviewers: Tamas Németh, MD, PhD

Doris Wilflingseder, PhD

Head of the Complex Examination Committee: Alan Alpar, MD, DSc
Members of the Complex Examination Committee: Miklos Kellermayer, MD, DSc

Mihaly Kovécs, DSc

Budapest and Innsbruck

April 2023
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CORVOS

EXPLANATION OF THE DOUBLE DEGREE & DOCTORAL
PROGRAMME CORVOS

' CORVOS, for COmplement Regulation and
CORVOS

COMPLENENY EGULATIN & ARATONS Variations in Opportunistic infectionS is an ambitious
pan-European initiative of 10 European universities,
five research institutes/public health bodies, three biomedical companies and two
hospitals that comprises an interdisciplinary doctoral programme including cross-sectoral
secondments and training in transferable skills. CORVOS is/was funded by the EU Marie
Sktodowska Curie action (MSCA, 860044) from 2019 until 2024.
Thirteen internationally renowned multidisciplinary scientists lead CORVOS and the
plan is that 15 highly motivated Early-Stage-Researchers (ESRs) widely recruited in 2020
and 2021 publicly defend their scientific discoveries in the understanding of the role of

complement in opportunistic infections in 2023 and 2024 (Figure 1).
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Figure 1: CORVOS Secondment Plan.

As inspired alumni, these ESRs will be jointly awarded a "Double PhD degree” from two
European universities and, equipped with entrepreneurial and clinical skills, prepared for their

future careers in a constantly changing society.



EXPLANATION OF THE DOUBLE DEGREE & DOCTORAL PROGRAMME
CORVOS

The ESR HU-1, Lisa Hurler, has

- performed the majority of her scientific work at Semmelweis University, Budapest
under the supervision of Prof. Zoltan Prohaszka (01.03.-02.10.20, and 01.04.-21.11.21,
and 18.12.21-12.06.22, and 10.01-28.02.23);

- stayed for 6 months during her academic secondment at Med. University Innsbruck
under the supervision of Prof. Reinhard Wiirzner (10.07.22-09.01.23),

- did her clinical training at the University Hospital of Helsinki (22.11.-17.12.21),

- her industrial entrepreneurship at Hycult Biotech (13.06.-08.07.22), and

- her industrial secondment at Hycult Biotech (03.10.20-31.03.21).

After a successful defence of her PhD thesis in Budapest, obeying the rules of both
universities, Lisa Hurler will obtain
-a “Double PhD degree” from Semmelweis University Budapest, and
Medical University of Innsbruck
which is summarized and written in a single PhD thesis. Therefore, it is considered as one (!)

degree (one doctorate) issued together by two universities.
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SUMMARY

SUMMARY

Assessing complement activation typically involves measurement of split products
downstream of C3, indicating activation of all three complement pathways. Although C4d
can distinguish CP/LP from AP activation, no validated assays were available
commercially to differ between early classical and early lectin pathway activation.

C1 esterase inhibitor (C1-INH) is tightly regulating classical and lectin pathway
activation via formation of covalent complexes with the respective activated serine
proteases (C1r and C1s for the CP, MASP-1 and MASP-2 for the LP), making C1-INH
complexes promising biomarkers to monitor early CP and LP activation.

Within the scope of this thesis, immunoassays measuring levels of C1s/C1-INH complex
and MASP-1/C1-INH complex in human serum and plasma were therefore developed
and characterized. In in vitro activation experiments, the use of C1-INH complexes as
suitable markers for early classical and early lectin pathway activation was validated, and
the complex levels were analysed in healthy individuals (n = 96) to define a first reference
range. In addition, C1-INH complex levels were investigated in pathological samples of
infectious diseases, where C1-INH complex concentrations were significantly increased
in vivo in COVID-19 (n = 343), and associated with disease severity. Besides that, lectin
pathway activation was mainly independent of the genetic variants of its key pattern
recognition molecule MBL, although SARS-CoV-2 had an effect on MBL levels during
the infection. Furthermore, genetic variations in MBL2 were not associated with
susceptibility to SARS-CoV-2, mortality, or the development of Long COVID.

The C1s/C1-INH and MASP-1/C1-INH complex assays were further validated in a cohort
of sepsis patients (n = 70), where both complexes were significantly increased in the
pathological samples when compared to healthy controls.

In conclusion, it was shown that C1s/C1-INH and MASP-1/C1-INH complexes are
specific biomarkers to measure early classical and early lectin pathway activation,
respectively. Measurement of C1-INH complex levels in the future can thereby provide
valuable information about specific early classical or lectin pathway activation in vitro

and in vivo.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Die Beurteilung von Komplementaktivierung umfasst typischerweise die Messung von
Produkten nach der Spaltung von C3 oder C5, was auf die Aktivierung aller drei
Komplementwege hinweist. Obwohl mittels C4d CP/LP von AP-Aktivierung
unterschieden werden kann, waren keine validierten Assays kommerziell erhiltlich, um
zwischen der Aktivierung des frithen klassischen und des friithen Lektinwegs zu
unterscheiden. C1-Inhibitor (C1-INH) reguliert die Aktivierung des CP und LP durch die
Bildung kovalenter Komplexe mit entsprechenden aktivierten Serinproteasen (C1r und
Cls fur den CP, MASP-1 und MASP-2 fir den LP), was CI1-INH-Komplexe zu
vielversprechenden Biomarkern zur Uberwachung der frithen CP- und LP-Aktivierung
macht.

Aus diesem Grund wurden im Rahmen dieser Arbeit Immunoassays entwickelt und
charakterisiert, die die Messung des C1s/C1-INH-Komplexes und des MASP-1/C1-INH-
Komplexes in menschlichem Serum und Plasma erlauben. In in vitro Aktivierungs-
experimenten wurde die Verwendung von C1-INH-Komplexen als geeignete Marker fiir
frithe klassische und Lektinwegs-Aktivierung validiert, und zur Definition eines ersten
Referenzbereiches die Komplex-Konzentrationen in gesunden Personen (n = 96)
analysiert. Dariiber hinaus wurden die CI1-INH-Komplexspiegel in pathologischen
Proben von Individuen mit Infektionskrankheiten untersucht. Hierbei wurde gezeigt, dass
C1-INH-Komplexkonzentrationen in vivo in COVID-19 (n = 343) signifikant erh6ht und
mit der Schwere der Erkrankung assoziiert waren. Dennoch war die Aktivierung des
Lektinwegs groBtenteils unabhidngig von den genetischen Varianten seines wichtigsten
Pattern Recognition Rezeptors (PRRs) MBL, obwohl SARS-CoV-2 im Laufe der
Infektion einen Einfluss auf die MBL-Spiegel haben kann. Dariiber hinaus waren
genetische Varianten in MBL2 auch nicht mit Suszeptibilitit fir SARS-CoV-2,
Mortalitét, oder der Entwicklung von Long COVID assoziiert. Desweiteren wurden die
neuen Immunoassays in Sepsispatienten (n = 70) validiert, wo Level beider Komplexe in
den pathologischen Proben signifikant erhoht waren.

Zusammenfassend konnte gezeigt werden, dass C1s/C1-INH- und MASP-1/C1-INH-
Komplexe spezifische Biomarker zur Bestimmung der Aktivierung des klassischen bzw.
Lektinwegs sind, und deren Messung in Zukunft wertvolle Informationen iiber die

spezifische Aktivierung der beiden Signalwege in vitro und in vivo liefern kann.
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INTRODUCTION

1 INTRODUCTION

1.1 The Immune System

The immune system comprises two distinct lines of defense: the innate and the adaptive
immunity (see Figure 2), while there is also much interaction between the two of them
1,2).
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Figure 2: Overview of key players and effector functions of the innate and adaptive immune system.
Innate immunity is always present and the main functions are to act as a barrier against pathogens, as well
as to recognize and eliminate damaged cells and pathogens. Later on during an infection, adaptive immunity
develops as a response to invading pathogens, triggered by the activation of lymphocytes. B lymphocytes
expand and secrete antibodies, which are able to neutralize infected cells, activate the complement system
and are involved in phagocytosis. T lymphocytes recognize antigens from antigen-presenting cells, which
leads to the direct killing of infected cells as well as to the release of cytokines, which subsequently
enhances inflammation and activates macrophages, B and T lymphocytes. For more details see chapter 1.1.
Figure created with BioRender.com.

1.1.1 Innate Immunity

Innate immunity, also referred to as native or natural immunity due to its constant
presence without any triggers, is the initial, antibody-independent defense mechanism
against invading pathogens and tissue injury, active in the first few hours of encountering
an infection. It is therefore crucial for host defense before adaptive immunity can develop.
Innate immunity has three major functions: acting as a barrier against invading
microorganisms, detecting damaged cells and pathogens in host tissue via damage-

associated molecular patterns (DAMPSs) and pathogen-associated molecular patterns
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(PAMPs), and eliminating them through various effector functions (reviewed in detail in
(1, 3)).

The humoral arm of the innate immune system is the complement system, which will be
explored in further detail in chapter 1.2. Alongside the humoral immune response, there
is also the cellular part in innate immunity (3). Acting as the primary interface between
the external environment and the host, epithelial barriers serve mainly as a physical
barrier, protecting the skin, respiratory tract, as well as the gastrointestinal tract from the
invasion of external pathogens (4). Besides that, they can produce and secrete
antimicrobial molecules (5) and contain lymphocytes that secrete cytokines, activate
phagocytes, and thereby kill infected cells (4). Additionally, the epithelial barrier, in
conjunction with connective tissues, also contains mast cells that release proinflammatory
cytokines upon tissue injury or infection (6).

Pathogens able to breach epithelial barriers are eliminated through phagocytosis by
phagocytes, which can sense DAMPs and PAMPs through their pattern-recognition
receptors (PRRs) (7). One of the most important pattern recognition receptors of the
innate immune system are toll-like receptors (TLRS) (8). Although there are at least ten
different TLRs in humans, the most profound roles during microbial infections have
TLR4, recognizing mainly LPS, and TLR2, having a very broad range of PAMPs (8).
Activation of TLRs and other PRRs triggers downstream transcriptional stimulation,
ultimately resulting in the expression of several proinflammatory cytokines such as IL-6,
IL-1B, TNF-a, and type I interferons (9). Those specific signals, sent from the site of
infection or injury, recruit phagocytes like neutrophils, dendritic cells (DCs), natural Killer
cells (NKs), and macrophages (10, 11). Neutrophils make up around half of the
circulating leukocytes, and in addition to phagocytosis and the secretion of cytokines,
they were also shown to form neutrophil extracellular traps (NETS), physical barriers
containing DNA and granule proteins, which can trap pathogens (12). Natural Killer cells
primarily destroy viral and bacterial infected cells and secrete IFN-y, which triggers
phagocytosis by macrophages (13). Dendritic cells, located in host tissues, are also
involved in the recognition of invading pathogens via several pattern recognition
receptors (14, 15). Furthermore, DCs serve as a bridge between the innate and adaptive

immune system by presenting antigens to lymphocytes (15, 16).
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1.1.2 Adaptive immunity

Adaptive immunity, also called acquired immunity, develops as a response to infections,
and hence takes several days or weeks to become fully active (17). In contrast to innate
immunity, the adaptive immune response is highly specific (17). As triggers, antigens,
derived from the microbe or altered host-cell, are presented to lymphocytes by antigen-
presenting cells (APCs) and activate them. The most specialized APCs are DCs (15, 18),
but monocytes and macrophages also participate in antigen presentation via major
histocompatibility complex (MHC) I or Il proteins (19). To keep pace with rapidly
increasing pathogen amounts during an infection, lymphocytes undergo clonal expansion,
resulting in an enhanced number of cells deriving from one single clone and hence
expressing identical receptors for the given antigen (17).

There are two major groups of lymphocytes, namely B and T lymphocytes. The latter
(around 80-90 % of lymphocytes circulating in human blood) play a crucial role in cell-
mediated immune response, while B lymphocytes (10-20 %) account for the humoral part
of adaptive immunity (20). When activated, B lymphocytes proliferate and secrete
antibodies recognizing specific antigens (21). Those antibodies help in neutralizing and
eliminating pathogens or their toxins, which are located outside of cells.

On the other hand, T lymphocytes are specifically designed to target infected host cells,
when the pathogens are not accessible for circulating antibodies directly (17). Through
antigen-presentation of infected cells or pathogens in phagocytes, cytotoxic
T lymphocytes (CD8*) recognize them and can thereby immediately Kkill infected
cells (22). Besides that, activation of helper T lymphocytes (CD4") results in the release
of cytokines, which not only triggers inflammation but also activates macrophages,
further strengthening the immune response (23). Additionally, proliferation and
differentiation of other T and B lymphocytes can also be triggered or suppressed by
regulatory T lymphocytes (24). Besides the development of a specific response towards
antigens, the adaptive immune system is also in charge of the generation of an
immunologic memory. Long-lived memory B and T cells develop upon first contact with
an antigen, and can be activated rapidly when the host is challenged with the same
pathogen in the future, which enables a very quick and robust immune response (25). The
release of specific antibodies can also give rise to the activation of the complement

system, as described below.
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1.2 Overview of the Complement System and its Biological Roles

The complement system is an important player of the immune system in the interface
between innate and adaptive immunity, and acts as a first-line defence in the elimination
of invading pathogens, circulating immune complexes and apoptotic cells. It is composed
of more than 50 plasma proteins, mainly expressed in the liver (26, 27). While most of
those proteins circulate in an inactive (zymogen) form, the system acts in a cascade-like
manner and can be activated via three different pathways: the classical (CP), the
lectin (LP) and the alternative pathway (AP) (reviewed in (28-31)). An overview of the
three different pathways, ultimately converging in the common terminal pathway (TP), is
displayed in Figure 3. The different steps thereof are discussed in the following chapters.
Activation of all three pathways results in the formation of a C3 convertase, able to cleave
C3 into C3a and C3b. C3a acts as an anaphylatoxin and mediates inflammation, while
C3b binds to target structures, initially triggering complement activation (32). C3b-
opsonized structures are recognized by complement receptor 1 (CR1), expressed on
erythrocytes, and subsequently transported to the liver for phagocytosis. Additionally,
C3b can also bind to the C3 convertase, leading to the formation of the
C5 convertase (33). The C5 convertase is responsible for cleaving C5 into C5a and C5b.
Similar to the C3 split products, C5a is an anaphylatoxin recruiting phagocytes to the site
of inflammation, while C5b binds non-covalently to target structures, initiating the
terminal complement pathway. The complement components C6, C7, C8, and C9 then
associate with the bound C5b, ultimately leading to the assembly of the terminal
complement complex (TCC/C5b-9) (34). Called the membrane attack complex (MAC
complex) when formed on a target membrane, C5b-9 is generating a pore able to
osmotically lyse or opsonize the targeted cell (35).

Initially, the complement system was discovered for its capability to lyse cell membranes
upon pathogen recognition via PAMPs (36). Nevertheless, protection against invading
microbes via opsonisation and lytic Killing is not the only biological function of the
complement system. While the targeting of modified host cells is happening through the
recognition of DAMPs, the complement system can furthermore distinguish between self

and non-self and clear the host from damaged self-structures (37).
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Figure 3: Overview of the complement system. For explanations and further details see chapters 1.2.1,
1.2.2 and 1.2.3. Commercially available assays measuring complement activation products are highlighted
on the figure. Figure created with BioRender.com. Figure taken and adapted with permission from
Hurler et al. (38), under the terms of the Creative Commons Attribution License (CC BY),
https://creativecommons.org/licenses/by/4.0/.
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Additionally, anaphylatoxins such as C3a and Cb5a act as chemoattractants to recruit
neutrophils (39), mast cells (40), as well as activated T and B lymphocytes (41, 42) to the
site of inflammation, thereby bridging innate and adaptive immune responses. When it
comes to tissue homeostasis, the complement system can control tissue differentiation as
well as regeneration (43, 44). Some functions only discovered in recent years are the
participation in the regulation of reproduction and pregnancy (45) and the involvement in
aging via the Wnt signaling pathway (46). Recently, the complement system has also been
linked to different pathological conditions, such as neurodegenerative diseases (47) and
cancer (48, 49).

1.2.1 The Alternative Pathway (and its Regulation)

The alternative pathway is the most abundant pathway under physiological circumstances
and was originally discovered in the 1950s by Pillemer et al. (50). Unlike the classical
and lectin pathways, which are activated through specific interactions between either two
proteins or proteins and carbohydrates (for the detailed mechanism see chapters 1.2.2 and
1.2.3), the alternative pathway is activated through spontaneous hydrolysis of C3, also
called the ,tickover mechanism” (51, 52). This autoactivation causes conformational
changes in C3, leading to the formation of the bioactive form C3(H20) (53). The altered
C3 associates with Factor B (FB), followed by conformational changes in FB. The
substrate is then cleaved by the serine protease Factor D (FD), leading to the two split
fragments Ba and Bb (54). The latter stays associated with the C3 complex, forming the
fluid phase C3 convertase C3(H20)Bb, which can cleave additional C3 molecules into
C3a and C3b (55-57). Generated C3b does associate with Factor B, thereby increasing
the amount of C3 convertase. This effect is further enhanced by properdin, which
stabilizes the protein-protein interactions (58).

Besides the spontaneous activation through hydrolysis, the alternative pathway can also
act as an ,,amplification loop”, activated through fixed C3b generated during CP or LP
activation (59). Downstream activation occurs similar to the just described tickover
mechanism through binding of Factor B to C3b and enhancement of the alternative C3
convertase concentration (60).

Although the C3 convertase irreversibly decays within minutes after formation (61), huge

amounts of C3b can still be generated during the short life-span, which could cause
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damage to host cells. To prevent this, membrane-associated regulators are specifically
important in protecting unaltered host cells from being targeted by the complement
system and in keeping complement activation in check (62).

The decay-accelerating factor (DAF, CD55) dissociates the C3 convertase by binding to
C4b and C3b fragments (63, 64). The membrane cofactor protein (MCP, CD46), on the
other hand, decreases AP activation by degrading C3b/C4b in the presence of factor | (FI),
a fluid phase regulator, as a cofactor (65, 66). Furthermore, complement receptor 1 (CR1,
CD35) acts as a cofactor for these two regulators and can also lead to dissociation of the
convertase (67), while CD59 acts on the terminal pathway by preventing the formation
of the MAC complex through binding to C8 and C9 (68, 69).

Whereas membrane-associated regulators only protect the host cells, soluble regulators
are additionally effective against invading pathogens. Factor I (FI) for instance is able to
cleave C3b into an inactive form (iC3b), where the cleavage rate can further be enhanced
by factor H (FH) (70). FH, the most important regulator of the alternative pathway, has
an important role in marking self surfaces via glycan markers in order to avoid
complement activation (71). Additionally, it can stimulate fragment Bb to dissociate from
C3 convertases, slowing down the consumption of C3 and de novo generation of AP
C3 convertases (72). Similarly, classical C3 convertases can be dissociated into C2b and
C4b through the C4 binding protein (C4BP) (73, 74). Further down in the cascade, MAC
assembly on target membranes can be prevented through the binding of clusterin or
vitronectin (75, 76).
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1.2.2 The Classical Pathway (and its Association with Immune Complexes)

The classical pathway is mainly activated through the binding of its sole pattern
recognition molecule Clq to the Fc-region of IgG- or IgM-containing circulating
antibody-antigen complexes. Of note, only antibodies associated with antigens give rise
to CP activation, while circulating free antibodies cannot activate the classical pathway
due to reduced affinity to C1q (77). Besides that, there are significant differences in the
capability to activate complement between different immunoglobulin isotypes (78).
Whereas classical pathway activation is highest by IgG1, 1IgG3 and IgM are also very
effectively fixing complement. Weak complement activation is observed by 1gG2, while
IgG4 and other immunoglobulins (IgA, IgE, IgD) are not able to activate the classical
pathway (78).

Immune-complex independent activation is also possible through direct interaction
between Clqg and acute phase proteins such as the C-reactive protein (CRP), serum
amyloid P component (SAP) or Pentraxin 3 (PTX3) (79-83). Additionally, C1q was also
shown to directly bind to lipopolysaccharides on the surface of bacteria (84), surface
proteins from viruses such as EBV and HIV-1 (85), and apoptotic cells (86, 87).

Clg, which is mainly produced extra-hepatically by monocytes, macrophages, and
dendritic cells (88, 89), is a hexameric molecule. Each subunit of C1q is consisting of
polypeptide chains A, B and C, encoded by C1QA, C1QB and C1QC, respectively (90).

The pattern recognition molecule is associated with complement components C1r and
Cls in a calcium-dependent manner, making up the C1 complex (ClgC1lr.C1lsy),
comprising of one C1q and two pairs of serine proteases C1r and C1s (91). Binding of
the C1q globular heads to a target surface or an activating agent causes structural changes
in the Clq, allowing activation of the serine protease domain of C1r through auto-
cleavage (92, 93). Active Clr (C1r’) is then able to activate zymogen C1s, followed by
proteolytic cleavage of C4 and C2, formation of the classical C3 convertase (C4b2b), and

complement activation downstream of C3, as illustrated in Figure 3.
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1.2.3 The Lectin Pathway (and its Key Pattern Recognition Molecule MBL)

The lectin pathway was only discovered in 1987 and shows high similarities with the
classical pathway (94). However, in contrast to the classical pathway, lectin pathway
activation can occur through a variety of pattern-recognition molecules, including
collectins mannan-binding lectin (MBL), collectin-10 and collectin-11, as well as ficolins
(ficolin-1, ficolin-2 and ficolin-3) (94-97). Those pattern-recognition molecules are
associated with MBL-associated serine proteases (MASP-1 to -3), the small MBL-
associated protein (SMAP or MAp19) (98), and the MBL/ficolin-associated protein-1
(MAP-1/MAp44) (99, 100). After recognition of foreign carbohydrate structures or acetyl
groups on the surface of pathogens such as bacteria, viruses, or funghi, zymogen
MASP-1 can autoactivate and subsequently cleave MASP-2 (101). While active
MASP-2 (MASP-2’) can cleave both C4 and C2, active MASP-1 (MASP-1") is only able
to cleave C2 of the central complement components (102). Nevertheless, MASP-1’ is
converting zymogen MASP-2, thereby further enhancing the proteolytic cleavage of C2
and C4, C3 convertase formation and downstream complement activation (103, 104).
MASP-3, MAp19 and MAp44, resulting from alternative splicing of MASP1 and
MASP2 (98, 99), are not capable to directly activate the lectin pathway. While MASP-3
is speculated to play a role in alternative pathway initiation through activation of Factor
B and D (105), the two non-enzymatic proteins MAp19 and MAp44 are proposed to have
a regulatory role during lectin pathway activation (99, 100, 106), although still
debated (98).

The key pattern recognition molecule of the lectin pathway is mannan-binding lectin
(MBL). MBL acts as an acute phase protein (107) and belongs to the collectin
family (108). In accordance with other pattern recognition molecules of the complement
system, MBL is a multimeric protein, consisting of identical polypeptide chains (108).
The single polypeptide chains comprise of a cystein-rich crosslinking region, a collagen-
like region, a short hydrophobic neck region and a C-terminal, Ca?*-dependent
carbohydrate-recognition domain (see Figure 4A) (109).

The protein is encoded by the MBL2 gene located on chromosome 10g11.2-p21, and the
functional concentration of MBL in serum is mainly determined genetically. The MBL2
gene consists of four exons (see Figure 4B) and may contain several promoter and

structural gene polymorphisms (reviewed in (109-111)).
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Figure 4: Overview of MBL protein subunits and MBL2 gene structure. (A) Overview of MBL protein
subunits, consisting of single polypeptides, combined to trimers and finally to oligomers (mostly hexamers).
(B) Overview of the MBL2 gene, comprising of 4 exons. Locations of the 6 common SNPs are indicated in
the gene structure in grey circles. The exons contains untranslated regions (yellow), a signal peptide (green),
a cystein-rich crosslinking region (red), a collagen-like region (blue), a short hydrophobic neck region
(grey), as well as the carbohydrate recognition domain (orange). Figure created with BioRender.com and
partially taken with permission from supplementary material of Hurler et al. (112), under the terms of the
Creative Commons Attribution License (CC BY), https://creativecommons.org/licenses/by/4.0/.
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In the first exon of MBL2, three missense polymorphisms in codons 54 (Gly54Asp;
rs1800450; variant allele B), 57 (Gly57Glu; rs1800451; variant allele C) and
52 (Arg52Cys; rs5030737; variant allele D) are described (113-115). While the wildtype
is termed allele A, the variant alleles are named B, C, or D, respectively. These variant
alleles (B, C, and D) are often combined and referred to as allele 0. In all variant alleles,
functional MBL concentrations and lectin pathway activity are decreased, caused by
changes in the collagen-like domain structure due to amino acid substitutions and
therefore diminished stability of higher-order oligomers. In addition to the three exonic
single nucleotide polymorphisms (SNPs), three polymorphisms of the promoter/5’-UTR
region (-550C/G: L/H, rs11003125; -221G/C: Y/X, rs7096206; +4C/T: P/Q, rs7095891)
are common, which can also have an effect on MBL levels. There is a strong linkage
disequilibrium, leading to seven common haplotypes with high (HYPA, LYQA),
intermediate (LYPA), low (LXPA) or deficient (LYPB, HYPD, LYQC) functional

activity (109-111). An overview of the six common SNPs is provided in Table 1.

Table 1: Overview of the six common MBL2 single nucleotide polymorphisms. Table
taken with permission from supplementary material of Hurler et al. (112).

SNP GENE RS ID CHROMOSOME AMINO ACID
POSITION POSITION SUBSTITUTION
X—-=Y promoter rs7096206 chr10:52771925:G:C
A—B exon 1 rs1800450 chrl0:52771475:.C:T Gly54Asp
A—C exon 1 rs1800451 chrl0:52771466:C:T Gly57Glu
A—D exon 1 rs5030737 chrl0:52771482:G:A Arg52Cys
H—-L promoter rs11003125  chrl10:52772254:G:C
P—-Q 5’ UTR rs7095891 chrl0:52771701:G:A

Combination of low or deficient haplotypes (XA/0 and 0/0) results in functional MBL
deficiency, which is defined as either MBL protein levels < 500 ng/mL (116) or MBL
function < 0.2 U/uL, as measured by C4b deposition (117). MBL deficiency, accounting
for around 10-30% of the general population, is one of the most prevalent
immunodeficiencies, and was associated with a higher susceptibility to infections,

particularly in immunocompromised individuals and during childhood (118).
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1.2.4 Serine Proteases of the CP and LP Pathway

As described before, the classical and the lectin pathway require activation of pathway-
specific serine proteases. The general modular structure of such proteases is demonstrated
in Figure 5.

activation cleavage

S-S
3]
EGF( CuB2 ) CCP1 | CCP2 Serine Protease

A-chain / heavy chain B-chain / light chain

Figure 5: Domain organization of CP and LP serine proteases. Serine proteases of the classical (C1r
and C1s) and the lectin pathway (MASP-1 and MASP-2) consist of six different domains: two CUB
domains (CUB1 and CUB2) enclosing one EGF-like region, complement control protein 1 and 2 (CCP1
and CCP2), as well as the catalytically active serine protease (SP) domain at the C-terminus. The proteases
are organized in a heavy/A-chain, as well as a light/B-chain. Abbreviations: CUB, complement C1r/C1s,
Uegf, Bmpl; EGF, epidermal-growth factor; CCP, complement control protein. Figure created with
BioRender.com.

Common components of the serine proteases are two Ca?*-binding ‘complement C11/C1s,
Uegf, Bmp1’ (CUB) domains (119) enclosing an Ca?*-binding epidermal-growth factor
(EGF)-like domain (120) at the N-terminal site, which enables binding of pattern
recognition molecules such as C1q or MBL. This N-terminal region is followed by the
two complement control protein (CCP1 and CCP2) domains (121) and a chymotrypsin-
like serine protease domain at the C-terminal end (122).

The proteases are synthesized as polypeptides and are made up of two chains
(A-/heavy chain and B-/light chain), which are held together by a disulfid bridge under
physiological conditions. Once the respective pathways are activated, the zymogen
proteases are cleaved on specific activation cleavage sites, followed by C4 and C2

cleavage and the formation of the C3 convertase as discussed before.
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1.2.5 Regulation of CP and LP Activation by C1-INH and Formation of C1-INH
Complexes

Both, the classical (C1lr and C1s) as well as the lectin pathway serine proteases
(MASP-1 and MASP-2) are tightly regulated by the C1 esterase inhibitor (C1-INH).
Whereas the lectin pathway can also be controlled by additional regulators, C1-INH is
the only known molecule able to inhibit classical pathway activation (123). C1 esterase
inhibitor is a highly glycosylated protein primarily expressed in the liver (124). The
protein is encoded by SERPING1 and organized into a C-terminal serpin domain,
responsible for the inhibition of serine proteases, and an N-terminal domain, whose
function is not yet fully understood (125-127). Nonetheless, studies suggest that the N-
terminal domain may be involved in protein folding and processing (128) or in altering
the affinity between serine proteases Clr and Cls and the C1q upon binding of
C1-INH (126). Next to its role in complement regulation, C1-INH also has profound roles
in the regulation of the coagulation, the contact, as well as the fibrinolytic system (129),

as summarized in Table 2.

Table 2: Overview of biological systems regulated by C1-INH.

INHIBITION BY
CLINH TARGET PROTEASES RESULTS REF.
COMPLEMENT Clr, Cis Classical pathway (130, 131)
SYSTEM inhibition (only
known inhibitor)
MASP-1, MASP-2 Lectin pathway (132, 133)
inhibition
CONTACT Plasma kallikrein, Factor Primary regulator of  (134-136)
SYSTEM Xlla (FXIla) the contact system
COAGULATION Thrombin, Inhibition of blood (137)
SYSTEM Factor XI (FXI) coagulation
FIBRINOLYTIC Tissue plasminogen activator ~ Regulation of (136, 138)
SYSTEM (tPA), plasmin fibrinolysis
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During classical pathway regulation, C1-INH can covalently bind to the catalytic centers
of either activated C1r or Cls (139). Besides that, binding can also occur to either
MASP-1’ or MASP-2’ in the MBL/ficolin/collectin complexes of the lectin pathway in a
similar manner. Binding of C1-INH blocks the function of the serine proteases and hence
limits consumption of C4 and C2 (140). Regulation of complement activation by C1-INH
(with CP regulation as an example) is illustrated in Figure 6. Covalent binding of C1-INH
leads to a dissociation of the C1 complex, releasing covalent C1s/C1-INH and C1r/C1-
INH complexes as well as free C1q (141). The regulation of the lectin pathway works in
a similar way (132), while MASP-1/C1-INH and MASP-2/C1-INH complexes are
released.

Shortly after release into the circulation, the low density lipoprotein receptor-related
protein (LRP) is internalizing and degrading the newly generated C1-INH
complexes (142).

free C1q C1- 'NH

complexes
Wl t Lo

s Ca) } C1s/C1-INH
complex

Figure 6: Proposed mechanism of C1-INH complex formation during regulation of classical and
lectin pathway activation(with CP regulation as an example). After binding of C1q to an activating target,
the PRM-associated serine proteases (CP: C1r and C1s, LP: MASP-1 and MASP-2) are activated, allowing
downstream complement activation. Circulating C1-INH can covalently bind to the active serine proteases,
which then prevents further complement activation. Upon binding of C1-INH, the C1 complex dissociates
and releases free Clg, C1r/C1-INH and C1s/C1-INH complexes. Similarly, during lectin pathway
regulation, MASP-1/C1-INH and MASP-2/C1-INH complexes are released. Abbreviations: Clr’, active
Clr; Cls’, active Cls; C1-INH, C1 esterase inhibitor. Figure created with BioRender.com. Figure taken
and adapted with permission from Hurler et al. (38), under the terms of the Creative Commons Attribution
License (CC BY), https://creativecommons.org/licenses/by/4.0/.
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1.3 Complement Activation in Disease

1.3.1 Overview of Diseases Associated with Complement Dysregulation and
Activation

The complement system plays a vital role in the immune response, but when it is not

functioning properly, it can lead to various diseases. Alterations in the complement

system can be caused by a wide range of factors such as infections, autoimmune diseases,

or deficiencies in complement components. Some common examples for complement-

associated diseases or conditions are listed in Table 3.

Table 3: Common diseases and conditions associated with altered complement
protein levels or function.

DISEASE DISEASE MECHANISM ALTERED REF.

PRESENTATION COMPLEMENT
Atypical microangiopathic Genetic variants  CP activity W (143,
hemolytic hemolytic anemia, in complement AP activity W 144)
uremic thrombocytopenia, genes (C3, CFB, C3W¥
syndrome and renal impairment CFH, CFHR, SC5b-9
(aHUs) CFIl, CD46)
Glomerular Various presentations  autoantibodies C3v (145)
dieseases ranging from (C3NeF) C3anp

asymptomatic to preventing AP Chanp

severe illness, finally  regulation, sC5b-9 N

resulting in renal Genetic variants  glomerular

failure (C3,CFB CFH,  deposits of

CFI) complement

Hereditary Recurrent attacks of ~ Genetic variants ~ C1-INH antigenV  (146)
Angioedema severe swelling in C1-INH C1-INH
(HAE) functionW
Rheumatoid Synovial Autoantibodies ~ C2 (147)
Arthritis inflammation and against antigens  C3a A\
(RA) swelling, followed by in the joint C3d

cartilage and bone C4d

destruction SC5b-9 N
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While the list of diseases associated with complement abnormalities/changes is constantly

getting longer, only a few infectious diseases will be discussed in the scope of this thesis

more in detail, namely COVID-19 and Sepsis.
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1.3.2 Complement and COVID-19

The novel coronavirus, officially named Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2), is responsible for coronavirus disease 2019 (COVID-19).
The virus is a single-stranded RNA virus and belongs to the family of Coronaviridae,
capable of causing disease in animal species and humans (151). The virus was first
described in December 2019 in Wuhan, a city located in the Hubei province of China,
followed by a rapid spread worldwide (152). The resulting pandemic caused more than
762 million registered COVID-19 cases, and a total of over 6.8 million deaths globally as
of April 2023 (153).

The clinical presentation of SARS-CoV-2 infections can be highly heterogenous, ranging
from an asymptomatic disease course to mild flu-like symptoms to severe respiratory
failure with acute respiratory distress syndrome (ARDS) and even death (154).

The virus can enter the human body through interaction of the viral spike (S) protein with
the host receptor angiotensin-converting enzyme 2 (ACE?2), highly expressed on alveolar
lung epithelial cells (155). Upon binding, the transmembrane serine protease TMPRSS2
is able to cleave the spike protein, thereby allowing fusion of the virus and host lipid
bilayers (156). Once inside the host cell, SARS-CoV-2 is able to directly start producing
viral proteins and virus replication. This process also activates innate immunity, leading
to the production of IFNs and subsequently the release of proinflammatory cytokines,
such as IL-1, IL-6, IL-8 and TNF (157).

The complement system is also a major defense mechanism against viruses, and previous
outbreaks of coronaviruses such as SARS-CoV in 2002/2003, as well as Middle East
respiratory syndrome coronavirus (MERS-CoV) in 2012, have shown complement
activation and dysregulation being associated with the disease course (158-160). Thus,
extensive research regarding complement activation and dysregulation in COVID-19
started soon after SARS-CoV-2 was discovered.

As known today, the complement system can be activated via all three pathways upon

infection with SARS-CoV-2, as summarized in Figure 7.
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Figure 7: Overview of currently known complement involvement and targeting in COVID-19. Lectin
pathway activation in COVID-19 can occur through direct interaction of viral proteins (spike (S) and
nucelocapsid (N) with MBL. Besides that, binding of MBL is also suggested to inhibit viral entry into the
cells. The classical pathway is activated through acute phase proteins, while later on CP activation can also
occur thorugh anti SARS-CoV-2 antibody antigen complexes, following formation of the C3 convertase
and downstream complement activation. This can further be enhanced by the alternative pathway, while
the AP was also shown to directly be activated through the virus, where SARS-CoV-2 spike protein can
bind to heparan sulfat and thereby inhibiting Factor H. Subsequently the AP cannot be regulated by Factor
H anymore, resulting in over-activation of the complement system. Complement activation can result in
the release of cytokines, recruitment and activation of B and T cells, activation of endothelial cells and the
activation of coagulation and thromboinflammation. Complement inhibitors used in clinical studies in
COVID-19 are indicated next to their target proteins in red. Figure created with BioRender.com.

Directly after an infection, the lectin pathway is activated through direct binding of MBL
or other LP PRMs to viral proteins or surface structures (161, 162). Later in the disease
course, C1q can bind to circulating SARS-CoV-2 specific 1gG or IgM antibody-antigen
complexes, leading to the activation of the classical pathway (163, 164). Besides that,

classical pathway activation can further be enhanced by acute phase proteins such as CRP
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and PTX3, which have both been shown to be elevated in COVID-19 (165, 166). Last,
but not least, the alternative pathway can either act as an amplification loop for LP and
CP activation, or AP activation can further be increased through the competition of
factor H and SARS-CoV-2 for heparan sulfate binding sites (164, 167, 168).

Although several studies investigated complement activation in COVID-19, there is still
much uncertainty regarding how SARS-CoV-2 infection leads to complement over-
activation and how exactly complement participates in the pathology of COVID-109.

In initial studies, which mainly focused on the lectin pathway due to previous findings in
other coronaviruses (158, 159), researchers could show deposition of LP- and TP-
associated proteins such as MBL, MASP-2, C4d, and C5b-9 in lungs and kidneys of
SARS-CoV-2 infected patients (169-171). While others could also see deposition of C4d
and C5b-9 in lung tissue of COVID-19 patients (164), they could further detect deposits
of classical pathway initiator C1q, IgG and IgM, as well as alternative pathway proteins
C3d and Factor H, strongly suggesting activation of all three complement pathways.
Besides that, high levels of circulating anaphylatoxins C3a and Cb5a, as well as the
terminal activation fragment sC5b-9, were not only found in COVID-19 patients, but also
correlated significantly with disease severity (163, 172, 173).

After all this evidence pointed towards involvement of all three complement pathways in
the disease progression of severe COVID-19, the aim was therefore to utilize the new
C1-INH complex assays in a first proof-of-concept study, showing that C1s/C1-INH and
MASP-1/C1-INH complex levels are also increased in vivo during SARS-CoV-2
infections. The new C1-INH complex assays, in combination with several other
complement measurements, might shed further light on complement activation in
COVID-19. During the investigations, a special focus was placed on the genetic
background of the key pattern recognition molecule of the lectin pathway, MBL, and
potential associations of MBL2 genetic variations with disease severity and outcome
(development of Long COVID and COVID-19 related mortality).
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1.3.3 Complement Activation in Sepsis

Sepsis, organ dysfunction caused by dysregulated immune responses due to infections, is
a leading cause of death worldwide, with an incidence rate between 270-437/100.000
persons per year (174). Clinical presentation of sepsis is very divers and depends on the
underlying cause as well as of the host’s immune response. Common symptoms include
fever, hypotension, fast breathing, as well as mental implications, such as loss of
consciousness, confusion, dizziness or fainting (175, 176). If not diagnosed and treated
in time, sepsis can progress to multiple organ dysfunction (severe sepsis) or even
death (177).

While complement is involved in the clearance of invading pathogens, complement
activation has also been shown to be harmful in the course of sepsis, followed by
multiorgan failure (178). Several studies showed a more profound role of complement
activation in patients deceased from sepsis compared to sepsis survivors (179, 180). With
respect to the pathways involved in sepsis, most complement studies focus on C3 split
products such as C3a, C3b and C3d, and Cb5a, generated by all three complement
pathways (181-184). Systemic levels of C3a, C5a as well as sC5b-9 were found to be
increased in septic patients, while the hemolytic activity of the classical pathway was
shown to be reduced (180, 184, 185). Besides that, in animal studies C47~, C3™~ and
immunoglobulin-deficient mice were shown to be more sensitive to endotoxin when
compared to wildtype mice, indicating contribution of the classical pathway in endotoxin
clearance (186, 187). However, lectin pathway activation probably has the most profound
role in sepsis, in combination with AP amplification (188). Activation of the LP, caused
by direct interactions between MBL and glycosylated residues on the pathogen surfaces
or by the release of LPS from gram-negative bacteria into the circulation, was shown to
be associated with rapid shock in mice (189). On the other hand, C3 and Factor B levels
were suggested as prognostic markers for survival in septic shock patients, indicating
participation of the alternative pathway in sepsis development (190).

Measurement of C1-INH complexes might help to uncover complement activation in
sepsis, as well as serve as an additional proof-of-concept study for the new immunoassays

in vivo.
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1.4 Complement Testing

Since complement is getting more and more important in many different diseases
(see Table 3), one aspect that is also getting more attention is the testing of complement.
There are several different ways of how the complement system, or components thereof,

can be analysed, which will be described in the following chapters.

1.4.1 Measurement of Complement Protein Levels

A decrease of given complement components indicates activation and hence consumption
of the respective proteins. Methods widely used to quantify proteins such as C3, C4, C5,
C1-INH or FB are nephelometry or turbidimetry (191). Through the addition of polyconal
antibodies, targeting the protein of interest, to a patients sample, immune complexes are
formed that will alter the detection of light beams passing through the samples.
Measurement of the intensity of scattered light (nephelometry) or the intensity of
transmitted light (turbidimetry) in a detector will provide information about the protein
concentration (191).

Another method widely used is radial immunodiffusion, also known as the Mancini
technique (192). Here, antibodies against the protein to be measured are added to agar
and the mixture is poured onto glass slides. Standard and samples are added and incubated
for 24-72 h, while antigens can diffuse out of the wells and percipitate after immune
complex formation with the antibodies in the agar, leading to the formation of rings
surrounding the wells. The more antigen is present in the samples, the wider the formed
ring will be (192). A modification thereof is the Ouchterlony method (double
immunodiffusion), where antibodies are not included in the agar gel, but in neighboring
wells instead (193). Through the diffusion of the antigen to be measured and the antibody,
precipitation occurs at the point of antibody-antigen equivalence (14, 193). This method
also allows the comparison of different antibody-antigen combinations.

Furthermore, complement proteins can also be quantified using immunoelectrophoresis,
a combination between electrophoresis and immunoprecipitation (194). First, serum
proteins are seperated according to size and charge in agar gel using electrophoresis,
before an antibody-containing solution is added, leading to diffusion of antibody and

antigen into the gel and the formation of immunoprecipitation (194).
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Semi-quantitative measurements can be done using Western Blot or immunostaining.

Additional methods quantifying individual complement components are FACS, ELISAs

for specific components and complement deposition assays (195, 196). A comparison of

different techniques is shown in Table 4.

Table 4: Comparison of different methods used in complement diagnostics.

METHOD

ADVANTAGES

DISADVANTAGES

Radial

immunodiffusion
Double
immunodiffusion

Turbidimetry/
Nephelometry

ELISA

Western Blot

very few equipment
simple and specific
robust

very few equipment
very specific

very high sensitivity
fast

automation possible

most commonly
employed immuno-
precipitation method in
complement analysis
high sensitivity
automation possible
diverse applications
simultaneous
visualization of proteins
and activation

fragments/complexes

long reaction times

long reaction times
potentially low sensitivity
high costs for equipment and
reagents

hard to set up
particles/molecules can
impair measurement

(e.g. lipemic samples)
relatively time-consuming
usage of 2 antibodies can be
problematic, especially when
detecting small molecules
(targeting of 2 different
epitopes)

sometimes too sensitive
labor-intensive

not suitable for clinical
practice (automation
difficult)

Some upcoming methods of the recent years are multiplex assays, allowing quantification

of several complement components in a single run either by flow-based laser detection or

by magnetic beads (197), or mass spectrometry based methods (198, 199).
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1.4.2 Functional Testing of Complement

Traditionally, hemolytic assays are performed in order to aquire information about the
functional activity of the classical and the alternative pathway. Those functional tests are
specifically valuable to gain information about potential deficiencies of complement
components. Hemolytic functionality tests are still based on the original protocols for
measuring CP functionality established by Mayer in 1967 (200), but in the meantime
many modifications thereof exist.

According to the original method, serial dilutions of the sera to be tested are incubated
with antibody-sensitized sheep erythrocytes, while the serum acts as a source of
complement and ultimatively is lysing the erythrocytes. After incubation, the readout is
the amount of patient serum necessary to lyse 50 % of the red blood cells, also known as
the CHso (201). Another method utilizes liposomes containing enzymes, which are
released upon classical pathway activation and react with an added substrate, allowing
the quantification of released enzyme (202, 203). Determination of alternative pathway
activation (AHsg) works in a similar manner, but rabbit or guinea pig erythrocytes are
used, since they activate the AP spontaneously and do not require specific coating
(204, 205). However, addition of EGTA is necessary when investigating AP function in
order to inhibit the influence of the CP and LP (206).

Measurement of the activity of all three pathways can also be done by performing a
functional ELISA. Hereby, multiwell plates are coated with reagents known to activate
the respective pathways (IgM for CP, mannan for LP, LPS for AP). After incubation with
serum samples, the functional activity is measured on the level of a C9 neo-epitope
generated during TCC formation upon activation (207, 208). Readout of functional
complement on ELISA plates can not only be done on the level of C9, but deposition of
proteins covering several steps of the complement cascade (e.g. C1q, C4, C3, FB) can be
detected, as already described in 1989 by Zwirner et al. (209). In all methods investigating
complement pathway functionality, it is required to use complement-preserved serum
samples (210).

Besides functional tests of whole complement pathways, it is also possible to analyse the
activity of single complement components. The easiest way to do so is through the usage
of serum deficient or depleted of the protein of interest. Upon titration of the given

sample, which includes the protein to be tested, the capability to reconstitute hemolytic
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activity or C5b-9 deposition can be measured (211). For some proteins, functionality can
also be tested via chromogenic assays (212) or their binding capacity to target
structures (213, 214).

1.4.3 Measurement of Complement Activation Products

Complement activation can occur either in the circulation or locally, e.g. in infected
tissues or organs (215). In order to get information about the activation state of the
complement system at the timepoint of sampling, complement activation products need
to be measured. Those activation products are for example split products of C4 (C4a,
C4d), C3 (C3a, C3b, C3c, C3d), C5 (Cbha) or Factor B (Ba, Bb), as well as complement
complexes formed upon activation. Through the development of neoepitope-specific
monoclonal antibodies or utilization of antibodies detecting different components of
formed complexes, those activation fragments or complexes can be distinguished from
native forms of the respective proteins (216-218).

The most established markers used to assess complement activation are split products
downstream of C3/C4, indicating activation of all three pathways. Besides that, the
sC5b-9 complex (also known as sTCC or the soluble MAC (sMAC)), results from the
activation of all three complement pathways (219), while formation of the C3bBbP

complex is quantified as a measure for alternative pathway activation (220).
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2 OBJECTIVES
2.1 Development and Characterization of Immunoassays Detecting
C1s/C1-INH and MASP-1/C1-INH complex concentrations

No validated tools existed to measure early classical and early lectin pathway activation.
Covalent C1-INH complexes, formed upon activation of the respective serine proteases
(Clsand C1r for the classical pathway (CP), MASP-1 and MASP-2 for the lectin pathway
(LP)) might be suitable markers to distinguish between early CP and early LP activation.
The first aim of the project was therefore to develop and characterize two immunoassays,
one measuring the C1s/C1-INH complex as a marker for early classical pathway
activation, and one measuring the MASP-1/C1-INH complex as an indicator for early

lectin pathway activation.

2.2 Validation of C1s/C1-INH and MASP-1/C1-INH complexes as

markers for early classical and early lectin pathway activation
While C1/C1-INH complexes were investigated as a measure of classical pathway
activation in several studies (221-225), no data was published about the use of
MASP-1/C1-INH complexes as a marker of lectin pathway activation. For that reason,
the second aim was to proof that C1-INH complexes are suitable markers to assess early

classical and early lectin pathway activation in vitro.

2.3 Investigation of C1-INH complexes in health and disease
C1/C1-INH complex levels have been shown to be increased in several diseases where
CP activation is known to be involved in the disease course, such as HIV, SLE, RA as
well as HAE (221-225). In contrast, MASP-1/C1-INH complexes were only investigated
in HAE patients before (222, 226). In order to validate the use of C1-INH complexes as
early CP and LP activation markers also invivo, the third aim was to investigate
C1s/C1-INH and MASP-1/C1-INH complex levels in

a. healthy controls,

b. COVID-19 patients (with focus on lectin pathway activation and the genetic

background of its key pattern recognition molecule MBL)), and

C. sepsis patients.
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3 MATERIAL AND METHODS

3.1 Materials

3.1.1 Chemical reagents

MATERIAL AND METHODS

Chemical reagents used during the project are listed in Table 5.

Table 5: Chemical reagents used during the project.

REAGENT CATH# MANUFACTURER/SOURCE

Zymosan A aus Saccharomyces cerevisiae  Z4250 Merck KGaA, Darmstadt,
Germany

Ethylenediaminetetraacetic acid E5391 Merck KGaA, Darmstadt,

tetrasodium salt hydrate (EDTA) Germany

Ethyleneglycol-bis(-aminoethyl)- 324626 Merck KGaA, Darmstadt,

N,N,N’,N'-tetraacetic Acid (EGTA) Germany

Sodium chloride (NaCl) 3957.1 Carl Roth, Karlsruhe, Germany

Potassium chloride (KCI) 104936 Merck KGaA, Darmstadt,
Germany

Sodium phosphate dibasic dihydrate 71643 Merck KGaA, Darmstadt,

(NazHPO4x 2H,0) Germany

Potassium dihydrogen phosphate 104873 Merck KGaA, Darmstadt,

(KH2PO,) Germany

Calcium chloride dihydrate C8106 Merck KGaA, Darmstadit,

(CaClyx 2H,0) Germany

Tris-HCI 9090.3 Carl Roth, Karlsruhe, Germany

Tween 20 1706531 BioRad Laboratories Inc.,
California, USA

Sodium dodecylsulfate polyacrylamide 2326.2 Carl Roth, Karlsruhe, Germany

(SDS)

Glycerol 3783.1 Carl Roth, Karlsruhe, Germany

Bromophenol blue sodium salt A512.1 Carl Roth, Karlsruhe, Germany

(ClgHgBr405SNa)
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3.1.2 Buffers and solutions

MATERIAL AND METHODS

Composition of buffers and solutions used during the experiments are summarized in

Table 6.

Table 6: Overview of buffers used and their composition.

BUFFER COMPONENTS QUANTITY
Phospahte-buffered NaCl 80.0g
saline (PBS), 10x KCI 204¢
(pH: 7.2) NaHPO4x 2H.0 115¢g

KH2PO, 409

MilliQ water Up to 1000 mL
Tris-buffered saline Tris 2429
(TBS), 10x NaCl 80.09g
(pH: 7.6) MilliQ water Up to 1000 mL
Tris-buffered saline TBS (10x) 100 mL
with Tween (TBST) Tween 20 1mL
(pH: 7.6) MilliQ water Up to 1000 mL
TBST-Ca’*, 10x Tris-HCI 100.0 mL
(pH: 7.5) NaCl 88.0¢g

CaCl; 29¢g

Tween 20 10.0 mL

MilliQ water Up to 1000 mL
Electrophoresis Tris 2409
buffer, 8x Glycin 115.4 ¢
(pH: 8.5) SDS (20 %) 20.0 mL

MilliQ water Up to 1000 mL
Western Blot blocking  TBS (10x) 10.0 mL
buffer Tween 20 0.1 mL

BSA 509

MilliQ water 89.9 ml
Western Blot Western Blot blocking buffer 1.0 mL
Primary antibody TBST 9.0 mL

dilution buffer
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Loading Dye, 2x

(non-reducing)

Veronal-buffered
saline (VBS), 5x
(pH: 7.4)

VBS™, 1x

Bicarbonate buffer, 1x

Tris (0.5M)

SDS (10 %)

Glycerol

PBS

Bromphenol blue (4 %)
1,3-Diethylbarbituric acid
NaCl

Sodium 5,5-diethylbarbiturate
MilliQ water

VBS 5x

Mg?*/Ca*" mix

(75mM Mg?*, 500mM Ca*")
MilliQ water

Bicarbonate (NaHCO3)
MilliQ water

3.1.3 Proteins and antibodies

MATERIAL AND METHODS

1 mL
1.6 mL
800 uL
400 pL
200 uL

29¢g

4259

199

Up to 1000 mL
1.0 mL

10.0 pL

Up to 5.0 mL
8.401¢
1000 mL

Proteins and antibodies used for the experiments are compiled in Table 7 and Table 8.

Table 7: Recombinant and commercially available proteins used for the

experiments.

PROTEIN CAT# MANUFACTURER/SOURCE
Recombinant C1s, NA Peter Gal et al.,
CCP1-CCP2-SP fragment as described in (222)
Recombinant MASP-1, NA Peter Gal et al.,
CCP1-CCP2-SP fragment as described in (227)
Recombinant MASP-2, NA Peter Gal et al.,
CCP1-CCP2-SP fragment as described in (101)
Recombinant MASP-3, NA Peter Gal et al.,
CCP1-CCP2-SP fragment as described in (228)
Recombinant C1r, NA Peter Gal et al.,
CCP1-CCP2-SP fragment as described in (229)
Recombinant human MBL (rMBL) NA Steffen Thiel et al.,
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Purified C1-INH, obtained from
Berinert® concentrate
MASP-1/C1-INH complex (in-house)
C1s/C1-INH complex

C1s/C1-INH complex (in-house)
Purified C1s enzyme

Purified C1q

SARS-CoV-2 S protein, His Tag,

Super stable trimer

NA

NA

C1040

NA

Al04

A400
SPN-C52H9

MATERIAL AND METHODS

Peter Gal et al.,

as described in (222)
Produced in-house,

as described in (222)
CompTech Complement
Technology Inc., Texas, USA
Produced in-house,

as described in (222)
CompTech Complement
Technology Inc., Texas, USA
Quidel, San Diego, USA
AcroBioSystems, Newark, USA

Table 8: Overview of commercially availabe and in-house developed antibodies used

during the project.

ANTIBODY CAT# MANUFACTURER/SOURCE

Mouse anti human C1s NA Developed and produced
in-house, as described in (38)

Mouse anti human MASP-1 NA Developed and produced
in-house, as described in (38)

Mouse anti human C1-INH NA Developed and produced
in-house, as described in (38)

Goat anti mouse - HRP 1010-05 Southern Biotech, Birmingham,
us

Mouse anti MBL (human) HYB 131-01  Statens Serum Institut,
Copenhagen, Denmark

Rabbit anti mouse 1gG (H+L) - HRP 31450 Invitrogen GmbH, Lofer,
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3.1.4 Lab consumables and instruments

Lab consumables and instruments are listed in Table 9.

Table 9: Overview of lab consumables and instruments.

LABWARE/INSTRUMENT

MANUFACTURER

Nunc Maxisorp 96-well plates

(microplates and strip plates)

Eppendorf tubes

(0.5mL, 1.5mL, 2.0 mL)

Falcon tubes (15 mL, 50 mL)

Pipet tips

Glassware

Microplate reader Tecan infinite M1000 Pro
Microplate reader BioRad 680

Pipets

Biosan Thermo shaker PST-60HL-4
Biosan Dry Blot Thermostat Bio TDB-100
Incubator

Mini TransBlot system

TransBlot SD Semi-Dry Transfer Cell
Vortex Thermo Denley Vibramix
Microcentrifuge Eppendorf 5415D
ChemiDoc XRS+ System

Thermo Scientific Fisher, California, USA

Eppendorf SE, Hamburg, Germany

Greiner Bio-One, Frickenhausen, Germany
Greiner Bio-One, St. Gallen, Switzerland
DWK Life Science, Wertheim, Germany
Tecan Trading AG, Mannedorf, Switzerland
BioRad Laboratories Inc., California, USA
Eppendorf SE, Hamburg, Germany
Sartorius AG, Gottingen, Germany
Thermo Scientific Fisher, California, USA
Biosan Laboratories, Michigan, USA
Biosan Laboratories, Michigan, USA
Heraeus, Hanau, Germany

BioRad Laboratories Inc., California, USA
BioRad Laboratories Inc., California, USA
Thermo Scientific Fisher, California, USA
Eppendorf SE, Hamburg, Germany
BioRad Laboratories Inc., California, USA
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3.1.5 Assays, Kits and commercially available reagents
Commercially available assays and reagents are summarized in Table 10.

Table 10: Commercially available assays, kits and reagents used during the project.

ASSAY/KIT/REAGENT CAT# MANUFACTURER
Trans-Blot Turbo Midi 0.2 um PVDF 1704157 BioRad Laboratories Inc.,
Transfer Packs California, USA
10 % Mini-PROTEAN® TGX Stain- 4568035 BioRad Laboratories Inc.,
Free™ Protein Gels, 12 well, 20 pul California, USA
Precision Plus Protein™ 1610375 BioRad Laboratories Inc.,
Kaleidoscope™ Prestained Protein California, USA
Standards
Clarity™ Western ECL Substrate, 1705060 BioRad Laboratories Inc.,
200 mL California, USA
WIESLAB® Complement System COMPLCP310RUO SVAR Life Science,
Classical Pathway - RUO Malmo, Sweden
WIESLAB® Complement System COMPLMP320RUO  SVAR Life Science,
MBL Pathway - RUO Malmo, Sweden
MBL, human, ELISA HK323 Hycult Biotech, Uden,
The Netherlands
TCC, human, ELISA HK328 Hycult Biotech, Uden,
The Netherlands
C1s/C1-INH complex, human, HK399 Hycult Biotech, Uden,
ELISA* The Netherlands
MASP-1/C1-INH complex, human, HK3001 Hycult Biotech, Uden,
ELISA* The Netherlands
C1-INH, human, ELISA HK396 Hycult Biotech, Uden,
The Netherlands
MicroVue C4d Fragment EIA Kit A009 Quidel, San Diego, USA
MicroVue sC5b-9 Plus EIA Kit A020 Quidel, San Diego, USA

* developed in cooperation with Hycult Biotech as part of the PhD project
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3.1.6 Software

Table 11: Software used for data analysis and visualization.

SOFTWARE MANUFACTURER/SOURCE
Graphpad Prism 9 GraphPad Inc., San Diego, USA
Statistica 13.5 Tibco Softwares Inc., California, USA
BioRender BioRender, Toronto, Canada

Plink 1.9 https://www.cog-genomics.org/plink/

3.2 Patient and sample collection

3.2.1 Human samples

Blood samples (Citrate plasma, Heparin plasma, EDTA plasma and serum) from healthy
human donors for the assay development were purchased from BiolVT (BiolVT,
New York, USA). Besides that, healthy individuals were enrolled in Budapest as
described elsewhere (231), while the study was approved by the Scientific and Research
Ethics Committee of the Medical Research Council (ETT TUKEB) in Budapest, Hungary
(8361-1/2011-EKU).

For investigation of complement activation in COVID-19, samples of SARS-CoV-2
infected individuals and healthy controls were sampled and processed as described before
(173, 232, 233). Cohorts were collected at two tertiary care hospitals in Budapest,
Hungary (173), at the Addenbrooke’s hospital in Cambridge, UK (232), and at the tertiary
care Hospital St. Vinzenz in Zams, Austria (233). Ethical approval was obtained from the
Hungarian Ethical Review Agency (ETT-TUKEB; No. 8361-1/2011-EKU and 1V/4403-
2/2020/EKU), the Government Office of the Capital City Budapest (31110-7/2014/EKU
(481/2014)), the East of England — Cambridge Central Research Ethics Committee
(,L,NIHR BioResource” REC ref 17/EE/0025, and ,,Genetic variation AND Altered
Leucocyte Function in health and disease - GANDALF” REC ref 08/H0308/176), as well
as from the Ethics Committee of the Medical University of Innsbruck (1144/2020).

Collection of blood samples from healthy individuals and sepsis patients in Austria was

approved by the ethical committee of the Medical University of Innsbruck
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(ECS1021/2019), while whole blood was collected as approved by the Ethics Committee
of the Medical University of Innsbruck (ECS1166/2018) and the Ethical Review Board
of the Danube University Krems. The samples have been collected and processed as
described elsewhere (234).

Complement-preserved normal human serum (NHS) pools were prepared freshly from
serum of at least 12 healthy individuals, while aliquots were stored at -80°C until further
usage.

In all studies and sample collections, written informed consent was given by the healthy
or diseased individuals, or their closest relative available. All investigations were

conducted according to the guidelines of the Declaration of Helsinki.

3.2.2 Sera of animal origin

Blood samples of animal origin were used for testing of cross-reactivity in the C1-INH
complex assays. Some murine, pig, and dog sera were bought from Innovative
(Innovative Research Inc., Michigan, USA), while horse and rat sera were obtained from
Harlan (Harlan Bioproducts for Science Inc., Maryland, USA). Besides that, additional
animal samples, already present at the Medical University Innsbruck and sampled in the
frame of a past study (235), were included in the experiments. Those samples covered
sera from mouse, rat, rabbit, guinea pig, bovine, sheep, horse, pig, wild boar, dog, orang

utan, spider monkey, chicken, tiger, bear, fox, sea lion, and rhino.

3.3 Generation of in-house C1-INH complexes

C1s/C1-INH and MASP-1/C1-INH complexes were produced in-house following the
method described elsewhere (222). In brief, C1-INH and the active serine protease
(recombinant CCP1-CCP2-SP fragment of either C1s or MASP-1), diluted in PBS, were
incubated in a 1:1 molar ratio for 2 hours at 37 °C on a shaker (250 RPM). After
incubation, samples were diluted and stored in aliquots in 1 % BSA in PBS at -80 °C until

further usage.
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3.4 Methods for antibody characterization

3.4.1 Direct ELISA to test specificity of the antibodies

Specificity of in-house produced antibodies (developed by coworkers as described
in (38)) was tested in a direct ELISA. Proteins to be tested were coated over night at 4 °C
on Nunc Maxisorp 96 well plates (Thermo Fisher Scientific) in a concentration of
1 pg/mL in bicarbonate buffer. After coating, wells were blocked for 1.5 hours at room
temperature with 2 % BSA in PBS (200 pL/well). Plates were then washed with wash
buffer WB21 (Hycult Biotech), before primary antibodies (anti C1-INH, anti C1s or anti
MASP-1) were incubated in the wells at a concentration of 3 pg/mL in dilution buffer
DB107 (Hycult Biotech) for 1 h at room temperature. Following 4x washing with WB21,
HRP-conjugated goat anti-mouse antibody (Southern Biotech) was incubated 1:4000 in
DB107 for 1 h at room temperature. Wells were washed again (4x), before 50 % TMB in
H20 was added. After 5 min, the reaction was stopped by adding stop solution (Hycult
Biotech), and absorbance at 450 nm was measured on a plate reader (reference: 620 nm).
All measurements were done in duplicates, while the experiment was performed in
biological replicates (n=3). If not stated otherwise, the working volume was
100 pL/well. Specificity of the antibodies was analysed based on the measured

OD values.

3.4.2 Western blot

Western blots were performed in order to test the antibodies for their specificity and
usability in WB applications. To separate the proteins according to their size, precast
10 % gels (BioRad) were used. Normal human serum (complement-preserved, NHS),
zymosan-activated serum (3 h, ZAS) or control proteins and complexes (purified or
recombinant, depending on availability) were mixed with non-reducing loading dye (2x),
heated for 5 min at 95 °C, and electrophoresed at 200 V for 45 min. Afterwards, proteins
were transferred to a polyvinylidene fluoride membrane using the Trans-Blot Semi-Dry
Transfer Cell (BioRad). The membrane was blocked for 1.5 h at room temperature using
2 % BSA in PBS (Western Blot blocking buffer), before overnight incubation with
1 ng/mL mouse anti-human C1-INH, mouse anti-human C1s or mouse anti-human
MASP-1 (in-house monoclonal antibodies (mAbs) used for assay development) in

primary antibody dilution buffer at 4 °C. The next day, the membrane was washed
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3x 15 min with TBST, before bound antibodies were detected adding HRP-labelled goat
anti-mouse 1gG (1:2000 dilution; Southern Biotech) in primary antibody dilution buffer
for 1 h at room temperature. After incubation, the membrane was washed 3x again using
TBST, followed by development using enhanced chemiluminescence (ECL) substrate
(BioRad) in the ChemiDoc XRS+ System.

3.5 Development of C1s/C1-INH and MASP-1/C1-INH complex assays

and assay performance
Two immunoassays measuring C1s/C1-INH (cat #HK399) and MASP-1/C1-INH
(cat #HK3001) complex levels were developed in cooperation with Hycult Biotech
(Uden, The Netherlands).
Wells were coated with monoclonal antibodies detecting either C1s or MASP-1, before
samples (plasma (EDTA, Citrate or Heparin) or serum) and the standard were prepared
in appropriate dilutions, added to the wells, and incubated for 30 min at room temperature
(100 pL/well; diluted in dilution buffer DB107). After washing 4x with wash buffer
WB21, an HRP-labelled monoclonal antibody recognizing bound C1-INH in the
complexes was added and incubated for 30 min at room temperature (100 pL/well,
diluted in DB107). Afterwards, wells were washed again, before 100 uL of TMB
substrate was added to each well, leading to an enzymatic reaction. The reaction was
stopped after 15 min by adding 100 uL of stop solution (Hycult Biotech), before the
absorbance was measured using a spectrophotometer (450 nm, reference: 620 nm).
This protocol was used every time C1-INH complex levels were determined during assay
development and functional as well as clinical validation of the assays.
The %CV was determined as a measure for variation between samples or conditions

according to following equation (1):

standard deviation (SD)
X
mean

%CV = 100

D)

Equation (1): Coefficient of determination (2%6CV).
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3.6 Validation of newly developed immunoassays

3.6.1 Recovery of C1-INH complexes in EDTA plasma

Recovery of C1-INH complexes in EDTA plasma was analysed by mixing plasma
samples of three healthy individuals with known low, middle, and high C1s/C1-INH or
MASP-1/C1-INH complex concentrations in following ratios (%): 100-0, 75-25, 50-50,
25-75, 0-100. After incubation for 30 min at room temperature, the concentration of C1-
INH complexes was determined in the complex immunoassays as described before.
Expected concentrations were plotted against the measured concentration and the

recovery was calculated using following equation (2):

recovery [%] =

measured concentration of mixed sample
= : : - x 100
expected concentration [(% X concentration sample A) + (% X concentration sample B)]
)

Equation (2): Recovery of C1-INH complexes in EDTA plasma.

Sufficient recovery was defined prior to the experiment as a value between 80 % - 120 %.

3.6.2 Test of assay specificity

Another test performed during assay development was the analysis of cross-reactivity of
the immunoassays with either un-complexed complement proteins as samples or with sera
of animal origin.

In the C1s/C1-INH complex assay, C1s purified and in recombinant form, as well as
purified C1-INH were tested. In the MASP-1/C1-INH complex assay, recombinant
MASP-1 as well as purified C1-INH were tested. In both cases, a serial dilution of the
proteins was prepared in DB107, and the samples were measured in the C1-INH complex
assays.

For determining cross-reactivity of the assays with different species, serum samples
deriving from animals (mouse, rat, rabbit, guinea pig, bovine, sheep, horse, pig, wild boar,
dog, orang utan, monkey, chicken, tiger, bear, fox, sea lion, and rhino) were diluted in
DB107 and measured in the C1-INH complex immunoassays. Of note, animal samples
were diluted 10x less compared to human samples.

In general, signals were considered positive if OD450 nm values were > 0.2 after

subtraction of the blank.
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3.6.3 Inter- and intra-assay variation

To determine the variance between data points within an assay, intra-assay variation was
determined by measuring three separate aliquots each of four different samples within a
single testrun. The experiment was performed twice by two operators to determine inter-
assay variation. %CVs were calculated between the different aliquots tested (intra-assay
variation), as well as between the independent testruns from both operators (inter-assay
variation).

For intra-assay variation, a coefficient of variation <10 % indicates low variation,

whereas for inter-assay variation, a %CV < 20 % indicates a low level of variation.

3.6.4 Stability testing of C1-INH complexes

Stability of the C1-INH complexes was tested in EDTA plasma as well as in Citrate
plasma (benchtop stability) or in PBS/buffer (freeze-thaw stability).

For benchtop testing, aliquots of EDTA plasma or Citrate plasma were incubated either
on ice or at room temperature for timespans ranging from 10 min to 16 h. After
incubation, C1-INH complex concentrations of the samples were measured in one assay
run as described before. A sample incubated for 10 min at the respective condition (either
on ice or at room temperature) served as a reference.

Stability of C1-INH complexes during freeze-thawing was investigated by repeatedly
freezing and thawing individual aliquots of the samples at -80 °C (up to 4 times). Again
here, the C1-INH complex concentrations were determined using the complex ELISAs
as described before. For freeze-thaw stability, an unthawed aliquot served as a control.
Stability was evaluated based on the samples recovery when compared to the controls
(benchtop testing: 10 min sample, freeze-thaw testing: unthawed sample), while
concentrations 80-120 % of the reference C1-INH complex levels were considered

acceptable due to natural variation prior to the experiment.
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3.7 Complement activation experiments

3.7.1 General complement activation using zymosan

To verify the use of C1-INH complexes as potential markers for early complement
activation, zymosan was boiled for 1 h in PBS, before it was washed 4x using PBS.
Afterwards, the zymosan was added to a final concentration of 10 mg/mL in VBS** buffer
and 2 % complement-preserved NHS. Negative controls contained EDTA (10 mM),
while an additional control was included without the addition of zymosan (NHS) in order
to determine the levels of auto-activation.

After mixing, tubes were incubated at 37 °C on a shaker (250 RPM), while samples were
taken at To (directly after mixing), as well as after 5, 10, 20, 30 min and 1, 2, 3 and 5
hours. In all approaches, EDTA was added directly after sampling to avoid further
complement activation after incubation (final concentration: 10 mM). Samples were
centrifuged to remove zymosan (2 min, 2400 xg), and subsequently kept at -80 °C until
the measurement of C1-INH complex levels in an appropriate dilution as described

before.

3.7.2 Specific activation of CP or LP

For investigation of in vitro conditions where only one of the two pathways is triggered,
2 % complement-preserved NHS was activated on WIESLAB® Complement System
Screen plates (SVAR Life Science; WIESLAB® Complement System Classical Pathway
295 (COMPLCP310RUO) coated with IgM for specific CP activation, WIESLAB®
Complement System MBL Pathway 296 (COMPLMP320RUOQ) coated with mannan for
specific LP activation), using the provided CP and LP dilution buffers of the Kits. After
mixing, a sample (To) was collected as a control and stored at -80 °C until further usage.
Then samples were activated for several different time intervals (5, 10, 20, 30 min, 1 h,
2 h, 3 h), before the samples/supernatants were collected and stored at -80 °C for C1-INH
complex determinations as described before.

Directly after sample collection/removal, CP or LP activity was measured via
determination of C9 neoepitope formation during activation in the wells in accordance
with instructions provided by the manufacturer. Positive and negative controls provided
by the kits were used to express percentage activities calculated based on the measured

OD values.
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3.8 Determination of additional complement and laboratory parameters
Additional complement and laboratory parameters were measured using assays available

from commercial sources and following manufacturer’s instructions. All assays used are

summarized in Table 10 in chapter 3.1.5. Besides that, additional laboratory parameters

(e.g. CRP, anti SARS-CoV-2 antibody levels) and disease outcomes (development of

Long COVID/mortality) were extracted from clinical reports, if needed.

3.9 Determination of MBL2 gene SNPs

Genotyping of the six common MBL2 gene SNPs was performed by colleagues from
Semmelweis University, Budapest, and from collaborators of the Addenbrooke’s
Hospital Cambridge, UK, as described previously (112), and extracted from hospital
databases. The six SNPs included in the analysis are summarized in Table 1, while the
grouping according to short genotypes is shown in Table 12.

Table 12: Short genotype groups of MBL2 and associated MBL expression.
Table taken with permission from supplementary material of Hurler et al. (112).

SHORT GENOTYPE MBL EXPRESSION
YA/YA MBL high/wildtype
YA/XA . .
KA/XA MBL intermediate

YA/O MBL low
XA/0 ..
0/0 MBL deficient

3.10 Binding of MBL to SARS-CoV-2 spike protein

To investigate binding of human MBL to SARS-CoV-2, 96-well plates were coated with
recombinant SARS-CoV-2 spike protein (AcroBiosystems) in PBS at 4 °C overnight
(2-fold serial dilution, start: 50 pmol/mL). Wells coated with 10 pg/mL mannan (Sigma
Aldrich) in PBS served as a positive control. Afterwards, blocking was performed for 2 h
at 37 °C with 200 uL of 2 % BSA in TBST-Ca?*, before plates were washed 3x with
TBST-Ca?*. Then, 100 uL of 10 % serum of individuals with different MBL2 genotypes
in TBST-Ca?*, 1000 ng/mL recombinant MBL (rMBL; positive control) in TBST-Ca?*,
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or 5 % BSA in TBST-Ca?* (negative control) were added to the wells and incubated for
1 hat 37 °C. After incubation, plates were washed again 3x with TBST-Ca?*, before wells
were incubated with 2 pg/mL anti MBL (Statens Serum Institut) in TBST-Ca?* for 1 h at
37 °C. After three TBST-Ca?* washing steps, 1:4000 diluted goat anti-mouse HRP-
labelled antibody (Southern Biotech) in TBST-Ca?* was incubated for 1 hat 37 °C, before
plates were washed 3x again. TMB was added for 5 min at room temperature, before the
reaction was stopped using stop solution (Hycult Biotech), and the absorbance was
measured at 450 nm (reference: 620 nm) on a microplate reader. Binding of MBL to the
spike protein was determined based on the measured OD450 values, while OD values of
uncoated wells were subtracted from coated wells before analysis. If not stated otherwise,

incubation steps were preformed with a volume of 100 pL/well.

3.11 Statistical analysis

Statistica 13.5 (Tibco Softwares Inc., Palo Alto, CA, USA) as well as Graphpad Prism 9
(GraphPad Inc., LaJolla, CA, USA) were used for statistical analysis and data
visualization. Normal distribution was analysed with the D’Agostino & Pearson test, and
concentrations are shown in mean + SD if not indicated otherwise. Depending on the
experiment, comparisons of concentrations in two different groups were either performed
with the Mann-Whitney U or the one sample t test, while more than two groups were
compared using a one-way ANOVA (Kruskal-Wallis test with Dunn’s post-hoc test to
correct for multiple comparisons). Influence of two different parameters was analysed by
performing a two-way ANOV A and Tukey’s multiple comparison test.

Categorical data is reported as numbers (n) with frequencies (%), and is investigated using
the Fisher’s exact test, thereby reporting odds ratios (ORs) and 95 % confidence intervals
(Cls).

In all statistical tests, a p-value <0.05 was considered statistically significant (* p < 0.05,
**p <0.01, *** p <0.001, **** p < 0.0001). To maintain a 5 % false discovery rate,

multiple testing was corrected using the Benjamini-Hochberg procedure.
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4 RESULTS
4.1 Development and characterization of immunoassays measuring
C1s/C1-INH and MASP-1/C1-INH complexes

Parts of the results concerning assay development, characterization and validation
(chapters 4.1, 4.2, 4.3, and 4.4.1) were summarized in a manuscript that was published in
Frontiers in Immunology (38). The published content of our study was reused with
permission in adapted form in this thesis, under the terms of the Creative Commons
Attribution License (CC BY 4.0).

Hurler L, Toonen EJM, Kajdacsi E, van Bree B, Brandwijk RIMGE, de Bruin W, Lyons
PA, Bergamaschi L, Cambridge Institute of Therapeutic Immunology and Infectious
Disease-National Institute of Health Research (CITIID-NIHR) COVID BioResource
Collaboration, Sinkovits G, Cervenak L, Wiirzner R and Prohaszka Z (2022). Distinction
of early complement classical and lectin pathway activation via quantification of C1s/C1-
INH and MASP-1/C1-INH complexes using novel ELISAs. Front. Immunol.
13:1039765. doi: 10.3389/fimmu.2022.1039765.

In this study, the thesis’ author was the leading investigator under the supervision of Prof.
Dr. Zoltdn Prohaszka, Dr. Erik JM. Toonen and Prof. Dr. Reinhard Wiirzner. The
author’s contribution included methodology, validation, formal analysis, investigation,
data curation, visualization, interpretation of data, writing original draft, writing:
reviewing, and editing. The author performed, analyzed, and evaluated all experimental
parts within this objective in consultation with the additional authors of the manuscript.

Detailed contributions of other authors can be found in the published manuscript.

4.1.1 Monoclonal antibodies are specific for C1-INH complex components

Monoclonal antibodies directed against either recombinant Cls (CCP1-CCP2-SP
fragment), recombinant MASP-1 (CCP1-CCP2-SP fragment), or affinity-purified C1-
INH (derived from Berinert® concentrate) were developed in-house using hybridoma
technology as described elsewhere (222, 236, 237). Several different antibodies were

generated and tested, but here only results for the selected three monoclonals are shown.
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No proteins with > 60 % similarity to the antigens used for antibody development were
identified in in silico amino acid searches (data not shown).

In a direct ELISA, the murine antibodies did show highly specific signals for the
respective proteins, while no cross-reactivity with additionally tested proteins were
observed (Figure 8A+B; taken and adapted with permission from (38)). Besides that, all
antibodies used for assay development were further investigated for their potential
application in Western Blots. Whereas the C1-INH antibody did show inconclusive
results when used as primary antibody in Western Blots (data not shown), and therefore
needs further testing in the future, both the anti C1s antibody (Figure 8C) and the anti
MASP-1 antibody (Figure 8D) showed high specificity as evidenced by Western Blotting.
While anti C1s could detect the recombinant C1s CCP1-CCP2-SP fragment (Figure 8C,
lane 2) with a band at 37 kDa, native C1s (80 kDa) in the NHS (lane 4) and the ZAS
samples (lane 5) as well as the in-house C1s/C1-INH complex (about 150 kDa, lane 6),
there were also traces of C1s/C1-INH complex detectable in the NHS and ZAS samples.
The antibody did not show a signal for C1-INH (lane 3).

A similar pattern is seen when using the anti MASP-1 antibody for detection (Figure 8D).
Again here, the antibody could identify the recombinant MASP-1 CCP1-CCP2-SP
fragment (lane 2, 45 kDa) and native MASP-1 in NHS (lane 4) and ZAS (lane 5) at a size
of around 80 kDa, there are further bands visible in the serum samples, potentially caused
by complex formation with other interaction partners of MASP-1 (> 80 kDa). Also the
in-house MASP-1/C1-INH complex (lane 6, 155 kDa) could be detected in the Western

Blot, while again no signal was observed for the C1-INH (lane 3).
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Figure 8: Test of anti C1-INH, anti C1s and anti MASP-1 in a direct ELISA as well as in Western
Blots. (A+B) Test of classical and lectin pathway antibodies in a direct ELISA. Plates were coated with
complement proteins of the respective pathways, and detection was performed using either anti C1-INH
and anti Cls (A) or anti C1-INH and anti MASP-1 antibodies (B). Single conditions were tested in
duplicates, while the experiment was performed in triplicates. (C+D) Test of selected antibodies targeting
the serine proteases in Western Blot. Western Blots were performed with either 200 ng of protein/lane or
1:20 diluted serum samples (NHS or ZAS) under non-reducing conditions. Anti C1s (C) and anti MASP-1
(D) were used as primary antibodies, while detection was performed with goat anti-mouse Ig-HRP.
Presented Blots show exemplary results for each antibody, while Western Blots were performed a total of
four times each. Parts of the figure (panels A+B) taken and adapted with permission from Hurler et al. (38),
under the terms of the Creative Commons  Attribution License (CC  BY),
https://creativecommons.org/licenses/by/4.0/.
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4.1.2 Development and technical validation of immunoassays detecting
C1s/C1-INH and MASP-1/C1-INH complexes
After suitable monoclonal antibodies were selected, two novel immunoassay were
developed, detecting levels of C1s/C1-INH (cat #HK399) and MASP-1/C1-INH
(cat#HK3001) complex. Both assays are based on the principle of basic sandwich
ELISAs, and several experiments have been performed in order to come up with a proper
and reliable assay setup. Experiments during assay development and optimization
included testing of various different monoclonal antibodies and antibody combinations
as well as concentrations, buffer optimizations, and comparisons between different
calibrators. Only experiments with the final assay setup will be presented and discussed
within the scope of this thesis.
While the standard curve for the CI1s/C1-INH complex assay ranges from
1.6-100.0 ng/mL (LloQ: 0.2 ng/mL, UloQ: 100.0 ng/mL; Figure 9A), the one for the
MASP-1/C1-INH complex assay covers biomarker levels from 0.4-25.0 ng/mL (LloQ:
0.06 ng/mL, UloQ: 50 ng/mL; Figure 9B). As a regression model, non-linear regression
(one-site binding, Hyperbola) was chosen, leading to a coefficient of determination
between C1s/C1-INH complex or MASP-1/C1-INH complex concentrations and
measured OD values of R?=0.9990 and R?= 0.9987, respectively.
When mixing samples with high, medium and low concentrations in different ratios, the
average recovery was > 90 % for both complexes (Figure 9C+D; taken and adapted with
permission from Hurler et al. (38); individual concentrations and determined recovery
values of the experiments are listed in the published manuscript (38)). The correlation
between expected and measured concentrations were highly significant for C1s/C1-INH
complex (R = 1.000, p < 0.0001; Figure 9C) and MASP-1/C1-INH complex (R = 0.999,
p < 0.0001; Figure 9D).
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Figure 9: Standard curves of new immunoassays and recovery of C1-INH complexes in EDTA
plasma. Representative standard curves of the new C1s/C1-INH complex assay (A), ranging from 1.6-
100.0 ng/mL, and the MASP-1/C1-INH complex assay (B), ranging from 0.4-25 ng/mL. Non-linear
regression (One-site binding, Hyperbola) was used to obtain the coefficient of determination (R?). Recovery
of C1s/C1-INH (C) and MASP-1/C1-INH complex (D) was investigated by mixing EDTA plasma samples
of three individuals with high, medium and low C1-INH complex concentrations in different ratios. After
30 min of incubation, C1-INH complex levels were determined in the immunoassays and recovery was
calculated according to the equation stated in the Material and Methods section. Figures taken and adapted
with permission from Hurler et al. (38), under the terms of the Creative Commons Attribution License
(CC BY), https://creativecommons.org/licenses/by/4.0/.

Both assays show low inter- and intra-assay variations (Table 13; taken with permission
from Hurler et al. (38)), and can measure the particular C1-INH complexes in plasma
(citrate, heparin or EDTA) and serum in a reliable way (Table 14; taken with permission
from Hurler et al. (38)). Of note, C1-INH complex concentrations differ depending on
the matrix used. Highest levels were measured in serum samples, and complex
concentrations were lower in all kinds of plasma (citrate, heparin, EDTA) of the same
individuals. Hence the dilution of the samples needs to be adjusted to the sample type
used for the measurement, while serum samples should be diluted at least 200x (C1s/C1-
INH complex) or 10x (MASP-1/C1-INH complex), and plasma samples not less than
100x (C1s/C1-INH complex) or 5x (MASP-1/C1-INH complex).
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Table 13: Analysis of Intra- and Inter-assay variation of new C1-INH complex
assays. Table taken with permission from Hurler et al. (38).

C1s/C1-INH complex

Intra-assay variation

Operator 1

Operator 2

mean aliquot 1-3 (ng/mL)
SD (ng/mL)

CV (%)

mean aliquot 1-3 (ng/mL)
SD (ng/mL)

CV (%)

Inter-assay variation

mean operator 1 and 2
(ng/mL)

SD (ng/mL)

CV (%)

MASP-1/C1-INH complex

Intra-assay variation

Operator 1

Operator 2

mean aliquot 1-3 (ng/mL)
SD (ng/mL)

CV (%)

mean aliquot 1-3 (ng/mL)
SD (ng/mL)

CV (%)

Inter-assay variation

mean operator 1 and 2
(ng/mL)

SD (ng/mL)

CV (%)

sample 1

1161
90
7.8
1245
47
3.8

1203

79
6.6

sample 1

273.2
6.6
2.4

259.0
8.1
3.1

266.1

10.2
3.8

63

sample 2

1967
121
6.2
2135
166
7.8

2051

159
7.8

sample 2

115.5
0.7
0.6

108.3
2.4
2.2

111.9

4.3
3.8

sample 3 sample 4
1595 1285

49 63

3.1 4.9

1868 1399

99 43

5.3 3.1

1731 1342

165 79

9.5 5.9
sample 3 sample 4
57.3 355

3.6 0.5

6.2 1.5

52.4 34.7

1.2 0.6

2.4 1.8

54.9 35.1

3.6 0.7

6.6 1.9
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Table 14: Analysis of different matrices of single representative individuals in the
C1-INH complex assays. Table taken with permission from Hurler et al. (38).

C1s/C1-INH complex MASP-1/C1-INH complex
matrix Citrate Heparin EDTA Serum | Citrate Heparin EDTA Serum
mean
concentration 2270 6215 2348 4612 | 375 16.6 26.5 1217
(ng/mL)

SD (ng/mL) 81 279 93 251 1.8 0.8 1.6 10.6
CV (%) 3.6 4.5 4.0 5.4 4.7 4.7 5.9 8.7

The assays are very specific for the C1-INH complexes, while no signals are observed by
the non-complexed components (Figure 10A+B; taken and adapted with permission from
Hurler et al. (38)). Only the commercially available purified C1s (CompTech) did give a
slight increase in C1s/C1-INH complex concentration (Figure 10A). Because of that, the
C1s preparation was analysed using mass spectrometry at Medical University Innsbruck.
Traces of C1-INH were found in the 50 most abundant proteins within the preparation
(data not shown). Although the abundance of C1-INH was only 0.0001 % of the total
protein amount, the affinity of Cls’ and C1-INH is high, so there is the possibilty of
C1s/C1-INH complex formation in the ,,purified C1s” preparation, which explains the
weak signal seen in the complex assay.

Furthermore, cross-reactivity of the new immunoassays with animals was investigated to
see if they can also be utilized for investigations of C1-INH complexes in species other
than human.

C1s/C1-INH complexes could also be measured in murine samples, although results were
not conclusive, as some of the five samples did not give positive signals, while others did
(Figure 10C). Additionally, very high C1s/C1-INH complex levels were detected in the
orang utan sample (9600 ng/mL), and the spider monkey sample also showed C1s/C1-
INH complex concentrations higher than background (228 ng/mL).

In the MASP-1/C1-INH complex assay, only the orang utan (56 ng/mL) and the spider
monkey (13 ng/mL) samples showed concentrations above background. All the other

animals tested, including mice, did not show clear positive signals (Figure 10D).
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Figure 10: Cross-reactivity of the C1-INH complex assays with non-complexed components and with
C1-INH complexes from different species. Purified C1-INH, serine proteases (Cls purified and Cls
recombinant or MASP-1 recombinant) as well as the respective standards were tested in the C1s/C1-INH
complex assay (A) and the MASP-1/C1-INH complex assay (B). Besides that, serum samples of different
species were tested in the C1s/C1-INH (C) and the MASP-1/C1-INH complex assay (D). In addition to
human samples (n = 5) as a control, animal samlples derived from mice (n = 5), rat (n = 3), rabbit, guinea
pig, bovine (n = 2), sheep, horse, pig, wild boar, dog (n = 2), orang utan, spider monkey, chicken, tiger,
bear, fox, sea lion, and rhino (n = 1 if not stated otherwise). Concentration ranges considered as background
are marked in grey. Figures taken and adapted with permission from Hurler et al. (38), under the terms of
the Creative Commons Attribution License (CC BY), https://creativecommons.org/licenses/by/4.0/.
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Although many animals show MASP-1/C1-INH complex concentrations between 0 and
10 ng/mL, those values are most likely caused by background and can not certainly be
considered as positive signals.

In summary, the C1-INH complex assays work in a reliable way and are very specific for
human C1s/C1-INH and MASP-1/C1-INH complex without giving false-positive signals

by the non-complexed human proteins.

4.1.3 Sample type and handling is important when investigating C1-INH
complexes
Since proper sample handling is highly important when measuring complement activation
products, stability of the C1-INH complexes was investigated at room temperature and
on ice, as well as during multiple freeze-thaw cycles (Figure 11; taken and adapted with
permission from Hurler et al. (38)).
In EDTA plasma, C1-INH complex levels are not significantly changing when keeping
samples on ice for up to 16 h (Figure 11A+B). However, there is an increase in C1-INH
complexes when samples are kept at room temperature for more than two hours, which is
especially true for the C1s/C1-INH complex (16 h: p = 0.0465). Besides that, de novo
complex formation does occur way faster in citrate plasma, where C1-INH levels of
samples kept at room temperature increase to levels more than double the starting
concentrations within 16 h, with significantly increased concentrations of both C1-INH
complexes already after 1 h of incubation (Figure 11C+D). Incubation on ice does slow
down additional complex formation, but again levels increase faster in citrate plasma than
in EDTA plasma.Additionally, stability of C1-INH complexes in EDTA plasma and in
purified form (C1s/C1-INH complex from CompTech or in-house MASP-1/C1-INH
complex in buffer) was tested in multiple freeze-thaw cycles. Both complex levels in
EDTA plasma do not markedly change when performing up to four freeze-thaw cycles,
while the C1s/C1-INH complex in purified form seems to be prone to degradation when
being repeatedly frozen and thawed (Figure 11E+F).
Overall, those findings emphasize the importance of appropriate sample handling, storage
of samples in aliquots, the preferred use of EDTA plasma, and the recommendation of

keeping samples on ice after thawing until the meausrement of C1-INH complexes.
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Figure 11: Stability testing of C1-INH complexes. Benchtop stability of C1s/C1-INH complex (A: EDTA
plasma, C: Citrate plasma) and MASP-1/C1-INH complex (B: EDTA plasma, D: Citrate plasma) was tested
by storing samples at room temperature (red graphs) or on ice (blue graphs) for time intervals ranging from
10 min to 16 h. Afterwards C1-INH complex levels were measured and recovery was caluclated based on
the concentrations of the 10 min sample. Differences to the 10 min sample were analysed using the one
sample t-test (* p < 0.05, *** p <0.001). Freeze thaw stability was tested by exposing aliquots of either
purified C1-INH complex (brown) or two independent EDTA plasma samples (dark and light blue) to up
to 4 freeze-thaw cycles. Afterwards concentrations of C1s/C1-INH (E) and MASP-1/C1-INH complex (F)
were measured and recovery was calculated based on the concentrations measured in the sample without
freeze-thaw cycles. Figure taken and adapted with permission from Hurler et al. (38), under the terms of
the Creative Commons Attribution License (CC BY), https://creativecommons.org/licenses/by/4.0/.
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4.2 C1s/C1-INH and MASP-1/C1-INH complexes are suitable markers

for early classical and early lectin pathway activation
To support the assumption that C1-INH complexes are suitable markers for the
measurement of ongoing CP and LP activation, NHS was activated with zymosan and the
levels of C1s/C1-INH and MASP-1/C1-INH complex were analysed over time.
As seen in Figure 12 (taken and adapted with permission from Hurler et al. (38)), both
complex concentrations increased in a time-dependent manner upon activation of
complement with zymosan, while no such increase was seen in negative controls treated
with EDTA. Besides that, concentrations at To (directly after mixing) were comparable
in the different approaches, with average concentrations of 2829 + 138 ng/mL for
the C1s/C1-INH complex and 111.4 +3.5 ng/mL for the MASP-1/C1-INH complex
before activation.
In the NHS+zymosan sample, C1s/C1-INH complex levels increased a total of 5.7-fold
up to 16000 ng/mL within 5 hours, while even in the NHS sample without zymosan
(NHS) concentrations of 14000 ng/mL C1s/C1-INH complex were reached within the
same time, suggesting strong auto-activation of the classical pathway in the serum while
performing the experiment (Figure 12A). Concentrations in the negative controls
(samples containing EDTA) did not show a marked increase of the complex levels. When
performing a two-way ANOVA, for the zymosan-treated sample the effect was
statistically significant for the incubation time (p <0.0001) as well as the treatment
(NHS+zymosan vs. NHS: p =0.0399, NHS+zymosan vs. NHS+zymosan+EDTA:
p <0.0001, NHS+zymosan vs. NHS+EDTA: p < 0.0001).
Zymosan activation of NHS also led to a very rapid increase of MASP-1/C1-INH, while
the complex concentration doubled from 111 ng/mL to 224 ng/mL within only one hour
of incubation (p < 0.0001, Figure 12B). Afterwards a plateau is reached and MASP-1/C1-
INH complex concentrations do not further increase anymore, even when activation is
continued for up to 5 h. Contrary to the C1s/C1-INH complex, no increase in MASP-
1/C1-INH complex could be observed in NHS only, while again no additional complex
formation was observed in the negative controls treated with EDTA (NHS+zymosan vs.
all other treatments tested: p < 0.0001).
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Additionally, experiments only activating one of the two pathways were also performed,
and formation of C1-INH complexes was monitored in accordance with the activation
experiments utilizing zymosan for CP and LP triggering.

Again here, baseline levels (To) of C1-INH complexes were comparable in the different
approaches, with 1897 + 120 ng/mL C1s/C1-INH complex and 58.0 + 2.3 ng/mL
MASP-1/C1-INH complex. Of note, a different NHS pool was used for the CP/LP
specific activation and the zymosan activation experiments due to the performance of
experiments in different laboratories.

Using IgM coating to specifically activate the classical pathway, C1s/C1-INH complex
levels increased significantly (p = 0.0101) within 5 min in line with the CP activity,
measured by the C9 neoepitope formation in the wells of the same samples. After at least
10 min of incubation, C1s/C1-INH complex levels were highly increased compared to
the baseline levels (p < 0.0001), reaching as high as 16000 ng/mL, while there was a
slight increase in MASP-1/C1-INH complex levels observed within the first 30 min of
incubation, too (Figure 12C+D). When comparing those changes to MASP-1/C1-INH
complex formation caused by specific lectin pathway activation through mannan coating,
the effect seen during CP activation is negligible.

Using mannan coating, a highly significant increase in MASP-1/C1-INH complex levels
(<60 min activation: p = 0.0140; > 60 min activation: p <0.0001), again to more than
double the initial concentration, is seen (Figure 12D), although de novo complex
formation takes longer compared to the zymosan activation (Figure 12B). Similarly, LP
activity, again measured by formation of the C9 neoantigen, did increase in a time-
dependent manner, while C1s/C1-INH complex levels stayed at baseline for up to 2 h
(Figure 12C). Afterwards, new formation of C1s/C1-INH complex could be detected
(p = 0.0456), caused by auto-activation of the CP as seen before.

While C1s/C1-INH complex levels perfectly correlated with CP activity (r = 0.9870,
p < 0.0001; Figure 12E), there is also a strong positive correlation between MASP-1/C1-
INH complex formation and LP activity (r = 0.7336, p = 0.0002; Figure 12F), although
not as prominent as seen for the CP marker.

Overall, those in vitro findings confirm the hypothesis that C1s/C1-INH and
MASP-1/C1-INH complexes are specific markers for early CP and early LP activation,

respectively.
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Figure 12: Validation of C1-INH complexes as markers for classical and lectin pathway activation.
Complement in NHS was either activated with zymosan, IgM or Mannan and levlels of C1s/C1-INH
complex (A: zymosan, C: IgM and Mannan) and MASP-1/C1-INH complex (B: zymosan, D: IgM and
Mannan) were determined in the complex assays. Besides that, CP and LP activity, measured by the
formation of the Terminal complement complex (TCC/C5b-9) was further determined in the experiments
specifically activating the respective pathways (C: CP, D: LP). Auto-activation was determined in NHS
without additions, while EDTA served as a negative control (A+B). Influence of activation agents or
incubation time was analysed with a two-way ANOVA with Tukey’s multiple comparisons test. Besides
that, C1s/C1-INH complex levels were plotted against measured CP activity (E) and MASP-1/C1-INH
complex levels were plotted against LP activity (F). Correlations between pathway activities and the
respective C1-INH complexes was determined using the Spearman Rank correlation. Figure panels A-D
taken and adapted with permission from Hurler et al. (38), under the terms of the Creative Commons
Attribution License (CC BY), https://creativecommons.org/licenses/by/4.0/.
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4.3 Analysis of C1-INH complexes in healthy individuals

To establish reference values for both C1-INH complexes, C1s/C1-INH and
MASP-1/C1-INH complex levels were measured in EDTA plasma of 96 healthy adult
individuals utilizing the newly developed immunoassays (distribution of gender and age

is visualized in Figure 13).
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Figure 13: Gender and age distribution of healthy individuals used for reference determination for
the C1-INH complex assays.C1-INH complex levels were measured in EDTA plasma of 96 healthy
individuals, while gender (A) and age (B) distribution are visualized here. 50/96 healthy individuals were
male and 46/96 female, while the mean age was 41.5 + 13.1 years.

In EDTA plasma, physiological concentrations of 1846 + 1060 ng/mL C1s/C1-INH
complex (mean+2SD) and median 36.9 (13.18 - 87.89) ng/mL MASP-1/C1-INH
complex [median (2.5 percentile range — 97.5 percentile range)] were observed
(Figure 14, modified with permission from Hurler et al. (38)).

To define first reference ranges, different approaches were used, since physiological
C1s/C1-INH complex levels were normally distributed (Figure 14A; D’Agostino &
Pearson test: p = 0.0974), whereas MASP-1/C1-INH complex concentrations showed a
right-skewed distribution and did not pass the normality test (Figure 14B; D’ Agostino &
Pearson test: p <0.0001). None of the complexes differed significantly between males
(n=50) and females (n = 46) (Figure 14C+D; Mann-Whitney: p = 0.1588 for C1s/C1-
INH complex; p=0.9674 for MASP-1/C1-INH complex), while C1-INH complex
concentrations also did not correlate with age when looking at healthy adult donors
(Figure 14E+F; C1s/C1-INH complex: r=0.0306, p=0.7832; MASP-1/C1-INH
complex: r =-0.0150, p = 0.8926).
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Figure 14: Levels of C1-INH complexes in healthy adults. C1-INH complex levels were measured in 96
healthy adult individuals, while distribution of C1s/C1-INH complex (A) and MASP-1/C1-INH complex
levels (B) are illustrated in histograms, while normal distribution was checked with the D’ Agostino &
Person test. Measured concentrations were furthermore stratified according to gender (C: C1s/C1-INH
complex, D: MASP-1/C1-INH complex), and differences between males and females were analysed using
the Mann-Whitney test. Besides that, C1-INH complex levels were also checked for their correlation with
age (E: C1s/C1-INH complex, F: MASP-1/C1-INH complex). Figure modified with permission from
Hurler et al. (38), under the terms of the Creative Commons Attribution License (CC BY),
https://creativecommons.org/licenses/by/4.0/.
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4.4 Investigation of complement activation including C1-INH complexes
in COVID-19

Parts of the here described results focusing on lectin pathway activation (chapters 4.4.2,
4.4.3, and 4.4.4), were summarized in a manuscript that was published in Frontiers in
Immunology (112). The published content of our study was reused in adapted form in this

thesis, under the terms of the Creative Commons Attribution License (CC BY 4.0).

Hurler L, Szilagyi A, Mescia F, Bergamaschi L, Mez6 B, Sinkovits G, Réti M, Miiller
V, Ivanyi Z, Gal J, Gopcsa L, Reményi P, Szathmary B, Lakatos B, Szlavik J, Bobek I,
Prohaszka ZZ, Forhécz Z, Csuka D, Kajdacsi E, Cervenak L, Kiszel P, Masszi T, Valyi-
Nagy I, Wiirzner R, Cambridge Institute of Therapeutic Immunology and Infectious
Disease-National Institute of Health Research (CITIID-NIHR) COVID BioResource
Collaboration, Lyons PA, Toonen EJM, and Prohaszka Z (2023). Complement lectin
pathway activation is associated with COVID-19 disease severity, independent of MBL2
genotype subgroups. Front. Immunol. 14:1162171. doi: 10.3389/fimmu.2023.1162171.

In this study, the thesis’ author was the leading investigator under the supervision of
Prof. Dr. Zoltan Prohaszka and Dr. Erik J.M. Toonen. The author’s contribution included
methodology, validation, formal analysis, investigation, data curation, visualization,
interpretation of data, writing original draft, writing: reviewing, and editing. The author
performed, analyzed, and evaluated all experimental parts within this objective in
consultation with the additional authors of the manuscript, while genotyping of the MBL2
gene was performed by colleagues in the respective institutions. Detailed contributions

of other authors can be found in the published manuscript.

Two COVID-19 cohorts originating from Budapest (BUD) (173) and Cambridge (CAM)
(232), were included in the analysis. An overview of the cohorts is listed in Table 15

(taken with permission from Hurler et al. (112)).
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Table 15: Baseline characteristics of COVID-19 cohorts and healthy controls
included in the analysis. Table taken with permission from Hurler et al. (112).

COVID COVID Healthy Healthy
Variables Cambridge Budapest controls controls
(CAM) (BUD) (CAM) (BUD)
total, n 215 128 47 339
Male sex, n (%) 118 (54.9) 71 (55.5) 26 (55.3) 154 (45.4)

Mean age + SD 529+17.8 60.5+16.5 4234150 42.1+12.8
Delay between first symptom and

sampling, days median (IQR) 11 (6-31) 9 (5-20) - -

MODERATE cases n (% of n (% of
total cases)  total cases)

not requiring hospitalization § i i

(MILD/CONVY) 56 (26.0) 26 (20.3)

hospitalized, but not requiring O or i i

ventilation (HOSP) CYELE) 2T

SEVERE cases

hospitalized, requiring O 40 (18.6) 33 (25.8) i i

(HOSP+0y)
Intensive care unit
(ICV) 72 (33.5) 42 (32.8) - -
Laboratory findings, median (IQR)

. . 255 29.4 1.8 2.1
C-reactive protein [ref <10 mg/L] (31-1223) (3.7-107.6) (12-24)  (1.1-4.2)

. 2.3 24.2 0.2
Interleukin 6 [ref 2-4.4 pg/mL] (0.5-11.2) (7.1-67.9) (0.2-0.2) NA
3804 2104
TCCI/C5b-9 [ref <1000 mAU/mL] (2013-6144) (1753-2527)
265 198

SC5b-9 [ref 110-252 ng/mL] - (185-380) - (148-298)
Disease outcome
Long COVID*, n (%) 32 (53.3) NA - -
COVID-19 related death/mortality,
n (%) 19 (8.8) 25 (19.5) - -

S Sampling in all 26 patients with only mild COVID-19 from the Budapest cohort (BUD) was done in the
convalescent phase, hence biomarker measurements were excluded from merged analysis showing levels
in acute COVID-19, but individuals were included in genetic analysis. Results with biomarker levels of
those 26 patients are termed CONV.

* In total, 60 COVID-19 patients from the Cambridge cohort (CAM) were administered to a questionnaire
asking about persisting symptoms (Long COVID). In the Budapest cohort (BUD) no questionnaires were
performed/sent out to the patients.
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The ratio between males and females was similar in both cohorts (Fisher’s exact:
p >0.9999), while patients were significantly older in the Hungarian cohort
(52.9+£17.8 years vs. 60.5+ 16.5 years, Mann-Whitney: p <0.0001). Besides that,
healthy controls were significantly younger in both cohorts (Mann-Whitney:
CAM: p =0.0014, BUD: p < 0.0001).

The Cambridge (CAM) COVID-19 cohort consisted of 215 patients with approved
SARS-CoV-2 infection, while 47 healthy adults served as the controls (HC). The
Hungarian (BUD) COVID-19 cohort included 128 SARS-CoV-2 patients. Additionally,
339 historical healthy individuals were enrolled in Hungary for genetic analysis. The
COVID-19 patients were stratified according to disease severity, while the
"moderate’ (MOD) patients group consisted of individuals not requiring hospital
admission (MILD/CONV) and patients requiring hospitalization, but no O> (HOSP). The
’severe’ (SEV) patient group contained hospitalized patients which needed O3
(HOSP+02) and patients admitted to the intensive care unit (ICU). An overview of the
severity stratification for different analyses is depictured in Figure 15 (taken and adapted

with permission from Hurler et al. (112)).

CAM
+ '
1 * |
BUD + CAM BUD + CAM
Biomarker analysis Genetic analysis

= HC

= MILD/CONV 3 HC

mm HOSP 3 MOD (MILD/CONV + HOSP)
mm HOSP+0, == SEV (HOSP+0, + ICU)

. ICU

Figure 15: Distribution of cases and controls in the two cohorts (BUD and CAM) included in
biomarker and genetic analysis. For biomarker analysis, individuals were stratified according to five
severity groups (HC, MILD/CONV, HOSP, HOSP+0O,, ICU), while the MILD/CONV and HOSP groups
were merged into the moderate (MOD), and the HOSP+0, and ICU groups into the severe (SEV) group
for genetic analysis. Figure taken and adapted with permission from Hurler et al. (112), under the terms of
the Creative Commons Attribution License (CC BY), https://creativecommons.org/licenses/by/4.0/.
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441 CI1-INH complex levels are increased in COVID-19

COVID-19 cohorts were chosen for a first proof-of-concept study when measuring C1-
INH complex levels in disease in vivo, since the potential involvement of the CP and LP
in the pathomechanism of SARS-CoV-2 infections was shown by several studies (163,
169, 170, 238).

First measurements in a total of 414 SARS-CoV-2 infected patients, deriving from the
CAM and the BUD cohorts, showed increased levels of both C1-INH complexes, with
mean concentrations of 2407 £+ 1283 ng/mL Cl1s/C1-INH complex (Mann-Whitney:
p < 0.0001; Figure 16A) and 51.5 (33.5-76.1) ng/mL MASP-1/C1-INH complex (Mann-
Whitney: p < 0.0001; Figure 16B) in COVID-19 patients, when compared to healthy
individuals (n = 96; Figure taken and adapted with permission from Hurler et al. (38)).
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Figure 16: C1-INH complex levels in healthy individuals and COVID-19 patients. C1s/C1-INH
complex (A) and MASP-1/C1-INH complex levels (B) were measured in COVID-19 patients (n = 414) and
healthy controls (n = 96). P values for the pair-wise group comparisons (healthy vs. COVID-19) were
calculated by the Mann-Whitney test, and significance is indicated by asterisks (**** p < 0.0001). Figure
modified with permission from Hurler et al. (38), under the terms of the Creative Commons Attribution
License (CC BY), https://creativecommons.org/licenses/by/4.0/.

In COVID-19 cases, C1s/C1-INH complex levels showed strong positive correlation with
MASP-1/C1-INH complex concentrations in the Cambridge cohort (Figure 17A), while
there was also moderate positive correlation between the two markers as well as between
C1s/C1-INH complex and the CP/LP common marker C4d in the Budapest cohort

(Figure 17B). Besides, C1s/C1-INH complex concentrations moderately correlated with
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common complement activation markers C3a and C5b-9, as well as with C1-INH levels
and CRP concentrations in both COVID-19 cohorts.

Also MASP-1/C1-INH complex levels showed moderate positive correlation with CP/LP
common marker C4d in COVID-19 cases (Figure 17B), while in both cohorts weak
positive correlations were also observed between MASP-1/C1-INH complex
concentrations and levels of C3a, C5b-9, and C1-INH.

In healthy controls, significant correlations could only be observed between the two C1-
INH complexes and C1-INH concentrations (Figure 17A+B), and between C1s/C1-INH
and MASP-1/C1-INH complexes in the Budapest control cohort (Figure 17B).
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Figure 17: Correlation between C1-INH complex levels and additional complement and laboratory
parameters in COVID-19 cases and controls. Heatmap of correlation matrix of C1s/C1-INH and MASP-
1/C1-INH complex levels and additional complement as well as inflammatory parameters of the Cambridge
cohort (A) and the Budapest cohort (B). Correlations in COVID-19 cases are presented in the left panel
each, while correlations in healthy controls are shown on the right. The strength of each correlation, as
calculated by the Spearman rank correlation, is indicated via color-coding. Significant correlations are
marked by asterisks after 5% false discovery rate correction using the Benjamini-Hochberg method.

Since both complexes were increased in COVID-19 patients, and C1-INH complex levels
also correlated with additional complement activation markers in COVID-19 patients,
more in-depth studies regarding the role of classical and lectin pathway activation, as well
as long-term changes of C1-INH complex levels in severe SARS-CoV-2 infections, were

conducted, as summarized in the following chapters.
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4.4.2 The lectin pathway is activated in acute COVID-19, and LP activation is
associated with disease severity

Both, the early lectin pathway marker MASP-1/C1-INH complex (Figure 18A), as well
as the CP and LP common marker C4d (Figure 18B) showed significantly different
concentrations between several COVID-19 severity groups and healthy controls
(Kruskal-Wallis: MASP-1/C1-INH complex: p = 0.0011; C4d: p <0.0001), with higher
levels in more severe groups (HOSP, HOSP+O; and ICU) (Figure 18; taken and adapted
with permission from Hurler et al. (112)). Those findings indicate that lectin pathway is
activated after a SARS-CoV-2 infection, and that LP activation is associated with
COVID-19 disease severity.
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Figure 18: Lectin pathway activation markers in COVID-19 patients and healthy controls. Levels of
lectin pathway activation markers MASP-1/C1-INH complex (A) and C4d (B) were measured in EDTA
plasma of COVID-19 patients and healthy controls and stratified according to disease severity. Differences
between different severity groups were analysed using the Kruskal-Wallis test with Dunn’s multiple
comparison test. Asterisks indicate significance (* p <0.05, ** p<0.01, *** p <0.001), while non-
significant results are not shown. Abbreviations: HC, Healthy controls; MILD, mild patients not requiring
hospitalization; CONV, mild patients not requiring hospitalization and sampled in the convalescent stage;
HOSP, Hospitalized patients not requiring ventilation; HOSP+0O2, Hospitalized patients requiring
ventilation; ICU, Intensive care unit patients. Figure taken and adapted with permission from Hurler et al.
(112), wunder the terms of the Creative Commons Attribution License (CC BY),
https://creativecommons.org/licenses/by/4.0/.
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4.4.3 MBL2 genetic variants do not strongly associate with COVID-19
susceptibility or outcome

To investigate the role of the lectin pathway in COVID-19, genotyping of the MBL2 gene,
the key pattern recognition molecule of the LP, was performed in COVID-19 patients as
well as in additionally enrolled healthy controls. While information of all six common
polymorphisms was available, data was analysed either looking at the short haplotype
combinations (only the promoter polymorphism -221 X/Y (rs7096206) and the exonic
SNPs A or 0 (indicating missense variants B, C and D)), the variants of allele A in exon 1
of MBL2 (combinations of A, B, C, and D), or according to the long haplotype
combinations (including all six common polymorphisms). No clinically meaningful
differences in the distribution of the short genotypes (Table 16), the wildtype and variants
of allele A in exon 1 (Table 17), or the long haplotype combinations in MBL2 (Table 18)
between COVID-19 cases and controls could be observed (Tables taken with permission
from Hurler et al. (112)). Besides that, analysis were also performed according to the
severity status (moderate COVID-19 vs. severe COVID-19) as well as separately for the
two cohorts, but no significant differences were noted in the frequency of specific MBL2
genetic variants (data not shown, for details see Supplementary Material in
Hurler et al. (112)).

When stratifying MBL levels (CAM cohort; Figure 19A) and Lectin pathway activity
(BUD cohort; Figure 19B) according to MBL2 genotypes as well as COVID-19 severity,
it is obvious that both parameters mainly depend on the MBL2 genetics.

However, different patterns in MBL protein levels are visible when investigating
MBL high and intermediate (YA/YA and YA/XA+XA/XA) and MBL low and deficient
(YAJO and XA/0+0/0) genetic groups. While MBL high and intermediate groups show
increased MBL concentrations in moderate and severe COVID-19 cases, MBL low and
deficient groups show higher MBL levels in healthy controls compared to the cases. This
trend is also seen when looking at the lectin pathway activity (Figure 19B), although not

statistically significant for most comparisons.
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Table 16: Distribution of short MBL2 haplotype combinations in healthy controls
and COVID-19 cases. Table taken with permission from Hurler et al. (112).

controls (n = 377) cases (n =314) Odds ratio (95 % ClI) p-value®
n % n %

YAIYA 102 27.1 % 83 26.4 % 0.969 (0.695-1.362) 0.864
YA/XA 93 24.7 % 87 27.7% 1.170 (0.838-1.640) 0.385
YAJO 97 25.7 % 69 22.0% 0.813 (0.574-1.157) 0.283
XAIXA 17 45 % 13 4.1% 0.915 (0.453-1.853) 0.853
XA/0 44 11.7% 41 13.1% 1.137 (0.713-1.801) 0.642
0/0 24 6.4 % 21 6.7 % 1.054 (0.578-1.889) 0.878

@ p-values reported as non-corrected for multiple testing. Threshold for significance after Benjamini-
Hochberg correction for multiple testing: p = 0.0083.

Table 17: Distribution of MBL2 exonic wildtype and variant alleles in healthy
controls and COVID-19 cases. Table taken with permission from Hurler et al. (112).

controls (n = 377) cases (n = 315) Odds ratio (95 % CI) p-value®
n % n %
Wildtype
A/A 212 56.2 % 183 58.1 % 1.032 (0.761-1.386) 0.878
Heterozygous
A/B 86 22.8% 73 23.2% 1.021 (0.720-1.464) 0.928
A/C 7 1.9% 5 1.6 % 0.853 (0.304-2.442) 1.000
A/D 48 12.7% 33 10.5% 0.802 (0.504-1.296) 0.406
Total A/0 141 37.4% 111 35.2% 0.911 (0.671-1.247) 0.579

Homozygous variant

B/B 9 2.4 % 8 2.5% 1.066 (0.416-2.610) 1.000
B/C 2 0.5% 1 0.3% 0.597 (0.041-5.160) 1.000
B/D 9 2.4 % 8 25% 1.066 (0.416-2.610) 1.000
C/iC 1 0.3% 1 0.3% 1.197 (0.063-22.810) 1.000
C/D 1 0.3% 0 0.0% 0.000 (0.000-10.770) 1.000
D/D 2 0.5% 3 1.0% 1.803 (0.366-10.210) 0.664
Total 0/0 24 6.4 % 21 6.7 % 1.051 (0.576-1.883) 0.878

2 p-values reported as non-corrected for multiple testing. Threshold for significance after Benjamini-
Hochberg correction for multiple testing: p = 0.0042.
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Table 18: Distribution of long MBL2 haplotype combinations in healthy controls and
COVID-19 cases. Table taken with permission from Hurler et al. (112).

controls (n = 373) cases (n =314) Odds ratio (95 % CI) p-value?
n % n %

HYPA/LXPA 41 11.0% 45 14.3% 1.355 (0.859-2.153) 0.204
LXPA/LYQA 44 11.8 % 31 9.9% 0.819 (0.504-1.327) 0.462
HYPA/LYQA 46 12.3% 28 8.9% 0.696 (0.429-1.141) 0.174
HYPA/LYPB 36 9.7% 32 10.2 % 1.062 (0.640-1.740) 0.898
HYPA/HYPA 32 8.6 % 34 10.8 % 1.294 (0.777-2.169) 0.363
LXPA/LYPB 26 7.0% 23 7.3% 1.055 (0.579-1.882) 0.883
LYQA/LYPB 22 5.9% 12 3.8% 0.634 (0.318-1.275) 0.223
LXPA/LXPA 17 4.6 % 13 4.1% 0.904 (0.448-1.833) 0.853
HYPA/HYPD 17 4.6 % 10 3.2% 0.689 (0.324-1.512) 0.432
LXPA/HYPD 12 3.2% 14 4.5% 1.404 (0.669-3.082) 0.427
LYQA/LYQA 12 3.2% 11 3.5% 1.092 (0.496-2.559) 0.835
LXPA/LYPA 8 2.1% 11 3.5% 1.656 (0.682-4.019) 0.352
LYPB/LYPB 9 2.4% 8 25% 1.057 (0.413-2.590) > 0.999
HYPD/LYPB 8 2.1% 7 2.2% 1.037 (0.394-2.876) > 0.999
LYQA/HYPD 13 3.5% 2 0.6 % 0.178 (0.040-0.678) 0.016
HYPA/LYPA 6 1.6 % 5 1.6 % 0.990 (0.343-3.361) > 0.999
LYPA/LYPB 2 0.5% 6 1.9% 3.614 (0.869-17.700) 0.151
LYPA/LYQA 3 0.8 % 4 1.3% 1.591 (0.424-6.352) 0.708
LXPA/LYQC 4 1.1% 3 1.0% 0.890 (0.223-3.337) > 0.999
HYPD/HYPD 2 0.5 % 3 1.0% 1.789 (0.363-10.130) 0.665
LYQA/LYQC 2 0.5 % 2 0.6 % 1.189 (0.185-7.627) > 0.999
LYQA/LYPD 0 0.0% 3 1.0% Infinity (1.032-infinitiy) 0.095
LYPB/LYQC 2 0.5% 1 0.3% 0.593 (0.041-5.121) > 0.999
HYPD/LYPA 1 0.3% 1 0.3% 1.188 (0.062-22.640) > 0.999
LXPA/LYPD 1 0.3% 1 0.3% 1.188 (0.062-22.640) > 0.999
LYPA/LYPD 1 0.3% 1 0.3% 1.188 (0.062-22.640) > 0.999
LYPB/LYPD 1 0.3% 1 0.3% 1.188 (0.062-22.640) > 0.999
LYQC/LYQC 1 0.3% 1 0.3% 1.188 (0.062-22.640) > 0.999
HYPA/LYPD 2 0.5% 0 0.0% 0.000 (0.000-2.567) 0.503
LYPA/LYPA 0 0.0% 1 0.3% Infinity (0.132-infinity) 0.457
HYPA/LYQC 1 0.3% 0 0.0% 0.000 (0.000-10.690) > 0.999
HYPD/LYQC 1 0.3% 0 0.0% 0.000 (0.000-10.690) > 0.999

2 p-values reported as non-corrected for multiple testing. Threshold for significance after Benjamini-
Hochberg correction for multiple testing: p = 0.0016.
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Figure 19: Levels of MBL and lectin pathway activity stratified according to MBL2 genetic groups
and COVID-19 severity. Levels of MBL (A) and Lectin pathway activity (B) in healthy controls (HC) and
moderate (MOD) as well as severe (SEV) COVID-19 cases were stratified according to the short MBL2
genotypes (MBL high: YA/YA, MBL intermediate: YA/XA+XA/XA, MBL low: YA/0, MBL deficient:
XA/0+0/0). Differences between groups were analysed with ANOVA with Dunn’s multiple comparison
post-hoc test. Asterisks indicate significance: * p <0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001.
Abbreviations: HC, Healthy controls; MOD, moderate COVID-19 patients; SEV, severe COVID-19
patients. Figure taken and adapted with permission from Hurler et al. (112), under the terms of the Creative
Commons Attribution License (CC BY), https://creativecommons.org/licenses/by/4.0/.

Those findings imply that SARS-CoV-2 infections might have an effect on MBL levels
and hence increase the protein concentrations in MBL high and intermediate groups
(YA/YA and YAIXA+XA/XA).

Stratification according to MBL2 genetic groups as well as disease severity was also done
for lectin pathway activation markers MASP-1/C1-INH complex and CP/LP joint
activation fragment C4d, but differences were only observed between different
COVID-19 severity groups (data not shown, for details see Hurler et al. (112)), suggesting
that increased lectin pathway activation products only moderately reflect increased MBL

levels and lectin pathway activity in COVID-19.
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4.4.4 MBL does bind to SARS-CoV-2 spike protein, while binding is dependent on
MBL protein levels

Since the lectin pathway can be activated by SARS-CoV-2 directly, binding of MBL to
SARS-CoV-2 spike protein was investigated using recombinant MBL (rMBL) and serum
samples from healthy individuals with different MBL2 genotypes. As illustrated in
Figure 20 (taken and adapted with permission from Hurler et al. (112)), rMBL as well as
serum-derived MBL could bind to the viral protein in a concentration-dependent way.
The highest binding was observed using recombinant MBL. Looking at the sera samples
tested, highest OD signals were observed in sera from MBL2 high-expressing/wildtype
(YA/YA) healthy donors, followed by MBL intermediate (YA/XA+XA/XA) and MBL
low (YA/O) groups. Neglecting signals were observed in MBL deficient (XA/0+0/0) sera,
with OD values similar to BSA, which served as a negative control. There were no
differences in the binding signals between binding to the SARS-CoV-2 S-protein and
binding to mannan (data not shown).

The results suggest that binding of MBL to SARS-CoV-2 spike protein is solely
dependent on the average MBL concentration (X) present in sera, and binding behaviour

does not differ between different genetic groups.
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Figure 20: Binding of MBL to SARS-CoV-2 spike protein. Plates were coated with SARS-CoV-2 spike
protein, and incubated with either recombinant MBL (rMBL; 1000 ng/mL), serum from patients with
different MBL2 genotypes (10 %) or BSA (5 %) in TBST-Ca?*, before binding of MBL was detected.
Genotype groups were as follows: YA/YA (n =5), YA/XA (n = 3), XA/XA (n=3), YA/O (n =4), XA/0
(n=2) and 0/0 (n = 3). Mean+SD of two independent experiments are shown. Abbreviations: X, average
concentration; BSA, bovine serum albumin; TBST-Ca?*, Tris-HCI buffer containing calcium. Figure taken
and adapted with permission from Hurler et al. (112)), under the terms of the Creative Commons Attribution
License (CC BY), https://creativecommons.org/licenses/by/4.0/.
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4.45 Associations between Lectin pathway and disease outcome

The investigated proteins and MBL2 genotypes were also tested for their potential to
predict either the development of Long COVID (Figure 21; taken with permission from
Hurler et al. (112)), defined as persisting symptoms 6-12 months after SARS-CoV-2
infection (based on questionnaires administered to the patients of the CAM cohort), or
COVID-19 related mortality (Figure 22; taken with permission from Hurler et al. (112)),
as outcome of the SARS-CoV-2 infection.

As illustrated in Figure 21, the development of Long COVID 6-12 months past infection
was not associated with either MBL (Figure 21A), MASP-1/C1-INH complex
(Figure 21B) or C5b-9 levels (Figure 21C). Besides that, there was also no association
with either the MBL2 A allele (Figure 21D) or the MBL2 short genotype groups
(Figure 21E), suggesting that lectin pathway activation does not have any significant role
in the development of Long COVID.
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Figure 21: Relationship between complement markers, MBL2 genotype and the development of
Long COVID in COVID-19 patients. Levels of complement markers MBL (A), MASP-1/C1-INH
complex (B) and TCC/C5b-9 (C) were stratified according to the development of Long COVID (recovered
vs. persisting symptoms/Long COVID). The Mann-Whitney test was performed to analyse differences
between the two groups. Forest plots displaying Odds ratios (ORs) with 95 % confidence intervals (CIs)
for the development of Long COVID, stratified according to the MBL2 A allele distribution (D) as well as
according to the short MBL2 genotypes (E). Odds ratios of 0 or infinite are not indicated on the forest plots.
Figure taken and adapted with permission from supplementary material of Hurler et al. (112), under the
terms of the Creative Commons Attribution License (CC BY),
https://creativecommons.org/licenses/by/4.0/.
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In contrast, a different picture is seen when looking at mortality as an outcome of
COVID-19 (Figure 22). Mortality data was available from both cohorts, and whereas
8.8 % of the Cambridge COVID-19 patients died (19/215 cases), the Hungarian cohort
showed a higher incidence of non-survivors (19.5 %; 25/128 cases; Fisher’s exact:
p = 0.007). Levels of MASP-1/C1-INH complex (Figure 22B+G) and lectin pathway
activity (Figure 22F) did not vary between survivors and non-survivors, while initial
C5b-9 levels were significantly increased in patients later on deceasing from COVID-19
(p=0.0004, Figure 22C; p = 0.0186, Figure 22H), whereas MBL levels were significantly
lower in the deceased group (p = 0.0062, Figure 22A). This can also be seen when looking
at the MBL2 A allele (Figure 22D) and short MBL2 genotype groups (Figure 22E) of the
CAM cohort. While individuals with the MBL2 wildtype allele (A/A) were at a ~70 %
lower risk of dying from the SARS-CoV-2 infection (OR 0.3192 (95 % CI 0.1172-
0.8664), p = 0.0261), patients with the homozygous variant B/B were over 8-times more
likely to die from COVID-19 (OR 8.750 (95 % CIl 1.442-44.470), p =0.0499)
(Figure 22D), when compared to individuals not homozygous variant for B/B.
Nevertheless, those associations between genetic variations of the MBL2 gene and the
risk of a COVID-19 related death did not pass correction for multiple tesing (significance
threshold using Benjamini-Hochberg correction: p = 0.0050). This trend towards lower
ORs in MBL high- and intermediate-expressing groups (YA/YA, YA/XA) and increased
risk of COVID-19 related mortality in low-expressing (YA/0) and MBL-deficient
(XAJ/0+0/0) groups is also evident when looking at the short MBL2 genotype groups
(Figure 22E). However, those findings could not be replicated in the BUD cohort
(Figure 221+)).

Outcome analysis were also performed according to the MBL2 long haplotype

combinations, but no significant results were obtained (data not shown).
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Figure 22: Relationship between complement markers, MBL2 genotype and COVID-19 related
mortality. Levels of complement markers MBL (A), MASP-1/C1-INH complex (B) and C5b-9 (C) in the
Cambridge cohort, as well as Lectin pathway activity (F), MASP-1/C1-INH complex (G) and C5b-9 (H) in
the Budapest cohort were stratified according to survival (alive vs. deceased). The Mann-Whitney test was
performed to analyse differences between the two groups, while asterisks indicate significance (* p < 0.05,
** p<0.01, *** p < 0.001). For non-significant differences, p-values are indicated. Forest plot displaying
Odds ratios (ORs) with 95 % confidence intervals (Cls) for COVID-19 related death in individuals,
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stratified according to the MBL2 A allele distribution (D: Cambridge, I: Budapest) as well as according to
the short MBL2 genotypes (E: Cambridge, J: Budapest). Odds ratios of 0 or infinite are not indicated on the
forest plots. P-values reported are non-corrected for multiple-testing. Significance thresholds using
Benjamini-Hochberg correction for multiple testing are p = 0.0050 for the MBL2 A allele, and p = 0.0083
for the short MBL2 haplotype combinations. Figure taken and adapted with permission from
Hurler et al. (112), under the terms of the Creative Commons Attribution License (CC BY),
https://creativecommons.org/licenses/by/4.0/.

4.4.6 Classical pathway activation is associated with COVID-19 disease severity,
and C1s/C1-INH complex levels are associated with CP activators
As seen in Figure 16, not only the lectin pathway but also the classical pathway is
activated in acute COVID-19.
C1s/C1-INH complex levels gradually increased with increasing severity of the SARS-
CoV-2 infection (Figure 23A, Kruskal-Wallis test: p <0.0001), with levels of
2022 £ 487 ng/mL in healthy controls, 1904 £ 911 ng/mL in the MILD group,
2373 +£1183 ng/mL in the HOSP, and 2595 + 1173 ng/mL in the HOSP+O_ group.
Highest C1s/C1-INH complex levels of 2848 + 1576 ng/mL were observed in the ICU
group.
Associations between C1s/C1-INH complex levels and several classical pathway
activators was investigated by stratification of measured C1-INH complex concentrations
according to anti SARS-CoV-2 antibody status (negative vs. positive; cut-off based on
the highest value observed in healthy controls) or according to CRP and PTX3 levels
(quartiles). C1s/C1-INH complex levels did not significantly differ between individuals
positive or negative for anti spike 1gG (p = 0.1815; Figure 23B), but were significantly
higher in anti nucleocapsid IgG positive patients (p = 0.0112; Figure 23C). Besides that,
C1s/C1-INH complex concentrations were significantly higher in patients with high CRP
(Figure 23D; Kurskal-Wallis test: p <0.0001) and high PTX3 (Figure 23E; Kruskal-
Wallis test: p = 0.0055) levels.
In summary, those findings indicate that classical pathway is activated upon
SARS-CoV-2 infection, while the activation rate is associated with COVID-19 disease
severity. In addition, there seems to be an association between classical pathway
activation and the anti SARS-CoV-2 antibody response as well as with acute phase
proteins CRP and PTX3, while C1s/C1-INH complex levels increase in accordance with

increasing acute phase protein concentrations.
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Figure 23: Classical pathway activation in COVID-19 patients and healthy controls. Levels of classical
pathway activation marker C1s/C1-INH complex (A) was measured in EDTA plasma of COVID-19
patients and healthy controls and stratified according to disease severity. Differences between different
severity groups were analysed using the Kruskal-Wallis test with Dunn’s multiple comparison test or the
Mann-Whitney test. Levels of C1s/C1-INH complex were further stratified according to the status (negative
vs. positive) of anti SARS-CoV-2 spike 1gG (B), anti nucleocapsid IgG (C), CRP quartiles (D) and PTX3
quartiles (E). Asterisks indicate significance (* p <0.05, ** p<0.01, *** p<0.001, **** p < 0.0001),
while non-significant results are not shown. Abbreviations: HC, Healthy controls; HOSP, Hospitalized
patients not requiring ventilation; HOSP+0O,, Hospitalized patients requiring ventilation; ICU, Intensive
care unit patients.
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4.4.7 CI1-INH complex levels in long-term samples of hospitalized COVID-19
patients change in the presence of co-infections
Follow-up samples of 12 severely infected COVID-19 patients, treated at the Department
of Internal Medicine in the Hospital St. Vinzenz, Zams, were collected as part of a
prospective, longitudinal study investigating complement activation and systemic
inflammation in COVID-19 (233). While all patients required hospitalization and
ventilation, ten out of 12 patients were male (83.3 %), and the mean age of the patients
was 79.2 + 5.1 years. Seven patients deceased from their severe SARS-CoV-2 infection
(58.3 %), while seven individuals presented co-infections next to COVID-19
(Candida spp.: n =4, Escherichia coli: n=2, Aspergillus spp.: n=2). Investigated
co-infections were determined in tracheal fluid samples of the patients, as described
previously (233).
After Cba and TCC serum levels were shown to be significantly increased in severe
COVID-19 cases with and without co-infections in the cohort (233), the samples were
analysed for their C1-INH complex levels, under supervision of Prof. Dr. Reinhard
Wiirzner at Medical University Innsbruck, Austria.
Measurements revealed that there are no significant differences in C1-INH complex
levels between survivors and non-survivors (Figure 24A+B; C1s/C1-INH: p = 0.2287,
MASP-1/C1-INH: p=0.1717). However, MASP-1/C1-INH complex levels were
increased (p = 0.0251) in patients with additional Candida infection, especially during
the first few days of hospitalization, while C1s/C1-INH complex concentrations did not
differ significantly from individuals without Candida co-infection (p =0.9144)
(Figure 24C+D). In contrast, both C1-INH complexes were increased when hospitalized
COVID-19 patients had a co-infection with E.coli (p <0.0001 for both C1-INH
complexes) (Figure 24E+F), whereas they were decreased if SARS-CoV-2 infected
individuals suffered additionally from an Aspergillus infection (C1s/C1-INH: p < 0.0001,
MASP-1/C1-INH: p = 0.0001) (Figure 24G+H). In none of the groups investigated there
were significant changes of either the C1s/C1-INH or the MASP-1/C1-INH complex
levels within the 30 days of follow-up (time), while there was also no interaction between
the groups and time observed.
Those findings indicate that even C1-INH complex levels might already be increased due

to a SARS-CoV-2 infection, co-infections with either Candida spp., E.coli or

89



RESULTS

Aspergillus spp. can further influence C1s/C1-INH and MASP-1/C1-INH complex

levels.
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Figure 24: Long-term follow-up of C1-INH complex levels in severe COVID-19 patients. Levels of
C1s/C1-INH and MASP-1/C1-INH complex levels were measured in severe COVID-19 patients at
different time points up to 30 days past start of hospitalization (D1-D30). Measurements were grouped
according to the days after hospitalization start, and results were stratified according to survival (A: C1s/C1-
INH, B: MASP-1/C1-INH complex) and co-infections with either Candida (C: C1s/C1-INH, D: MASP-
1/C1-INH complex), E.coli (E: C1s/C1-INH, F: MASP-1/C1-INH complex) or Aspergillus (G: C1s/C1-
INH, H: MASP-1/C1-INH complex) and analysed using a two-way ANOVA. Earlier determined ranges of
C1-INH complex concentrations measured in healthy controls are indicated in grey.
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4.5 Early complement activation in Sepsis

Early classical and lectin pathway activation was also investigated in a cohort of Sepsis
patients, sampled as part of a prospective cohort study dealing with blood stream
infections (234, 239), under supervision of Prof. Dr. Reinhard Wiirzner at Medical
University Innsbruck, Austria.

The cohort consisted of 70 Sepsis patients, treated from October 2019 to July 2021 at the
Department of Internal Medicine and at the Department of Operative Medicine of
Medical University Innsbruck, as well as 25 healthy controls. Of note, due to limited
sample volumes, not all samples included in previous analysis (234, 239) were available
for the here shown study. The mean age of the 70 patients included in the present analysis
was 65.2 + 18.5 years, while the controls were significantly younger (Mann-Whitney:
p < 0.0001), with a mean age of 34.7 + 12.0 years. Besides that, the diseased cohort was
predominated by male patients (n = 47/70, 67.1 %), while the control cohort consisted of
more women (n = 15/25, 60.0 %). A total of 11 sepsis patients (15.7 %) died within the
first four weeks after sampling. Besides that, a positive blood culture was observed in 7
sepsis patients (10.0 %), while 14 patients suffered from COVID-19 (20.0 %). In an
earlier study, significantly increased plasma TCC levels were detected in all sepsis
patients when compared to healthy controls (234), indicating activation of the
complement system. Based on those findings, the cohort was chosen for an additional
external study utilizing the newly developed C1-INH complex immunoassays.

When looking at early complement activation, levels of both C1-INH complexes were
significantly increased in sepsis patients vs. HC, with 3493 £ 2176 vs. 1163 + 508 ng/mL
C1s/C1-INH complex (Mann-Whitney: p <0.0001; Figure 25A), and 65.5 +49.5 vs.
31.0 £ 17.1 ng/mL MASP-1/C1-INH complex (Mann-Whitney: p < 0.0001; Figure 25B).
Besides that, C1s/C1-INH and MASP-1/C1-INH complex levels showed a moderate
positive correlation in healthy controls (r = 0.4606, p = 0.0102), and a strong positive
correlation in Sepsis patients (r = 0.6574, p < 0.0001; Figure 25C).

In contrast, the levels were not significantly different between survivors and non-
survivors (Mann-Whitney: p=0.7798 for C1s/C1-INH complex, p =0.0501 for
MASP-1/C1-INH complex; Figure 25D+E), although there is a trend towards higher
MASP-1/C1-INH complex levels in survivors. C1-INH complex levels did not correlate

significantly in non-survivors, while a strong positive correlation between C1s/C1-INH
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and MASP-1/C1-INH complex levels was observed in Sepsis survivors (r = 0.7054,
p < 0.0001; Figure 25F).
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Figure 25: C1-INH complex levels in sepsis and association with outcome. C1s/C1-INH complex (A)
and MASP-1/C1-INH complex levels (B) were measured in healthy controls (HC) and Sepsis patients.
Correlations between C1s/C1-INH and MASP-1/C1-INH complex levels in HC and Sepsis patients were
determined using the Separman rank correlation (C). Besides that, C1-INH complex levels in Sepsis
patients were further stratified according to the survival outcome (D: C1s/C1-INH complex, E: MASP-
1/C1-INH complex). Correlations between C1s/C1-INH and MASP-1/C1-INH complex levels in survivors
and non-survivors were determined using the Separman rank correlation (F). Differences between two
groups were analysed using the Mann-Whitney test, with asterisks indicating significance
(**** p < 0.0001), and p-values given for non-significant differences.

When stratifying the patients according to the presence of either bloodculture infection
(Figure 26 A+B) or COVID-19 infection (Figure 26C+D), C1-INH complex levels show
different patterns between the different groups.

C1s/C1-INH complex levels were significantly lower in healthy controls when compared
to bloodculture positive (p = 0.0002) or negative (p < 0.0001) sepsis patients, while the
difference between bloodculture positive and negative sepsis patients was not significant
(Figure 26A). In contrast, MASP-1/C1-INH complex levels were significantly different

between bloodculture positive and negative sepsis patients (p = 0.0456), with higher
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levels in bloodculture negative patients (Figure 26B). Besides that, levels also differed
significantly between healthy controls and bloodculture negative patients (p = 0.0001),
with higher levels in the patients.

Furthermore, both C1-INH complexes did not differ significantly in sepsis patients with
and without COVID-19 infection (p = 1.000 for both complexes; Figure 26C+D).

All in all, those findings indicate that both, the classical and the lectin pathway, are
activated in Sepsis patients, while the level of activation can differ depending on the
underlying infection.
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Figure 26: C1s/C1-INH and MASP-1/C1-INH complex levels in healthy controls and Sepsis patients,
additionally stratified according to the presence of a bloodstream or COVID-19 infection. C1-INH
complex levels were measured in a total of 25 HC and 81 sepsis samples, and results were stratified
according to the presence of a bloodculture infection (A: C1s/C1-INH, B: MASP-1/C1-INH complex) or a
COVID-19 infection (C: C1s/C1-INH, D: MASP-1/C1-INH complex). Differences between groups were
analysed using the Kruskal-Wallis test, and signficant differences are indicated with asterisks (* p < 0.05,
*** n < 0.001, **** p < 0.0001), while non-significant differences are not indicated.
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5 DISCUSSION
5.1 Development and characterization of immunoassays measuring

C1s/C1-INH and MASP-1/C1-INH complexes

Although the complement system is an essential component of the immune system,
complement overactivation and dysregulation plays a major role in many different
conditions and diseases (31, 240). To get a better understanding about those diseases, it
is of utmost importance to reveal which pathways are activated most. Since there were no
validated tools to investigate early classical and early lectin pathway activation so far, we
proposed C1s/C1-INH and MASP-1/C1-INH complexes as suitable markers to
distinguish between the two pathways. Although C1/C1-INH complexes were used as a
measure of classical pathway activation in several studies before (221-225, 241-244),
MASP-1/C1-INH complexes were only measured in two published studies, while they
were not directly declared as a marker for lectin pathway activation (222, 226). In the
scope of this PhD project, two novel immunoassays, measuring C1s/C1-INH complex as
a marker for early classical pathway activation, and MASP-1/C1-INH complex as a
marker for early lectin pathway activation, were developed and validated.

The new immunoassays measure C1-INH complex levels in a robust and reliable manner.
The antibodies used for assay development are specific for the complex components and
do not cross-react with other proteins of the respective complement pathways. Besides
that, the anti Cl1s and anti MASP-1 monoclonals can also be used in Western Blot
applications. Although very specific signals for C1-INH are observed with the anti
C1-INH monoclonal in the direct ELISA, the antibody did not show conclusive results in
Western Blot applications (n=4), suggesting that a discontinuous epitope might be
recognized, which is destroyed when performing an SDS-PAGE. Besides that,
inconclusive results might also be explained by different protocols, equipment and
reagents used while performing the experiments in different laboratories. While
applicability of the anti C1-INH monoclonal will be tested further in the future, the main
purpose was to use the antibody in immunoassay applications, where it is working as
expected in detecting purified C1-INH as well as the C1-INH complexes.

With regard to cross-reactivity with species other than human, both complex ELISAS
could also detect C1-INH complexes in serum from orang utan and spider monkey. This

is not surprising, considering the close relationship of apes/monkeys to humans and the
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similarity of most parts of the DNA (245). Cross-reactivity results seen in murine samples
are not 100 % conclusive and should be re-tested in additional samples in the future, while
signals observed in other species are most likely only background.

Intra- and inter-assay variation in the new immunoassays is low and recovery of C1-INH
complexes in EDTA plasma > 90 %, supporting the robustness of the sandwich ELISAs.
Measurement of complement components in a reliable way can be challenging, since
often large variation is present between different laboratories due to a lack of standardized
reagents, assays and experimental procedures (246-248). Besides that, especially levels
of complement activation products might vary depending on sample type and handling,
so proper sample selection and handling is essential for reliable measurements (249, 250).
As shown here, the C1-INH complexes can be measured in Citrate plasma, Heparin
plasma, EDTA plasma or serum, while concentrations differ slightly depending on the
matrix, therefore requiring adaption of dilution factors appropriate for the sample type
used. Nevertheless, heparin plasma should be avoided, because heparin was shown to
interact with several complement proteins and regulators, such as the C1 complex,
C1-INH, as well as MASP-1 and -2 (123, 251-254), which might give erroneous results
when measuring C1-INH complexes in the presence of heparin. While heparin can
artificially enhance C1s/C1-INH complex formation by increasing the rate of inhibition
of active Cl1s by C1-INH (255), MASP-1/C1-INH complex levels might be essentially
influenced by affinity changes between MASP-1 and its several interaction partners. As
an example, MASP-1 is more likely to form complexes with antithrombin when heparin
is present (256), which might explain lower levels of MASP-1/C1-INH complex found
in the here performed measurements using heparin plasma.

EDTA plasma should be the preferred sample type when investigating complement
activation products, since EDTA can block complement function via chelating Mg?* and
Ca2*, both required to stabilize the pattern-recognition complexes (257-259). In our
experiments, an EDTA concentration of 10 mM could minimize in vitro complement
activation. Even when supplementing EDTA, additional activation of the complement
system and hence de novo formation of C1-INH complexes can occur ex vivo, especially
when samples are not kept on ice. In an extensive review about complement analysis,

Brandwijk and colleagues suggested anticoagulation with additional EDTA
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(>20 mM EDTA instead of 10 mM used in common EDTA collection tubes) in order to
measure complement activation products more reliably (260).

In accordance with our findings, Yang et al. could show rather stable levels of
complement activation products for 4 h at room temperature or 16 h on ice (261). In their
study, they also highlighted the impact of multiple freeze-thaw cycles on complement
fragments. Some activation products, such as C4d, are quite sensitive and concentrations
can increase rapidly due to artificial complement activation upon repeated freezing and
thawing (261). While C1s/C1-INH and MASP-1/C1-INH complex concentrations in
EDTA plasma did not differ significantly for up to four freeze-thaw cycles in our
experiments, the purified complexes are prone to degradation, highlighting the
importance of small aliquots for purified complexes.

In summary, two well performing immunoassays were developed, which allow the
specific measurement of C1s/C1-INH and MASP-1/C1-INH complexes in human plasma
and serum. To obtain most reliable results, EDTA plasma is the recommended sample
type when investigating C1-INH complexes. Samples should be stored at -80 °C, and kept
on ice after thawing before the measurement for not longer than 1 h, in order to avoid

artificial complex formation and erroneous results.

5.2 Functional validation of C1-INH complexes as markers for early

classical and early lectin pathway activation

Although C1/C1-INH complexes have been used extensively for measuring complement
activation before (221-225, 242, 244, 262), same does not hold true for MASP-1/C1-INH
complexes. The potential of the C1-INH complexes to function as markers for CP and LP
activation was therefore investigated in several activation experiments.

Zymosan A, a Saccharomyces cerevisiae derived cell wall carbohydrate polymer, can
activate all three pathways of complement and was therefore chosen for initial activation
experiments (263-265). While the classical pathway is activated through naturally
occuring antibodies against the yeast in human circulation (265), thereby also enhancing
alternative pathway activation (265), AP activation can furthermore occur through an
zymosan-induced increase in alternative C3 convertase formation and stability (263). In
addition, the lectin pathway can be activated directly through the carbohydrate-rich

surface structure of the cell wall components (264).
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Both C1-INH complexes showed a time-dependent increase in their concentration when
incubating complement-preserved serum (NHS) with zymosan, supporting their usability
as activation markers. While no MASP-1/C1-INH complex increase was observed in the
NHS sample without zymosan, C1s/C1-INH complex concentrations were also strongly
increasing over time without the addition of an activator, indicating auto-activation due
to naturally occuring immune complexes in the circulation or 1g aggregation ex vivo while
performing the experiment (266, 267). Those findings again stress out the importance of
sample handling and the selection of the appropriate sample type when investigating C1-
INH complex levels, as also shown in the stability experiments.

In additional experiments, de novo formation of C1-INH complexes in human serum upon
specific activation of the classical (IgM) and lectin (mannan) pathway was in accordance
with CP and LP activity, measured by the C9 neoepitope formation in the wells, as also
done in functional complement ELISAs (207, 208). Furthermore, the C1-INH complex
levels also correlated strongly with the corresponding pathway activities, further
confirming the specificity of C1s/C1-INH and MASP-1/C1-INH complexes for CP and
LP activation, respectively.

In contrast to measurements of CP and LP activity using functional ELISAs (207, 208)
or hemolytic assays (201), the new C1-INH complex assays do not require complement-
preserved serum and allow determination of classical or lectin pathway activation at the
time of sampling. Besides that, a further advantage of C1s/C1-INH and MASP-1/C1-INH
complex determinations in respect to traditional hemolytic assays is that no fresh animal
blood cells are required for experiments, thereby increasing standardization and

facilitating comparison between different measurements.

5.3 Analysis of C1-INH complexes in healthy individuals

After the potential usage of C1-INH complexes as markers for early classical and early
lectin pathway activation was confirmed, the new immunoassays were utilized to
determine a first reference range in healthy adult donors. For C1s/C1-INH complexes,
concentrations were found to be normally distributed in a range of 1846 + 1060 ng/mL
(mean = 2SD), which is in line with concentrations in literature using in-house assays.
Concentrations reported by others were 1.0 + 0.2 mg/L C1s/C1-INH complex in plasma
or 2.1+ 0.8 mg/L in serum of nine healthy adults (268) or 25.04 (13.9-36.9) nM InEDTA
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plasma of six healthy individuals (222). Several other studies utilizing C1/C1-INH
complexes as a measure of classical pathway activation reported the C1-INH complex
levels as arbitrary units or ratios only (241-244, 262, 269-272), not allowing comparison
of our findings in healthy individuals to those published results.

In contrast, MASP-1/C1-INH complex levels showed a right-skewed distribution in
healthy individuals, indicating the potential influence of other factors, such as genetics as
an example (273). Besides that, both MASP-1 and C1-INH are known to also be key
players in other biological systems like the coagulation or the kallikrein system (129,
274), which might have an influence on MASP-1/C1-INH complex concentrations. While
C1-INH is the only known blocking molecule of Cls, MASP-1 has several other
inhibitors besides C1-INH, such as factor XIII (FXIII), fibrinogen, prothrombin, high
molecular weight kininogen (HMWK) and protease activated receptors (PARs) (275),
which potentially further explain the non-normal distribution of MASP-1/C1-INH
complex levels seen in healthy individuals. Due to the multi-functional roles of MASP-1
in several biological systems, measurement of MASP-1/C1-INH complexes might not
only give information about lectin pathway activation, but might also shed light on other
cascades, such as the coagulation or the kinin-system, as well as the activation state of
endothelial cells (274). As an example, functions of MASP-1 in the coagulation system
include activation of prothrombin, fibrinogen and FXIII, as well as stabilization of clot
formation (276). Because of that, it will be of utmost importance to not only look at
MASP-1/C1-INH complex levels separately, but to also include measurements of general
complement activation products such as C3 split products, C5b-9/TCC levels, or C4d as
a common CP/LP activation marker. This way, it can be said with higher confidence if
elevated MASP-1/C1-INH complex levels are indeed caused by an over-activated lectin
pathway, or if other biological systems might lead to an increase in MASP-1/C1-INH
complex levels.

Since measured MASP-1/C1-INH complex concentrations in healthy individuals were
not normally distributed, the reference range was defined as the 2.5 - 97.5 percentile
range, leading to physiological concentrations of 36.9 (13.18 - 87.89) ng/mL MASP-
1/C1-INH complex. The only study reporting MASP-1/C1-INH complex levels in EDTA
plasma of healthy individuals so far found levels of 0.38 (0.24-0.50) nM (222), while in
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a second study the levels were expressed as percentages in comparison to a pathological
group (226), not allowing comparison to our result.

Although some complement protein levels are reported to differ significantly between
males and females, and to change with age in human adults (277), same does not apply
for the here described C1-INH complexes. Those findings are in line with a study from
Bergseth et al. in 2013, where no significantly different levels were observed between
males and females in several complement activation products, including C1rs/C1-INH
complex, C4bc and TCC (278). In addition, also other lectin pathway protein levels were
shown to be independent of age in healthy adults (279).

In summary, a first reference range was determined for both C1-INH complexes, while
in future investigations it is most likely not necessary to correct for either gender or age.
However, only around 100 healthy individuals were investigated in the scope of this work,
and additional studies in other cohorts are necessary to see if the determined physiological

ranges are widely applicable in the general population.

5.4 Investigation of complement activation in COVID-19

So far, the SARS-CoV-2 pandemic has caused over 6.8 million deaths worldwide (153).
Although there is increasing evidence of complement playing a role in the pathogenesis
of the disease, the exact mechanisms are still not 100 % clear. Further knowledge about
complement activation, and more precisely the involvement of the different pathways
during SARS-CoV-2 infections, does not only give indications about the disease course,
but could also be of great importance when it comes to specifically targeting complement
during the disease progression.

Early studies targeting complement activation on the levels of either C3 or C5 did indeed
show promising results (280-283). Just recently, the anti C5a antibody Vilobelimab was
shown to be beneficial in critically ill COVID-19 patients (284, 285). Besides that, also
Narsoplimab, a monoclonal antibody targeting MASP-2 and hence interfering at the level
of lectin pathway activation, was shown to reduce the risk of COVID-19 related
thrombosis and endothelial cell damage (286). However, none of the trials met end point
criteria in their clinical studies (287, 288). Since complement activation in COVID-19
seems to be very heterogenous (238), in-depth knowledge about complement profiles of

the treated individuals might have led to more successful clinical trials.
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As scope of this project, early classical and lectin pathway activation in COVID-19
patients was investigated, focusing on the lectin pathway and its key pattern recognition
molecule MBL. We could show that both, the classical and the lectin pathway are
activated after onset of the disease, with higher C1-INH complex levels in more severe
cases. Those findings provided a first proof for the usability of C1s/C1-INH and
MASP-1/C1-INH complexes in vivo and support the application of the new
immunoassays to unreveal CP and LP activation also in other complement-mediated
diseases. However, lectin pathway activation seems to only play a minor role in the
disease course, since no great associations between the six common MBL2 single
nucleotide polymorphisms and susceptibility to SARS-CoV-2 or disease outcome were
found, although the virus seems to have an effect on MBL levels in COVID-19 patients.
While complement overactivation and consumption of C3 in COVID-19 was associated
with mortality (173), the SARS-CoV-2 spike protein was shown to directly activate the
alternative pathway (289). Besides that, deposition of complement complexes in tissue,
in combination with continuous alternative pathway amplification, was shown to be an
important component of severe disease courses in COVID-19 (290). In cluster analysis
by Defendi et al., the main pathways activated during COVID-19 infection were found to
be the alternative pathway as well as the lectin pathway (238). MASP-2, C4d, C5b-9 and
MBL deposition was reported in lung tissue from SARS-CoV-2 infected patients,
pointing towards lectin pathway involvement already very early after the pandemic
started (169, 170). Based on those findings, extensive research started regarding the role
of lectin pathway activation in COVID-19. MASP-2 deposition was also found in kidneys
of patients deceased from COVID-19, while Niederreiter and colleagues further showed
deposition of alternative pathway proteins FD and C3d, C5b-9 and again MASP-2,
proposing pronounced complement activation via the LP and AP (171). Significant
correlations between MASP-2 and complement activation product C5b-9, as well as
inflammatory marker CRP, were found in COVID-19 (291), while the SARS-CoV-2
nucleocapsid protein was shown to bind to MASP-2, followed by lectin pathway
activation in vitro and in vivo (292). In line with those findings, increased
MASP-1/C1-INH complex, as well as C4d levels in more severe SARS-CoV-2 infections,
as seen in our measurements, further provide evidence that lectin pathway activation is

involved in the pathomechanism of COVID-19.
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During the SARS-CoV outbreak twenty years ago, MBL was shown to not only activate
complement on the virus via the lectin pathway, but to also inhibit the infectivity of
SARS-CoV by binding to the virus (293). The study further provided first evidence that
MBL contributes to the first line defence of coronavirus infections and that susceptibility
might be influenced by the MBL2 genotype (293). While several subsequent studies could
confirm a higher frequency of individuals bearing MBL low or deficient genotypes
(B allele) in SARS patients than in healthy controls (294-296), those findings could not
be replicated in a all studies (297). Contradictory results were also observed in the present
SARS-CoV-2 pandemic. While there are again inconsistent results in literature (298),
many investigators showed associations between disease severity or outcome and MBL2
genetic variants (162, 299, 300). Especially the MBL2 B allele at codon 54 seems to be
associated with a higher risk for a more severe disease course, such as the development
of pneumonia, or the need for hospitalization, in COVID-19 (301, 302). Together with
the findings of Stravalaci et al., showing that MBL is able to recognize the spike protein
and therefore inhibiting viral entry into host cells (162), a protective role for MBL is
suggested during SARS-CoV-2 infections.

This might also be strengthened by our findings, where higher MBL levels were observed
in survivors when compared to deceased COVID-19 patients (CAM cohort). Also when
looking at the genetic background, a decreased risk of COVID-19 related mortality was
associated with the wildtype/MBL high A alleles. Besides that, also the short MBL2
haplotype groups showed a trend towards a protective role for MBL in the risk of a
COVID-19 related death. On the other hand, those findings could not be replicated in the
BUD cohort, and associations of genetic variants with disease severity and mortality did
not pass multiple testing correction in our analysis. Nevertheless, they are in line with
previous findings (301, 302) and should be re-investigated and potentially confirmed in
larger cohorts in the future.

Interestingly, we could further show that MBL protein levels seem to be increased in
MBL high (YA/YA) and MBL intermediate (YA/XA and XA/XA) COVID-19 patients
within the individual genetic groups, while same does not hold true for MBL low (Y A/0)
and MBL deficient (XA/0 and 0/0) patients. Those findings suggest that MBL acts as an
acute phase protein and MBL expression is influenced by SARS-CoV-2. Already in 1988

it was proposed that MBL can act as an acute phase protein in the course of
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infections (303). Increased MBL levels were shown during acute phase reactions in severe
infections as well as in sepsis patients (107, 304, 305). Those enhanced levels, as also
seen in our COVID-19 cohort, might be caused by increased IL-6 levels. While
significantly increased IL-6 levels were previously reported in severe COVID-19 cases
in both of our here described cohorts (173, 232), in vitro studies showed an increase in
MBL expression by IL-6 (306), potentially explaining our findings of higher MBL levels
in SARS-CoV-2 infected patients. In summary, a strong MBL2 promoter is driving high
MBL levels in response to the SARS-CoV-2 infection, resulting in LP activation,
clearance of the virus, decrease of the viral load and limitation of pneumonia. Hence a
good LP response might prevent from a COVID-19 related death, as seen in higher MBL
levels and the A/A genotype in survivors.

However, the alternative and lectin pathway are no the only ones associated with
COVID-19. Messner et al. reported upregulation of several complement proteins, mainly
associated with the classical pathway (C1S, C1R), the alternative pathway (CFB), as well
as AP complement regulators (CFH, CFI) (307). Similar findings were made by
Satyam et al., where deposition of classical pathway components Clq and C4d,
alternative pathway regulator Factor H, common complement activation products C3d
and C5b-9, as well as IgM and 1gG was shown in lungs of patients infected with SARS-
CoV-2 (164). Additionally, CHso activity was shown to be greatly reduced in COVID-19
patients, indicating increased classical pathway activity and hence complement
consumption (308).

In our analysis, classical pathway activation could be verified by increased C1s/C1-INH
complex levels in more severe COVID-19 cases. Concentrations of the newly validated
marker for classical pathway activation were also associated with the presence of anti
SARS-CoV-2 IgG, and levels of CRP and PTX3. Very early after an infection, increased
C1s/C1-INH complex levels might be caused by acute phase proteins like CRP or
PTX3 (83), whereas later on in the disease course, the C1-INH complex formation could
be triggered by circulating anti SARS-CoV-2 antibodies in complex with the virus or viral
proteins such as the spike or the nucleocapsid protein (163, 164).

As also seen in literature, co-infections are quite common in SARS-CoV-2 infected
patients (309, 310). We hence performed analysis of follow-up samples from 12

hospitalized patients, stratified according to survival as well as three common fungal and

102



DISCUSSION

bacterial co-infections: Candida spp. (n = 4), Escherichia coli (n=2) and Aspergillus
spp. (n=2).

While C1-INH complex levels did not differ significantly between survivors and non-
survivors, all co-infections resulted in changes of (at least one of) the C1-INH complexes.
The pathogens investigated here can activate all three complement pathways via the
generally known mechanisms, as summarized in the introduction.

In patients with Candida co-infections, levels of MASP-1/C1-INH complex were higher,
which is especially true during the early days after hospitalization was started. This was
expected, since around 40 % of Candida cell wall consist of mannan (311), which is able
to activate the LP and hence increase MASP-1/C1-INH complex levels, as also shown in
the activation experiments here. Although all three complement pathways can be
triggered by Candida spp., it is somewhat surprising that there is no significant difference
in C1s/C1-INH complex levels between hospitalized patients with and without additional
Candida infection. Not only can the CP be activated through circulating anti-Candida
antibodies, but Serum Amyloid P (SAP), an acute phase protein able to activate the
classical pathway (312), was also shown to deposit on the yeast cells (313). Potentially,
the Candida infection was mainly locally, and hence did not have a great effect on
circulating C1s/C1-INH complex levels. Additionally, C1s’ and/or C1-INH levels might
also be exhausted due to the concurrent SARS-CoV-2 infection, so that an additional
increase in C1s/C1-INH complex levels is not possible anymore.

In contrast, both, C1s/C1-INH as well as MASP-1/C1-INH complex levels were higher
in COVID-19 patients with E.coli co-infection compared to patients without. This might
be explained by additional activation of the two pathways via the common triggers, or by
immune-complex independent CP activation through direct interactions between C1qg and
the acute-phase protein CRP or E. coli (314).

Aspergillus is able to activate the classical as well as lectin pathway via PTX bound to
the surface, while the lectin pathway can further be activated through sugar moieties on
the surface of the pathogen (315, 316). One thus would expect increased C1s/C1-INH as
well as MASP-1/C1-INH complex levels. However, the opposite is the case in the
performed measurements: both C1-INH complexes were lower in patients with
Aspergillus co-infection. A potential explanation is that complement activation might

occur mainly through a C2 bypass mechanism, resulting in alternative pathway
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activation (317). In addition, Rambach et al. showed the potential of Aspergillus to secrete
complement-degrading proteases, which could have an effect on C1-INH complex levels
or suppress complement activation (318).

Although follow-up samples of only 12 hospitalized COVID-19 patients with and without
co-infection were analysed and therefore no firm conclusions can be drawn, the findings
suggest that determination of C1-INH complexes might give an indication about the
presence of bacterial or fungal co-infections, as seen by further altered C1s/C1-INH or
MASP-1/C1-INH complex levels. Next to investigation of C1-INH complex levels in
bigger cohorts, in future studies it would also be of interest to analyse the CP and LP
activation products in patients only suffering from either a bacterial or a fungal infection,

to see if similar patterns are obtained.
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5.5 Early complement activation in Sepsis and other diseases

5.5.1 Complement activation in Sepsis

While complement activation plays an important role in the clearance of invading
pathogens, which is essential during sepsis, over-activation of the complement system
might also lead to collateral tissue damage (319).

Regarding general complement components, C3 deficiency was shown to be associated
with sepsis-induced mortality (320) as well as higher susceptibility to infection, while C3
and C5 activation fragments were highly increased in sepsis patients and individuals
suffering from septic shock (184, 321), and C3a was associated with fatal outcome (179).
Besides that, C5a inhibition was shown to be beneficial for survial during sepsis (322).
In a clinical study by Leon et al., significantly decreased C3 and C4 levels as well as
CP activity were found in patients struggling with a septic shock, indicating a potential
role of classical pathway involvement in the pathomechanism of septic shock (323). In a
more recent study, Huson et al. reported increased levels of C4 activation products and
thus C4 consumption (324). In addition, C4a and C3a levels were shown to correlate with
clinical outcome (179), further pointing towards the activation of the classical and/or
lectin pathway. Since several SNPs able to influence LP proteins and activation are
known, potential relationships between sepsis and LP-associated SNPs were investigated
by Bronkhorst et al. (325). The study showed a higher incidence in the development of
sepsis and septic shock in severely injured patients with SNPs in the MBL2 exon 1, the
FCN2 or the MASP2 gene, indicating a beneficial role of lectin pathway activation during
the disease course of sepsis (325).

Measurements of C1-INH complex levels showed highly increased C1s/C1-INH and
MASP-1/C1-INH complex concentrations in septic patients, indicating strong activation
of the classical and the lectin pathway, respectively. There further seems to be no
difference in C1-INH complex levels in the presence of bloodstream infections, while
MASP-1/C1-INH complex levels are slightly lower in bloodculture positive patients.
However, the difference might not be clinically meaningful and just be a finding by
chance. Another explanation is that LP pattern recognition molecules might be consumed
by the pathogens by binding, opsonization and removal by scavanger receptors, before
LP activation is possible, or that the patients are already in a disease state where lectin

pathway activation does not play a significant role anymore due to overwhelming AP
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activation. In addition, there was also no difference in C1-INH complex levels between
COVID-19 negative and COVID-19 positive sepsis patients, similarly as reported
recently in the same cohort for inflammatory mediators by Eichhorn et al. (239).

Increased C1/C1-INH complex levels were also shown in sepsis in a study from 1987,
where Hack and colleagues investigated complement activation products in
48 patients (179). In their study, they showed a tendency towards increased
concentrations of C1/C1-INH complex in patients deceasing from sepsis (179), which we
could not replicate in our measurements. Here, we can see a trend towards higher
C1-INH complex levels in sepsis survivors, which further strengthens the suggestion that
during early stages of severe infections the complement system has a protective role for
the host due to its pro-inflammatory and antimicrobial properties. In later stages of sepsis,
anaphylatoxin Cb5a triggers cytokin release, followed by exacerbating inflammation and
complement activation, potentially leading to the destruction of host tissue and the

development of septic shock (188).

5.5.2 C1-INH complexes in other diseases

Although the new complex immunoassays could only be tested in COVID-19 and sepsis
patients within the scope of this thesis, there are several other disease areas where
C1-INH complex levels have been investigated so far, utilizing in-house assays.

In hereditary angioedema (HAE), levels of C1rs/C1-INH complex were significantly
increased in patients (32.8 U/mL) compared to controls (3.4 U/mL; p <0.0001),
suggesting that C1rs/C1-INH complex might be a suitable marker to predict disease
severity (262). When there is no functional C1-INH present, acting as the only regulator
of the classical pathway, C1 activation occurs spontaneously, leading to uncontrolled
cleavage of C4 and C2 (326). Therefore, highly increased C1rs/C1-INH complex levels
indicate that all C1-INH present in the circulation is bound to C1s in HAE patients. In
another study, Nielsen et al. also showed increased C1rs/C1-INH complex concentrations
in HAE patients, while concentrations were further enhanced during physical stress, as
long as the patients were untreated (221). Those changes could not be observed in levels
of complexes formed between C1-INH and other serine proteases, such as FXII and
kallikrein. Based on their results, the authors concluded that complement is more

activated in untreated HAE patients following exercise (221).
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MASP-1/C1-INH complex levels were also altered in HAE patients. While Hansen et al.
showed significantly lower MASP-1/C1-INH complex levels in HAE patients when
compared to healthy controls, without further classifying the HAE cases (226), others
reported increased MASP-1/C1-INH complex concentrations in type 1l HAE
patients (222). Kajdacsi et al. further showed increased C1s/C1-INH complex levels in
HAE patients, with highest amounts in type Il HAE (222).

Besides that, slightly increased C1rs/C1-INH complex levels were also observed in
Congestive Heart Failure (CHF) patients (241). Additionally, high CIC levels in infective
endocarditis (IE) also led to an increase in Clrs/C1-INH complex concentration,
suggesting that classical pathway activation is involved in extracardiac manifestation
development and worsening of IE (244). C1/C1-INH complex levels, next to TCC
concentrations, were also significantly increased in untreated autoimmune thyroid
disease (242), HIV (225), active as well as inactive Systemic lupus erythematosus (SLE)
(224, 243), and Rheumatoid arthritis (RA) (224).

In a further study of us, utilizing the new C1-INH complex assays next to several other
complement markers and activation products, we could demonstrate highly increased
activation marker levels of the classical (C1s/C1-INH complex and C4d), the alternative
(Bb) and the terminal pathway (sC5b-9) in multisystem inflammatory syndrome in
children (MIS-C) patients during the acute stage of the disease (327). In contrast, MASP-
1/C1-INH complex levels were not found to be increased in the patients, indicating no
profound role of lectin pathway involvement in the development of MIS-C. Besides that,
we could show that activation of the classical pathway was largely independent of the
anti-SARS-CoV-2 humoral immune response, while activation marker levels went back
to normal after treatment with 1IVIG (327).
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5.6 Future applications for C1-INH complex assays

When looking at all those studies investigating (mainly C1/)C1-INH complexes, it is
evident that changes in complex levels cover a wide range of diseases. For future studies,
it will be very interesting to include the new C1-INH complex assays also for other
diseases or conditions where the classical and/or the lectin pathway are known to be
activated, or where therapeutics targeting CP and LP serine proteases are in use or in

clinical studies, as summarized in Figure 27.

Bacterial infections
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e.g. anti-Cls, C1-INH

Figure 27: Summary of future disease areas and applications for C1-INH complex assays.
Figure created with BioRender.com.

As an example, just recently a monoclonal antibody targeting Cls (Sutimlimab) was
developed by Sanofi. Blocking of C1s was shown to be effective in the treatment of cold
agglutinin disease (CAD), resulting in approval of the anti-C1s antibody in CAD by the
FDA in February 2022 (328-331). Additionally, the antibody was also applied in clinical
studies investigating patients with Chronic Immune Thrombocytopenia (ITP)
(NCT03275454; (332)), complement-mediated conditions (NCT02502903) such as
antibody-mediated allograft rejection (333, 334) and bullous pemphigoid, an autoimmune
disease affecting the skin (335). Periodontal Ehlers Danlos syndrome (pEDS), a disease
associated with mutations in C1s and aberrant CP activation (336), would also be an

interesting disease candidate for C1s/C1-INH complex investigations in the future.
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In addition, investigation of both C1-INH complexes next to each other in conditions
associated with altering levels of C4d, a marker for common CP and LP activation, might
shed further light on the involvement of early complement activation and maybe even
allows to distinguish which pathway is activated most. As an example, C4d was shown
to be of prognostic value in several kinds of cancer (48, 337, 338), whereas complement
involvement in cancer is still a rather new field. In this respect, determination of C1-INH
complex levels in cancer patients might expose the contribution of classical and lectin
pathway activation to cancer progression.

Besides that, Narsoplimab, a human monoclonal antibody targeting MASP-2 and
therefore early lectin pathway activation, was developed by Omeros Corporation and is
currently in clinical trials for thrombotic microangiopathies (TMAs) like
aHUS (NCT03205995) and TTP (NCT02222545), as well as nephropathies such as IgA
Nephropathy (Berger’s Disease), C3 glomerulopathy and lupus nephritis (NCT02682407;
(339, 340)). Those clinical trials highlight the potential of lectin pathway blockade, and
additional LP targeting drugs (e.g. also targeting MASP-1) might arise in the future.
MASP-1/C1-INH complex levels might therefore also allow to monitor lectin pathway
inhibition.

A deeper knowledge about early classical and early lectin pathway activation might
further help in the field of infectious diseases and personalized medicine, allowing to
specifically target one of the two pathways via serine protease inhibition early after the

onset of abberant complement activation.
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6 CONCLUSION AND OUTLOOK

In summary, two well-performing sandwich immunoassays, measuring C1s/C1-INH
complex and MASP-1/C1-INH complex in a reliable way, were developed and are in the
meantime commercialized by Hycult Biotech (C1s/C1-INH complex: cat# HK399,
MASP-1/C1-INH complex: cat# HK3001).

It was shown that both complex levels increase over time when the respective
complement pathways are activated in vitro, making them suitable markers to measure
ongoing activation of the classical pathway (C1s/C1-INH complex) as well as of the lectin
pathway (MASP-1/C1-INH complex).

A first reference range for healthy adults was set for both C1-INH complexes, and studies
in patients suffering from COVID-19, where the classical and lectin pathway are known
to be activated, showed increased C1-INH complex levels, confirming the potential of the
complexes as complement activation markers also in vivo. Besides that, connections
between LP activation and MBL2 polymorphisms were investigated in COVID-19, and
the impact of bacterial and fungal co-infections on C1-INH complex levels was analysed.
Additionally, both C1-INH complex concentrations were also signficantly increased in
Sepsis patients, pointing towards an advantage of investigating C1s/C1-INH and MASP-
1/C1-INH complex levels to unreveal complement activation and involvement of the
respective pathways also in other human diseases.

In future studies, C1-INH complex measurements will be especially interesting in
conditions where complement is activated, but the exact mechanism of activation is not
yet clear. Besides that, the immuoassays are also a helpful tool to determine if specific
substrates, such as therapeutics or pathogens, are activating either the classical or the
lectin pathway, through the measurement of de novo formation of C1-INH complexes. In
addition, serum deficient of different complement components should be investigated for
complex formation, and the influence of other biological systems (such as the coagulation
or the kinin-kallikrein system), or excess amounts of CP or LP proteins on C1s/C1-INH

and MASP-1/C1-INH complex levels should be thoroughly investigated.
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