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Zusammenfassung

Schwere Infektionserkrankungen wie Sepsis oder sCAP sind bekannte Probleme im Gesundheitswesen.
Mit dem Ausbruch von SARS-CoV-2 und COVID-19 ist eine weitere Infektionserkrankung mit
dramatischen Einfluss auf Gesundheit und Wirtschaft weltweit in den Fokus geriickt. Schwere Félle von
Sepsis, SCAP und COVID-19 fiihren zu einer entarteten Immunreaktion, die mit einer {iberschief3enden
Entziindungsreaktion einhergeht. Daher ist die Modulation des hyperinflammatorischen Immunsystems
ein Hauptziel der Therapie. Eine vielversprechende adjuvante Therapieoption stellt Trimodulin dar, ein
IgM- und IgA-angereichertes Immunglobulinpraparat (mit ~21 % IgM, 23 % IgA und 56 % IgG) in
klinischer Entwicklung. Verfiigbare funktionelle Studien identifizierten mehrere Wirkmechanismen die
hauptsichlich der IgG und IgM Komponente zugeordnet werden konnten. Im Gegensatz dazu konnte
die Rolle der IgA Komponente bisher nicht identifiziert werden.

Das Ziel dieser Arbeit ist es, die immunmodulatorischen Eigenschaften von Trimodulin im Kontext
schwerer Infektionserkrankungen zu untersuchen. Ein besonderer Fokus wurde dabei auf die
funktionelle Rolle der IgA Komponente gelegt.

Zunichst wurde ein zelluldres Modelsystem basierend auf neutrophil-dhnlichen HL-60 Zellen etabliert
und umfénglich charakterisiert. Die Induktion einer Entziindungsreaktion durch bakterielle Stimuli (LPS
und S.aureus) oder durch SARS-CoV-2 dhnliche Partikel wurde untersucht und die zugrunde liegenden
Mechanismen (wie FcR Abhingigkeit und Signalwege) identifiziert. Als nichstes wurden die anti-
inflammatorischen Effekte von Trimodulin sowohl auf ruhende Zellen- , als auch auf inflammatorisch
aktivierte Zellen analysiert. Fiir die Inmunomodulation durch Trimodulin konnten die folgenden fiinf
synergistischen Mechanismen gezeigt werden:

(1) Die direkte Bindung inflammatorischer Zytokine. (2) Das Ansteuern des ITAMi Signalweges durch
monomere IgG und IgA Spezies. (3) Die Aktivierung des inhibitorischen ITIM Signalweges und verstérkte
FcyRIIB Expression. (4) Modulation des Zellphdnotyps durch verringerte FcyRIIA und FcaRI Expression.
(5) Die Verdrangung von Immunkomplexen und reduzierte Phagozytose.

Durch den Vergleich der immunmodulatorischen Eigenschaften mit einem klassischen IVIg konnte
demonstriert werden, dass Trimodulin stdrkere Immunmodulation induziert. Trimodulin zeigte eine
bessere direkte Bindung von Zytokinen, stdrkere Phinotyp Modulation und Aktivierung des ITAMi
Signalweges. Weiterhin konnte beobachtet werden, dass die IgA Komponente von Trimodulin mit dem
FcaRI interagiert und FcaRI abhédngige Phagozytose induziert.

Zusammenfassend ldsst sich sagen, dass mehrere synergistische Wirkmechanismen durch Trimodulin
induziert werden und dadurch eine starke Immunmodulation hervorrufen. Vorteilhafte Effekte im
Vergleich zu einem IVIg konnen der zusatzlichen IgA Komponente zugeschrieben werden, durch die der
FcaRI und dessen inhibitorische Signalwege angesteuert werden. Unterschiede in der IgG

Subklassenverteilung und synergistische Effekte zwischen monoméren und multimeren IgG, IgA und
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IgM Spezies in Trimodulin konnten weitere Griinde fiir verbesserte Immunomodulation durch
Trimodulin sein.

Die in vitro Modelle dieser Arbeit demonstrieren wirkungsvolle Immunmodulation durch Trimodulin im
Kontext von Sepsis, SCAP und COVID-19. Nichts desto trotz beschrénken sich diese Modelle auf lediglich
einen Zelltyp und eine limitierte Anzahl zelluldrer Effektorfunktionen. Weitere Forschungsarbeit ist
notwendig um die Daten um weitere Zelltypen und Wirkmechanismen zu erweitern. Nur mit einem
umfassenden Wissen iiber die Wirkmechanismen in vitro konnen die klinischen Daten von Sepsis, SCAP

oder COVID-19 Patienten unterstiitzt und erklart werden.
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Abstract

Severe infection diseases, like sepsis or sCAP, are well-known problems for public health. With the
outbreak of SARS-CoV-2 and COVID-19, another infection disease with a dramatic impact on health and
the economy comes into focus. Severe cases of sepsis, SCAP and COVID-19 lead to a dysregulated
immune response associated with overwhelming inflammation. Modulation of the hyperinflammatory
immune system is, therefore, a major goal of therapy. A promising option is the adjunctive therapy with
trimodulin, an IgM- and IgA-enriched immunoglobulin preparation in clinical testing (comprising
~21%1IgM, 23 % IgA, and 56 % IgG). Available functional studies identify several modes of action,
which were mainly attributed to the IgG or IgM component. In contrast, the role of IgA in these
preparations was not unraveled yet. This thesis aim is to investigate the immunomodulatory properties
of trimodulin in the context of severe infection diseases. A specific focus was set on the identification of
functional roles for the additional IgA component.

First, a cellular model system based on neutrophil-like HL-60 cells was established and comprehensively
characterized. The induction of inflammation by bacterial stimuli (LPS and S.aureus) or by
SARS-CoV-2-like particles was investigated and the underlying mechanism (FcR dependency, signaling
pathways) identified. Next, anti-inflammatory effects of trimodulin on resting cells, as well as on
inflammatory activated cells were analyzed. The following five synergistic mechanisms for
immunomodulation by trimodulin were shown:

(1) The direct binding of pro-inflammatory cytokines. (2) Targeting of ITAMi signaling by monomeric
IgG and IgA species. (3) Activation of inhibitory ITIM signaling and increased FcyRIIB expression.
(4) Modulation of cell phenotype by decreased FcyRIIA and FcaRI expression. (5) Displacement of
immune complex and reduced phagocytosis. By comparing immunomodulatory effects to classical IVIg,
trimodulin was shown to mediate stronger immunomodulation by better binding of cytokines, enhanced
phenotype modulation, and activation of ITAMi signaling. Furthermore, the IgA component of
trimodulin interacts with the FcaRI receptor and mediates FcaRI dependent phagocytosis of S.aureus.
In conclusion, several synergistic modes of action are induced by trimodulin mediating powerful
immunomodulation. Beneficial effects in comparison to IVIg can be attributed to the additional IgA
component, by targeting FcaRI and inhibitory signaling. Differences in IgG subclass distribution and
synergistic effects between monomeric and multimeric IgG, IgA, and IgM in trimodulin could be further
reasons for improved immunomodulation by trimodulin.

The in vitro models of this work depicting sepsis, SCAP and COVID-19 demonstrated potent
immunomodulation of trimodulin. Nevertheless, these models are restricted by testing only one cell type
and a limited number of cellular effector outcomes. Further work is necessary to extend the data set to
further cell types and modes of action. Only with comprehensive knowledge about the modes of action

in vitro, clinical data for sepsis, SCAP or COVID-19 patients can be supported and explained.
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1. Introduction

1.1. Basics: the immune system, antibodies and Fc-receptors

1.1.1. The immune system

The human immune system has the primary function to defeat invading pathogens like bacteria, fungi
or viruses. But also the protection against toxins or degenerated body cells (cancer cells) is important 1.
To elicit these functions our body uses a complex network consisting of structural and chemical barriers
(e.g. skin or mucosa), small molecules and soluble proteins (e.g. complement proteins, cytokines or
antibodies) and a variety of immune effector cells (e.g. macrophages, dendritic cells, granulocytes,
T-cells and B-cells) 2.

These components of the immune system work in two fundamental groups; innate and adaptive
immunity. Innate immunity is (besides structural barriers) the first line in defense against invading
pathogens. The innate response is a fast, antigen-independent mechanism responding within hours 23,
The basis for this fast response is the recognition of common pathogen structures by receptors on innate
immune cells. When this network is not sufficient to eliminate invading pathogens, adaptive immunity
is activated !. Adaptive immunity is an antigen-specific response that requires longer times to fight
infection 23. Central for adaptive immunity is the production of antigen-specific antibodies by plasma
cells. The adaptive immune response uses two — interacting — mechanisms, the humoral- (based on
soluble molecules like antibodies) and the cellular immunity (based on immune cells) *.

Although innate and adaptive immunity are two different mechanisms, they are tightly connected and
act together 2. An example of this interplay are neutrophils. Neutrophils are the most abundant
circulating leukocytes, which represent 60 % of total white blood cells. They act in innate immunity as
the first line in the fight against invading pathogens. In addition, they mediate crucial functions in
adaptive immunity, by interacting e.g. with antibodies >°.

The central mechanism that enables adequate immune function is the discrimination between self and
non-self structures. Disorders of these mechanisms can lead to autoimmune diseases, like multiple
sclerosis (MS) or rheumatoid arthritis (RA) 23. Further, imbalances of the immune system can lead to
either overwhelming inflammatory responses or compromised immune responses, known as immune

deficiencies .

1.1.2. Immunoglobulins: central for adaptive immune response

In response to invading pathogens, adaptive immunity is activated. B-cells can recognize pathogen-
specific antigens directly or by interacting with antigen-presenting cells (APCs). Cell proliferation and
antibody production are then triggered by T-helper cells. Five antibody isotypes can be secreted by

plasma cells: Immunoglobulin (Ig) G, IgA, IgM, IgD and IgE (compare Figure 1-1). Whereby each class
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interacts with different partners and mediates a plethora of effector functions 7. Antibodies of IgG class
can be divided into four subclasses (IgG1-4), IgA antibodies in two subclasses (IgA1-2).
Because IgD and IgE antibodies were neither found in relevant concentrations in human plasma

donations nor in immunoglobulin preparations those isotypes are not discussed in this work 78,

— Disulfide bridge

0000 O-linked glycosylation S Secretory component
*  N-linked glycosylation - Light chain

@ Polypeptide ] chain - Heavy chain

B 1gG1 1gG2 1gG3 1gG4
Fab
Hinge
*| *
Fc
IgAl

Figure 1-1: Schematic overview of human immunoglobulin isotypes and their subclasses. Each immunoglobulin monomer
consists of two heavy (blue) and light chains (red) connected by disulfide bridges. Light and heavy chains are divided into the

variable region (Fab-part), which mediates antigen binding and the constant region (Fc-part), which mediates binding to
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Fc-receptors (FcR). Antibody isotypes differ in their constant chains. Each isotype is modified by glycosylation (stars and circles).
IgG can be divided into four subclasses (IgG1-4), IgA into two subclasses (IgA1-2). IgM is secreted as a multimer, IgD, IgE and
IgG as monomers. IgA is present as monomers and multimers. Multimeric forms of IgM and IgA are connected by the joining-

chain (J-chain). Secretory dimeric IgA is associated with the secretory component (SC). Figure according to 7.

Each basic immunoglobulin molecule is a heterodimeric protein consisting of two identical heavy and
light chains, connected by disulfide bridges. These chains can be divided into variable domains, which
mediate antigen binding (Fab-region) and constant domains, which mediate distinct effector functions
(Fc-region). Fab- and Fc-region are connected by a hinge region. The antibody molecule has two Fab-
and one Fc-region resulting in a “Y”- or “T”-shaped structure, compare Figure 1-1 7°. The
immunoglobulin isotypes differ in their specific Fc-regions, multimerization, glycosylation and
subclasses; this leads to differing biological effector functions. In the following section IgM, IgG and IgA

isotypes are described more in detail.

During an immune response, Immunoglobulin M (IgM) is the first antibody produced by naive B-cells.
First IgM is present as a membrane-bound form on the B-cell surface, but during the immune response,
IgM is secreted into the blood. IgM is the third most abundant immunoglobulin isotype and represents
~10 % of human serum immunoglobulins (normal serum range 0.34-2.1 g/L) 8°. Secreted IgM is only
present in multimeric form as pentamer or hexamer (>950 kDa). IgM monomers are linked by disulfide
bounds and exclusively the pentamer with an additional joining-chain (J-chain). The J-chain facilitates
multimerization and secretion into the mucosa but is not necessary °-'2.

IgM antibodies are expressed early after contact with antigens; variable regions do not undergo many
somatic mutations during isotype switch, resulting in polyreactive antibodies. These low-affinity
antibodies are known as natural antibodies. In contrast, during affinity maturation and isotype switching
highly specific antibodies are developed, called immune antibodies %314,

While pentameric IgM comprises ten antigen-binding sites, high avidity binding to antigens is possible.
The multimeric interaction of the IgM-Fab-regions with antigens and IgM-Fc-regions with FcR or
complement system induces an early, powerful immune response >4, Therefore, IgM activates 400-
times stronger complement and induces 1000-fold stronger opsonization and agglutination of pathogens
than monomeric IgG °. In response to stimulation with antigens and cytokines, plasma cells undergo
isotype switching from IgM to IgG or IgA isotype, simultaneously variable regions undergo somatic

mutations leading to affinity maturation °.

Immunoglobulin G (IgG) is the most abundant antibody isotype which represents 75-80 % of serum
immunoglobulins (normal range of 7-14 g/L). IgG is exclusively found as a monomer with ~ 150 kDa
(IgG3 ~170 kDa) and is divided into four subclasses based on structural and functional
differences #1617, 1gG subclasses are ordered according to their abundance in serum (IgG1, 60-70 %

> 1gG2, 20-30 % > 1gG3, 5-8 % > IgG4, 5 %) 1718, The subclasses have more than 90 % identity in
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amino acid sequence and mainly differ in their hinge regions '”. Especially IgG3 differs structurally
because of its elongated hinge region, this makes IgG3 more prone for proteolytic degradation and
reduces serum half-life 7. Half-life of IgG1, 2 and 4 is about 20 days, whereas IgG3 has a half-life of
7 days 6. According to the abundance and high stability, IgG1 antibodies are the best-studied and most
frequently used antibody isotype in research °. Although structural differences between IgG subclasses
are small, the interaction with antigens, FcRs or complement differs, which has a noteworthy influence
on effector outcome. Functionally IgG3, followed by IgG1, has the greatest potency; IgG2 and 1gG4 show
a lower ability to activate immune cells. The mechanistic explanation behind this is a more flexible
structure enables better ability to interact with antigens or FcR, leading to enhanced effector

functions 7%17:18,

The human body produces higher amounts of Immunoglobulin A (IgA) than all other immunoglobulin
isotypes together. Therefore, IgA is the predominant antibody on mucosa and secretions (~74 % IgA,
25 % IgG, 1.5 % IgM) and with 15 % the second most in serum (normal range 0.88-4.1 g/L) %1920 [gA
exists in two subclasses IgA1 and IgA2; structurally both differ mainly in the hinge region, where IgAl
has an elongated hinge region. The elongated hinge enhances the potency of IgA1l to induce effector
functions but makes it more prone for proteolytic degradation ®2'22, This is likely a reason for the
distribution of IgA subclasses in plasma and secretions: in plasma, IgAl is dominant (90 % IgAl;
10 % IgA2), whereas in secretions the IgA2 portion is, depending on the specific location, higher
(20-60 % IgA2). IgA is the most heterogenic isotype which is found in two subclasses, as a monomer
(~150kDa), dimer (~ 385kDa), higher-order multimers (mainly tetramers), secretory forms and
further different glycoforms 92123,

Multimeric forms of IgA (mainly dimers) are covalently linked by the J-chain. Although multimerization
does not require J-chain, it facilitates multimerization and transport into mucosa by polymeric
immunoglobulin receptor (pIgR) %2924, Multimeric IgA has, similar to IgM, an enhanced avidity and,
therefore, increased antigen binding and effector functions 24%, e.g. in vitro data reveal that IgA dimers
have a 15-fold stronger neutralizing capacity than monomeric IgA 26. Secretory IgA (SIgA) is crucial for
the protection of mucosa by three mechanisms: immune exclusion, intracellular neutralization and
antigen excretion 2427, Therefore, SIgA is discussed to be a central player in pulmonary diseases 23262829,
In contrast to IgA on the mucosa, the role of serum IgA is not well investigated. This depends on
discrepancies within IgA receptors of humans and animal models 2!. Despite in mucosa, serum IgA is
mainly monomeric, but also dimeric and multimeric IgA were found (~15 % of IgA) 192130, Serum IgA
can mediate multifaceted roles by interacting with its main receptor FcaRI. Dependent on the interaction
IgA can mediate potent inflammatory or immunomodulatory functions 213133, In contrast to IgG and
IgM, IgA cannot activate the classical complement pathway, whereas IgA can activate the lectin

pathway 4.

4 Introduction



1.1.3. Immunoglobulin interaction partners: Fc-receptors

Antibodies bind to different receptors via their Fc-part; those include Fc-receptors (FcR), C-type lectin
receptors, TRIM21 or pIgR. Among them, FcR has an outstanding function by connecting the humoral
immune response (mediated by antibodies) with the cellular immune response (FcR bearing immune
cells) 3>%, Most cells of the immune system and especially leucocytes, for example, B-cells, NK-cells,
macrophages, neutrophils, mast-cells or platelets, express at least one class of FcR 3>37:38,

FcR mediated effector functions depend on the type of receptor and the valency of antibody
interaction *°. To understand antibody-mediated effector functions it is important to know the key
receptors for IgG, IgA and IgM on immune cells. Figure 1-2 gives an overview of relevant leucocyte FcRs.
Because of the major role of neutrophils in immune response, the following detailed description of FcR

is focused on this cell type.

| IgG I IgA [ 1gm
FeyRI FeyRIIA FeyRIIB FeyRIIC FeyRIIA FeyRIIIB FcaRI FcuR
(CD64) (CD324) (CD32B) (cD32C) (CD16A) (CD16B) (CD89)

Common
ITAM ITIM FeR
y-chain

Figure 1-2: Overview of leucocytes Fc receptors (FcR). FcR consist of two extracellular immunoglobulin-binding domains, with

exception, FcyRI consists of three binding domains. Signal transduction of the activating FcR is mediated via immunoreceptor
tyrosine-based activation motif (ITAM); transduction for inhibitory FcyRIIB is mediated by immunoreceptor tyrosine-based
inhibition motif (ITIM). FcyRIIA/B/C have no additional FcR-y-chain; the signaling motif is contained in the ligand-binding chain.

Figure based on 3340,

IgG-FcyR are divided into three classes, FcyRI (CD64), FcyRII (CD32) and FcyRIII (CD16) with six
subtypes (FcyRI, FcyRIIA, B, C and FcyRIIIA, B). The number of FcyR on the cellular surface is varying
between different immune cells. Neutrophils express most abundant FcyRIIIB, followed by FcyRIIA,
FcyRI and FeyRIIB 4. With exception of FcyRIIB, all IgG-FcyR are activating receptors, signaling via
immunoreceptor tyrosine-based activation motif (ITAM) that in turn activates inflammatory effector
outcomes. In contrast, FcyRIIB signals via inhibitory immunoreceptor tyrosine-based inhibition motif
(ITIM) mediating anti-inflammatory effects on immune cells *2,

FcyRI (CD64) is the only high-affinity receptor for IgG, thereby, enabling it to bind monomeric IgG,
whereas all other FcRs have to interact with multimeric immune complex for appropriate signaling and

activation *>*3, FcyRI shows an additional immunoglobulin-binding domain, which endows this receptor
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a high affinity to IgG in the nanomolar range. Low-affinity FcyR show affinity for IgG in the micromolar
range **. In comparison to FcyRII, FcyRI has no intracellular ITAM motif but is associated with the ITAM-
containing common FcR-y-chain, like FcyRIIIA and FcaRI (compare Figure 1-2) . FcyRI expression is

relatively low on resting neutrophils but is cytokine-inducible **.

Low-affinity receptors for IgG include FcyRIIA (CD32A), FcyRIIB (CD32B) and FcyRIIC (CD32C). These
receptors have a fundamental difference in their intracellular motifs. FcyRIIA is like other FcyRs an
activating receptor with intracellular ITAM-motif. FcyRIIA is constitutively expressed and the most
important receptor for immune complex binding on neutrophils *4*°. In comparison, FcyRIIB with
inhibitory ITIM-motif is a potent negative regulator of immune cell signaling. The relatively unknown
FcyRIIC has similarities to both FcyRIIA and B but is equipped with an activating ITAM motif *°.

Expression of FcyRIIC is restricted to NK-cells and B-cells on 7-15 % of the human population 4.

Another low-affinity FcyR is FcyRIII (CD16) with the subtypes FcyRIIIA/B. FcyRIIIA (CD16A) is
expressed on natural killer NK-cells and macrophages, but not on neutrophils. The main function of
FcyRIIIA is clearance of immune complex via its intracellular ITAM-motif 4. In comparison, FcyRIIIB
(CD16B) is strongly expressed on the surface of human neutrophils *+%’. FcyRIIIB has no intracellular
motif and no direct signaling function **. FcyRIIIB is shed upon activation from the cell surface by
proteolytic cleavage “6%%4°, The soluble form of FcyRIIIB modulates the immune system by interacting
with various cell types causing the release of interleukin (IL)-6 and IL-8 “°.

The affinity of the FcyR to IgG subclasses is different and influences effector outcome *°. Multiple reviews

exists discussing the IgG subclass interaction with FcyR 16:17:35:46.50,

Besides the well-described IgG FcRs and the known functions of IgA in mucosal immunity, the role of
IgA-FcaRI and the importance of serum IgA in immunity is underrated ?'>!. The IgA-FcaRI (CD89) is
the most important receptor for IgA effector functions in serum. FcaRI is constitutively expressed on
immune cells including neutrophils and macrophages 2. However, FcaRI expression can be modulated
by various stimuli like cytokines or inflammatory mediators. Further, the interaction capacity between
IgA and FcaRI is enhanced on stimulated cells, a process known as inside-out signaling 3%52-54,
Monomeric and dimeric IgA bind FcaRI with moderate affinity, IgA immune complex bind with high
avidity. IgA subclasses interact with FcaRI under similar affinity 2°°, In contrast, secretory IgA with the
attached secretory component cannot bind due to sterically hindrance. In line with this, FcaRI is not
found on cells in mucosal areas >2.

FcaRlI is associated like FcyRI and FeyRIII with the common FcR-y-chain transducing ITAM signaling 52°°,
FcaRI binds its ligand IgA in a 2:1 stoichiometry (two FcaRI bind one IgA-Fc), whereas the FcyR binds
in 1:1 stoichiometry the ligand IgG. In line with this, the IgA binding site differs from binding of IgG to

their FcyR. 52%7,
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In 2009, an authentic FcR for IgM, called IgM-FcuR, was discovered by Kubagawa et al. °8. Expression

of FcuR is restricted to B-cells, T-cells, natural killer cells and is not reported for macrophages and
neutrophils %560, IgM FcuR is distinct from other immunoglobulin FcRs, the restricted expression and
absence of ITAM or ITIM motifs seem to be unique features in conjunction with the ligand IgM, which
appears only during early immune response *°. FcuR may induce signaling via its own cytoplasmic tail
or a yet unknown adaptor protein. Functionally FcuR seems to be important for B-cell development and

control of autoantibodies °.
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1.2. Immunoglobulins as therapeutics

There are different approaches to use immunoglobulins as therapeutics. Besides monoclonal and
recombinant produced immunoglobulins (almost completely from IgG isotype), native human
immunoglobulins can be used. Native human immunoglobulins were used for convalescent plasma
therapy e.g. in coronavirus induced diseases 2019 (COVID-19) ©!. Alternatively, human
immunoglobulins can be isolated from pooled plasma donations and purified to immunoglobulin
preparations. Immunoglobulin preparations are produced from pooled plasma donations of over 1000
healthy donors 23, This pooling provides a high diversity and expands the immunoglobulin repertoire

of a single individual .

1.2.1. Intravenous immunoglobulin preparations (IVig)

The classical IVIg preparations contain >95 % IgG antibodies with a plasma-like subclass distribution, a
small percentage of IgG dimers and only traces of IgA and IgM antibodies >, IVIg are used in low doses
as replacement therapy for immunoglobulin deficiency since 1952. Additionally, potent effects of IVIg
in immune thrombocytopenia purpura (ITP) were shown in 1981. Following this, the therapeutic field of
IVIg was continuously expanded to the high-dose treatment of autoimmune and inflammatory
diseases %354, IVIg preparations nowadays are used as an immunomodulator for treatment of more than
30 indications approved by the FDA and additional off-label use. Common indications of inflammatory
and autoimmune diseases are ITP, RA, systemic lupus erythematosus (SLE), Kawasaki disease, or Guillain—
Barré syndrome %3-%¢, In addition, IVIg are used as adjunctive therapy in sepsis patients 6%¢7,

The heterogeneity of diseases treated by IVIg is an indicator for the complexity of IVIg mediated
functions. A variety of studies aimed to unravel modes of action behind IVIg-preparations. Several Fab-
or Fc-part mediated mechanisms were shown, but no central mode of action is clarified. Instead, the
modes of action are multifaceted, like the antibody effector functions in vivo, to fulfill their beneficial
clinical effects. The modes of action can be classified in anti-pathogenic and immunomodulatory effects,
whereby the clinical outcome depends on the dose and individual immune status of the patient. This
shows the great variety and heterogeneity of this product class 626466686 To improve the understanding
of how IVIg work, different experimental setups with comparable data are necessary.

Although IVIg therapy is used for decades and is considered safe and effective, some limitations remain.
These include the dependency on plasma donations, the high doses for treatment and in consequence
high costs of therapy %47%7!, To circumvent supply problems, alternative recombinant molecules were
developed. Those compromise recombinant Fc-multimers, neonatal FcR- or FcyR-targeting
therapeutics ®7172, Another approach is to extend the repertoire of immunoglobulins in IVIg by the

addition of IgM- and IgA-components %473,
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1.2.2. IgM- and IgA-enriched immunoglobulin: trimodulin

Usage of IgM- and IgA-enriched immunoglobulin preparations are promising because of (1) the
possibility to treat patients with IgM- or IgA-deficiencies and (2) the usage of beneficial properties of
IgM and IgA in comparison to IgG 47374,

The only commercially available IgM- and IgA-enriched preparation is Pentaglobin®, a preparation with
16 % IgA, 12 % IgM and 72 % IgG 4. With trimodulin another IgM- and IgA-enriched immunoglobulin
is in clinical development. Trimodulin is a normal polyvalent antibody preparation derived from plasma
for intravenous administration. Trimodulin has a unique composition and contains immunoglobulins
IgM (~23 %), IgA (~21 %) and IgG (~56 %), which is nearly the physiological distribution of
immunoglobulin isotypes in plasma 74,

As highlighted in many reviews, the addition of IgM and IgA to standard IVIg preparations enhance the
therapeutic efficacy for the treatment of inflammatory diseases like sepsis 6264577375 Because trimodulin
is currently in development, a lot of knowledge originates from studies using Pentaglobin®. Several in
vitro and in vivo studies showed superior effects of Pentaglobin® in the treatment of inflammatory
diseases in comparison to standard IVIg therapy 1>76-8,

The anti-pathogenic effects of trimodulin were shown in a rabbit endotoxemia model 8!. Further,
trimodulin was shown to be effective in subgroups of ventilated severe community-acquired pneumonia
(sCAP) patients with high inflammation and/or low IgM levels (CIGMA-study) 82. Trimodulin is therefore
in clinical testing for related COVID-19 disease (ESsCOVID-study) . In vitro, several studies showed
immunomodulatory properties of trimodulin. It was shown that trimodulin can modulate inflammatory
cytokine release and cell phenotype of endotoxin challenged lymphocytes 84. Trimodulin can protect
platelets from pneumolysin-induced damage # and avoid excessive activation of the complement system
(manuscript submitted).

Based on the complexity of this product additional in vitro studies are required for a better understanding

of the differences concerning the modes of action between trimodulin and standard IVIg.

IgA: the underrated component?

The importance of each immunoglobulin component in IgM- and IgA-enriched immunoglobulins is still
under investigation. The great diversity and heterogeneity of immunoglobulin species make a separation
of the IgM, IgA and IgG components challenging, impeding research.

The previous investigations address beneficial effects to the known effector functions of IgG and
IgM 1576.78-8084 The underrated role of IgA in these studies is reasoned in the limited knowledge and the
general issues of IgA in research: (1) Differences between animal models and humans (FcaRI is missing
in most rodents, IgA is a polymeric molecule in serum of animals, whereas IgA is monomeric in human

serum). (2) Difficulties in the recombinant production of IgA, due to high and heterogeneous
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glycosylation. (3) IgA has a low stability and short serum half-life 215288 Furthermore, IgA has a
difficult stand in immunoglobulin therapy, as IgA was related as a potential risk factor in individuals
with IgA nephropathy based on anti-IgA antibodies %474,

Despite these challenges, some work focuses on plasma-derived IgA preparations and demonstrates
promising anti-pathogenic and anti-inflammatory effects 84, Therefore, further studies regarding IgA

function in immunoglobulin preparations are urgently needed.

The following important modes of action are identified for immunoglobulin preparations and will be
discussed more in detail: Anti-pathogenic activities, which promote the clearance of pathogens

(chapter 1.2.3) and immunomodulatory activities counteracting inflammatory processes (chapter 1.4.3).

1.2.3. The anti-pathogenic activity of immunoglobulin preparations

Generally, immunoglobulin preparations act via antibody-mediated effector functions. These can be
structured into °°: Direct neutralization of toxins and agglutination of pathogens (Figure 1-3A/B),

complement-dependent cytotoxicity (CDC) (Figure 1-3C) and FcR mediated cytotoxicity (Figure 1-3D).

This work focuses on FcR mediated effector functions because of the great importance of
immunoglobulin-FcR interaction and the resulting effector functions as a link between innate and
adaptive immunity. Immunoglobulin preparations have various antimicrobial activities, based on the
broad spectrum of antibody specificities in the donor plasma. Antimicrobial effects are generally
observed at low doses of IVIg treatment 3,

Figure 1-3 gives an overview of the most important anti-pathogenic properties of antibodies, as well as

immunoglobulin preparations:
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Figure 1-3: Anti-pathogenic effector functions of antibodies. (A) Antibodies can directly neutralize toxins or pathogens. (B)
Direct binding of antibodies to pathogen-associated molecular patterns (PAMPs) induces agglutination of bacteria. (C)
Opsonization of pathogens can activate the complement system by antibody binding to C1q. (D) Fc-receptor (FcR) mediated
effects induce anti-pathogenic effects. Antibody-dependent phagocytosis (ADCP), cytotoxicity (ADCC), oxidative burst or release
of neutrophil extracellular traps (NETs) and pro-inflammatory cytokines lead to clearance of pathogens. Figure based on 325495,

(A) Neutralization of toxins and pathogens: Immunoglobulin preparations can neutralize bacterial
endo- and exotoxins or pathogens by direct binding of natural antibodies °®°7 or specific
antibodies 3°. Multimeric IgM and IgA species in IgM- and IgA-enriched immunoglobulins seem

to have a better neutralization capacity than standard IVIg 7850,

(B) Agglutination of bacteria: Direct binding of native IgG, IgA or IgM or specific antibodies to

pathogen-associated molecular patterns (PAMPs) delivered by immunoglobulin preparations led
to agglutination of bacteria, resulting in increased clearance by immune cells or the respiratory

tract %2, Here, multimeric IgA and IgM species were shown to be more efficient than monomeric

IgG 15,73,76'

(C) Activation of the complement system: IgG and IgM antibodies can opsonize pathogenic particles

for complement component C1q, thereby promoting CDC *°. Studies comparing standard IVIg
with IgM- and IgA-enriched immunoglobulin preparations showed that the complement opsonic
capacity is significantly higher than standard IVIg. Reason is the 400-times stronger activation of

Clq by IgM compared to IgG '>76.
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(D) Enhancement of FcR mediated cytotoxicity: Antibodies administered in immunoglobulin
preparations can opsonize various bacterial-, fungal- or viral pathogens, thereby marking the
pathogens for phagocytosis or neutralization by immune effector cells 2. FcR mediated effector
functions include a broad field of inflammatory cellular outcomes, such as antibody-dependent
cellular phagocytosis (ADCP), antibody-dependent cellular cytotoxicity (ADCC), pro-
inflammatory cytokine release, oxidative burst (release of reactive oxygen species (ROS)),
degranulation or neutrophil extracellular traps (NETs) 3%°*?°, Recently, it was shown that IgA

enhances ADCP and ADCC more efficiently than IgG 86989,
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1.3. Immunoglobulins and neutrophils in severe infection diseases

An often-used therapeutic field for immunoglobulin preparations are severe infection diseases. In such
diseases, patients require intensive care and mechanical ventilation. Although the number of patients
and mortality is high, there is a limited clinical success, regarding adjunctive therapies. Considering the
major healthcare problem arising with these diseases, new therapeutic options are urgently needed. In
the following section immunological features, the role of immunoglobulins, neutrophils and the

opportunities for immunoglobulin therapy are discussed for sepsis, SCAP and COVID-19.

1.3.1. The role of neutrophils

While neutrophils are central players of innate and adaptive immunity, as well as inflammation, they
can also mediate crucial tissue damage when the immune system is exhausted ©!°%101, Neutrophils
mediate central antibody-mediated effector functions like ADCP, ADCC or release of anti-pathogenic
granulas or NETs °.

Neutrophils bear a plethora of receptors involved in anti-pathogenic immune response; those include
receptors for primary recognition of pathogen structures, like toll-like-receptors (TLR) or C-type lectins;
receptors for interaction with the inflammatory environment, like cytokine receptors and receptors for
the interaction with the adaptive immune system, like FcR !, Latter are crucial for the interaction with
immunoglobulins, elimination of immune complex and modulation of the immune response.

Based on their fundamental role, neutrophils are involved in several autoimmune and inflammatory
disorders, like RA, SLE or acute respiratory distress syndrome (ARDS) %!°!, Understanding the
mechanism responsible for neutrophil activation (in the case of pathogen elimination) and over-
activation (in the case of disorders) is crucial for successful immunotherapy. Basis for these mechanisms

are receptors and signaling pathways on neutrophil cells.

1.3.2. Sepsis

Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated immune response to
infection 92, Dysregulation of immune response differs sepsis from normal infections. Sepsis is one of
the most common diseases worldwide, affecting ~49 million people and causing ~11 million deaths per
year. Sepsis is a main cause of deaths in intensive care units (ICU) mortality rates ranging between
~20 % for sepsis, ~40 % for severe sepsis and >60 % for septic shock patients. In contrast to sepsis,
severe sepsis is associated with organ dysfunction and hypoxemia. Ongoing diseases can lead to septic
shock, a multiple organ dysfunction frequently associated with worse clinical outcomes. Despite

advances in ICU treatment, there is limited progress in adjunctive therapies and mortality rates remain

hlgh 67,74,103-105
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Sepsis is induced by an invading pathogen (e.g. bacteria, fungi or virus); typical molecular patterns
activate the innate immune response (via pattern recognition receptors (PRR)) and induce inflammatory
cytokine release. When the initial host response to an infection is being amplified and dysregulated,
often due to a combination of a compromised immune system with persistent and multiresistant
pathogens, sepsis develops %1%, The imbalanced immune system typically generates a biphasic immune

response during sepsis (Figure 1-4):
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Figure 1-4: Biphasic immune response during sepsis. Sepsis is induced by persistent infection in combination with a dysregulated

immune system. Due to infection, an overwhelming inflammatory phase develops, leading to hyperinflammation and tissue
damage. Counteraction of the immune system can lead to contrary effects resulting in immune suppression and facilitating

secondary infections. Figure based on 106.107,

As shown in Figure 1-4 the typical immune response during sepsis begins with an infection followed by
(1) the inflammatory phase. In this early phase, elevated levels of inflammatory cytokines (so-called
cytokine storm) induce overwhelming systemic immune response including complement activation,
decreased immunoglobulin levels and neutrophilia. This cytokine-induced over-activation can cause
coagulation problems, endothelial dysfunction, which promotes pathogen invasion and tissue
damage 19-1% In response to the exhausted inflammation the immune system, begins to counteract with
immunosuppression 06108,

Like in the uncontrolled inflammatory phase, the dysregulated immune response can overshoot this
counteraction resulting in a (2) anti-inflammatory, immune-suppressive phase (known as immune
paralytic phase). In this phase anti-inflammatory cytokines increase, activating cell surface markers
decrease and apoptosis leads to an extensive loss of immune cells. This immunosuppressive phase leads

to a dysfunction of the immune response which strongly reduces the ability to eliminate further invading

pathogens 67:103-105109 The pro- and anti-inflammatory mechanisms in each phase of sepsis occur in
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variable courses during disease progression, therefore patients can run through each phase multiple
timeS 106,108.

Low plasma levels of IgG, IgA, IgM are associated with reduced survival of severe sepsis patients.
Immunoglobulin levels decrease due to reduced production (by immunosuppression), vascular leakage
(by endothelial dysfunction), or increased consumption .

Immunoglobulin preparations have therefore been used as adjunctive treatment of sepsis patients for
decades 774, Their multiple pro- and anti-inflammatory effector functions (compare chapter 1.2.3 and
1.4.3) can weaken both, inflammatory- and immunosuppressive-phases during sepsis 1. Reduced
mortality was shown in systematic meta-analysis by treating patients with IgM- and IgA-enriched
immunoglobulins, whereas classical IVIg preparations showed no effects 7411%111 The superiority of IgM-
and IgA-enriched immunoglobulins in the treatment of sepsis could derive from better neutralization of
bacterial toxins like lipopolysaccharides (LPS) or streptococcal superantigen and better opsonization of

pathogens 757880,

1.3.3.sCAP

Community-acquired pneumonia (CAP) is defined as an acute infection of the pulmonary parenchyma,
whereby symptoms occur in community 2. CAP is the most common infectious disease and a leading
cause of mortality worldwide. CAP can induce severe forms (called severe CAP, sCAP) with systemic
inflammation leading to reduced alveolar gas exchange, sepsis and end in organ dysfunction and high
mortality (~58 % of ICU patients) 12-114,

The main pathogens associated with sCAP are gram™ Streptococcus pneumoniae and Staphylococcus
aureus. Important pathogens are also gram’ pathogens like Haemophilus influenza, Klebsiella pneumoniae
or Pseudomonas aeruginosa and also viral infections (up to 30 % of infections) like influenza A virus and
Middle East respiratory syndrome coronavirus. Furthermore, in ~20 % of patients, bacterial and viral
co-infections were observed 1%115-117,

Similar to sepsis a combination of persistent infection and dysregulated immune response causes sCAP.
Local infection in the lung causes excessive inflammation with cytokine storm leading to disruption of
the alveolar-endothelial barrier and lung injury. This induces systemic inflammation as described in
sepsis patients %7,

Crucial for sCAP therapy is the early treatment with appropriate antibiotics, however, problems arise by
infections with antibiotic-resistant pathogens like Haemophilus influenza, Pseudomonas aeruginosa and
methicillin-resistant Staphylococcus aureus ''>'*®, Due to the high mortality, more common antibiotic
resistance, and no progress in CAP therapy, there is a high demand for adjunctive treatments. Previous
studies reveal that a combination of antibiotic therapy with adjunctive therapy directed against the host

immune response is most promising for the management of sCAP !, As adjunctive therapy for sCAP
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several anti-inflammatory treatments, like corticosteroids, statins, activated protein C, macrolides and
immunoglobulin preparations were tested 1>!17,

Intact mucosal immunity is the basis for prevention of pneumonia and sCAP. A crucial player is SIgA
that elicits anti-pathogenic defense as well as immunomodulation. As described above, exhausted
neutrophils can mediate a detrimental role in sepsis and sCAP by inducing tissue damage. Modulation
of exhausted neutrophil inflammation on mucosa can be mediated by SIgA, which was shown in
vitro 8%, In line with this, a recent study showed lower levels of serum IgG, IgA and IgM in ICU
compared to non-ICU patients. Lower levels of IgG and IgA were related to disease severity ''°. Therefore,
treatment with immunoglobulin preparations is a promising adjunctive therapy, based on the multiple
anti-bacterial and immunomodulatory activities of these preparations 1!>!17:119,

The efficacy of IgM- and IgA-enriched immunoglobulin Pentaglobin® in the treatment of severe acute
respiratory syndrome coronavirus (SARS-CoV) induced pneumonia was shown in 2005 '2°, Trimodulin
was shown to be effective in ventilated patients with sCAP, high inflammation markers (C-reactive
protein (CRP)) and low IgM levels (CIGMA-Study) 82. Overall, the previous data using immunoglobulin
preparations as adjunctive therapy in sCAP reveal that promising results were mainly achieved in
subgroups with high inflammation and low immunoglobulin levels. For beneficial effects, the

identification of these subgroups has to be further investigated 1>117:119:121,

1.3.4.COVID-19

COVID-19 is a global threat induced by the rapid spread of the newly emerged severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2). From the beginning in December 2019 until June 2021
>179 million confirmed cases and >3.8 million deaths were registered (WHO Coronavirus,

https://covid19.who.int/). SARS-CoV-2 is classified into the family of Coronaviridae, lineage beta-

coronavirus. The virus is an enveloped, single-stranded RNA virus with a genome of ~29,891 bases.
Genome sequencing reveals 79.5 % sequence homology with next related SARS-CoV virus and 96 %
identity with bat coronavirus strain, therefore SARS-CoV-2 was designated as a new beta-
coronavirus 122123,

Structurally SARS-CoV-2 is similar to other coronaviruses: the virus particles are relatively large with a
diameter of 60-140 nm and the typical spike protein occupied surface. Besides spike protein, the
nucleocapsid-, membrane-, and envelope-protein define the structure of SARS-CoV-2 123124, The spike
protein on the surface of SARS-CoV-2 is critical for virus binding to angiotensin-converting enzyme II
(ACE-II) receptor and the fusion of virus and host membrane '*. Further the spike protein has a central
role in mediating the inflammatory immune response against the virus 2.

In comparison to other coronaviruses, the infectivity and virulence of SARS-CoV-2 is higher. Reasons are

likely differences in spike protein structure, which lead to higher binding affinity to ACE-II, and enhanced
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cell membrane fusion by additional cleavage sites in the spike protein 12*126, Due to enhanced virulence
and easy transmission between humans via droplets or aerosols, SARS-CoV-2 and COVID-19 spread fast
across the world 2,

Based on distinct clinical findings COVID-19 can be divided into three major stages with increasing

severity '%7 (Figure 1-5):
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Fiqure 1-5: Stages of coronavirus-induced diseases 2019 (COVID-19) diseases. Upon infection with severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) COVID-19 is induced and patients went into stage | with mild symptoms. With the virus,
progression patients develop viral pneumonia (stage Il), which requires hospitalization. When patients transit into stage Ill a
systemic hyperinflammation develops. Patients require intensive care unit treatment with mechanical ventilation. In the early
stages of COVID-19 host response against the virus is dominant, whereas in later stages the exhausted inflammation is of greater

importance. In hyperinflammatory stage Ill, immunoglobulin therapy is promising. Figure based on 127,

The initial stage I of COVID-19 diseases starts with virus infection and replication in the respiratory tract.
Most patients (>80%) !26-13% remain in this phase being asymptomatic or developing mild symptoms
(like fever and cough). Although most people are asymptomatic, they can transmit the virus, a key point
for virus spreading. In stage I the disease severity is dependent on the immune response against the
virus 122127, When patients cannot defeat the virus, pulmonary disease can develop (stage II). Virus
progression leads to local infection of lung tissue. Patients show moderate symptoms (cough, fever,
hypoxia) which require hospitalization. Anti-viral therapy can be successful to defeat the diseases in this
stage 122127 In the most severe stage of COVID-19 (stage III) patients develop a systemic inflammation.
These patients are characterized by an exhausted immune system with hyperinflammation related severe
ARDS and so-called “cytokine storm” 122127.131,132,

COVID-19 relevant inflammatory cytokines like IL-6, IL-8, tumor necrosis factor (TNF)-a, monocyte

chemoattractant protein (MCP)-1 or IL-1f and anti-inflammatory cytokines like IL-10 or IL-1 receptor
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antagonist (IL-1ra) were shown to correlate with disease severity 3136, Previous data indicate that
excessive immune response (in stage III) by the host is of greater importance for COVID-19 progression
than virus-induced damage alone . A key player in this damage seems to be neutrophil infiltration
(neutrophilia) which was shown to be associated with poor clinical outcomes of severe cases 1377139,
Therefore, down-modulation of hyperinflammation in severe COVID-19 patients is of major
importance 127,132,140—142.

In addition, in COVID-19, antibody-mediated effector functions are crucial for disease outcome and
severity. It was shown, that in response to SARS-CoV-2 infection, specific antibodies of IgG, IgA and IgM
class were produced. These antibody titers were correlated with disease severity, clearance of virus and
for induction of inflammation; highlighting the importance of antibodies for adaptive immunity 136143 146,
Despite the urgent need for appropriate therapeutics and the multitude of ongoing studies only

Remdesivir (a nucleoside analog inhibiting viral replication) is approved for COVID-19 therapy

(https://www.nytimes.com/interactive/2020/science/coronavirus-drugs-treatments.html) #7. As an

alternative, immunoglobulin preparations are fast available immunomodulatory drugs 6%.66:70.127.148

Immunoglobulin preparations have been used for the treatment of inflammatory diseases for decades
and the first clinical studies have shown promising results in treatment of COVID-19 patients 413,
Because currently available batches of immunoglobulin preparations lack neutralizing antibodies against
SARS-CoV-2 (*** and in house data) immunomodulatory activities to fight against dysregulated
inflammatory responses are important for severe COVID-19 patients (see chapter 1.4).

In comparison to other available broad immune modulators, immunoglobulin preparations can mediate

66,125,127 Besides immunomodulation also anti-pathogenic effects of

multiple modes of action
immunoglobulins against bacterial- and viral co-infections could be beneficial 57, Further,
modulation of the complement system and protection of the lung tissue by preventing ARDS could be

beneficial effects mediated by immunoglobulin preparations 7%:158-160,

In summary, the described diseases show some similarities: A combination of compromised immune
system with strong and persistent infection is leading to a dysregulated and exhausted immune system.
Characteristics are high levels of pro-and anti-inflammatory cytokines (cytokine storm) leading to over-
activated neutrophils and tissue damage. Sepsis, SCAP and COVID-19 are common diseases with high
mortality rates and limited treatment opportunities. In these diseases, a multifaceted modulation of the
immune response seems to be more beneficial than broad suppression. Polyclonal IgM- and IgA- enriched

immunoglobulin preparations are, therefore, a promising therapeutic approach.
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1.4. Immunomodaulation as a therapeutic approach

As described in the previous chapter, patients with severe infection diseases suffer from an overwhelming
immune response, which is associated with cytokine storm and tissue damage. To prevent this, the major
goal of therapy is suppression and/or modulation of the exhausted immune response. Generally, there
are several therapeutic approaches to achieve this:

(1) Broad immune suppressors, like corticosteroids or janus kinase inhibitors, are widely used in the
therapy of inflammatory conditions. Those suppressors target multiple pathways, thereby broadly
dampening the immune system. The immune suppression on the other hand has the side effect that anti-
pathogenic activities of the immune response are limited 103130,140.156,161

(2) The increase of inflammatory cytokines is a major driver for inflammation and is often associated
with disease severity 514!, Therefore, antagonists of inflammatory cytokines, such as IL-6 receptor
inhibitor (tocilizumab), anti-IL-8 antibody (HuMax-IL-8) or IL-1 receptor antagonist (anakinra), are
often used in the treatment of inflammatory diseases. Similar to corticosteroids, cytokine antagonists
have the disadvantage to dampen the whole immune response 130:140.161,162,

(3) Another approach rather modeling the immune response instead of broad suppression are
immunoglobulin preparations. Based on their anti-pathogenic as well as anti-inflammatory and
immunomodulatory properties, immunoglobulins do not dampen the whole immune system, resulting
in fewer adverse effects %67%163, The complex nature and mechanism behind these beneficial properties

will be discussed in the following chapter.

1.4.1. Immunoglobulin-FcR interaction regulates immunity

As a basis for immunoglobulin-mediated immunomodulation, it is important to understand the crucial
mechanism of immunoglobulin-FcR regulation. There are several opportunities how the immune
response can be modulated in association with FcRs, these ways act in a complex network and, thereby,

fine-tune the immune system **%¢. In the following section, central mechanisms are classified:

(1) EcR expression: Balance between expression of activating and inhibitory FcRs regulates the

immune system, by setting a threshold for cell activation 3%4*4346, The variation of FcR expression
between different cell types depends on different gene copy numbers *©. However, FcR expression
can be modulated by more dynamic parameters like the activation status of the cell. In case of
infection, pro-inflammatory cytokines increase expression of activating FcyRI and FcyRIIA,
whereas anti-inflammatory cytokines reduce expression. Contrary, inhibitory FcyRIIB expression
is increased by anti-inflammatory cytokines #*!64, Similarly, the exposure to monomeric 1gG
reduces the expression of FcyRIIA and upregulates the expression of FcyRIIB *2. Besides

cytokines, also like LPS or the anaphylatoxin C5a increase the expression of activating FcRs *3.
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(2) Clustering of FcRs: But not the expression of FcRs alone is sufficient for modulating effector

function, also the correct arrangement is important 61%°, Spatial organization of activating FcRs
is necessary to activate sufficient intracellular signaling kinases via ITAM or ITIM. Processes like
actin-polymerization lead to modification of cellular cytoskeleton, finally promoting the uptake

of immune complex 46165,

(3) Posttranslational modifications: As in many cellular processes, posttranslational modifications of

antibodies or FcRs influence immune response. Antibodies are highly glycosylated molecules *?,
therefore, it is obvious that such complex structures play a major role in antibody-FcR interaction

strength and FcR function 4446165,

(4) Multivalent binding on FcRs: Besides the differences in monovalent binding of immunoglobulins

on FcRs, the multivalent binding is more important for the immunological response in vivo .
The high level of IgG molecules in human serum leads to saturation of FcRs on circulating
immune cells. Therefore, multivalent binding of immune complex and receptor clustering is
essential for an appropriate binding on activating FcR and immune cell activation %%, Therefore,
the size and concentration of the immune complex is a critical parameter for the immune

response %7,

(5) Antibody-antigen interaction: Basis for immune response is the availability of antibodies with

specificity for an antigen. The ratio of antibody to antigen is changing during infection. When
the antibody-antigen ratio exceeds a threshold, the immune response increases 2>, Modulation
of immune response by immune complex is an FcR dependent mechanism influenced by
parameters regulating the interaction between antibody and antigen. These parameters are

affinity and concentration of antibodies and size of the resulting immune complex “°,

(6) IgG-subclasses: Different affinities of IgG-subclasses to FcyR can modulate the immune response.

For example, 1gG4 has a relatively high affinity for inhibitory FcyRIIB 8. The ratio of IgG-
subclasses interacting with an antigen on a multivalent immune complex is critical for the

resulting immune response 46,

(7) Interaction with other proteins: The interaction between FcRs and other proteins on the cell

surface was also shown to influence the immune response. For example, CD11b (Mac-1) interacts
with FcyRIIA on resting neutrophils lowering the affinity for IgG, whereby in activated
neutrophils the interaction between IgG and FcyRIIA is promoted 4. Acute-phase proteins, like
CRP, were shown to bind to FcRs and promote immune complex uptake. IgG immune complex

were able to reduce CRP binding on FcyRIIA 1,
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(8) FcR-TLR cross-talk: TLR are a class of PRR that recognize microbial membrane components like

LPS. It was shown that FcRs and TLRs act together to defeat pathogenic infections 367, Targeting
FcyR or FcaRI by immune complex together with TLR strongly enhanced inflammatory responses

of immune cells 4%8%170-172,

(9) Inside-out signaling: The concept of inside-out control describes an increase of receptor affinity,
valency or function that is induced by an endogenous stimulus 3¢. Enhanced binding capacity is
known for FcaRI and FcyRII after priming of cells with inflammatory mediators like cytokines or

endotoxins 36:52-54,

1.4.2. FcR signaling defines effector outcome

Several extracellular parameters modulate the immune response FcR dependently (chapter 1.4.1). As
indicated above, also downstream intracellular signaling is of major importance for effector outcome.

Low-affinity FcR like FcaRI, FcyRIIA or FcyRIIIA can act as bi-functional receptors transducing either
activating or inhibitory signals based on their interaction partner >°. The binding of a multimeric immune
complex on cell surface activates several FcR leading to activating ITAM signaling. In contrast, binding
of monomeric IgG or IgA to these receptors results in inhibitory ITAM-mediated signaling (ITAMi) '73.
As a third way, binding of IGG to FcyRIIB induces inhibitory ITIM signaling '®*. In the following section,

the molecular basis of these pathways is described more in detail with an overview in Figure 1-6.
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Figure 1-6: Overview of FcR signaling (A) Immunoreceptor tyrosine-based activation motif (ITAM) signaling: Binding of immune
complex to activating FcaRIl or FcyR recruits Fyn kinase. Fyn kinase fully phosphorylates the ITAM motif, resulting in SYK
recruitment. SYK activates downstream signaling ending in inflammatory cell response. (B) Inhibitory ITAM (ITAMi) signaling:
Interaction of monomeric IgA or IgG activates Lyn kinase, Lyn partially phosphorylates ITAM motif resulting in inhibitory ITAMi
signaling. SHP-1 is recruited and inhibits activated proteins by inhibisome formation. (C) Immunoreceptor tyrosine-based
inhibition motif (ITIM) signaling: Co-ligation of the immune complex to inhibitory FcyRIIB and another activating receptor (e.g.
FcaRlI or FcyRIIA) activates Lyn kinase that phosphorylates ITIM motif. ITIM phosphorylation recruits SHIP-1 phosphatase, SHIP-

1 inhibits SYK signaling. Figure based on 56174175,
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A. ITAM signaling via immune complex binding: Binding of a multimeric immune complex on

several FcRs leads to receptor clustering and intracellular cross-linking, thereby, activating Src
family kinase Fyn 6174, Full phosphorylation of specific tyrosines in the ITAM-motif by Fyn results
in the recruitment of tyrosine kinase SYK '7°. Recruitment of SYK activates multiple proteins and
kinases, ultimately resulting in activation of pro-inflammatory gene expression and associated

effector functions %174,

. ITAMi signaling via monomeric immunoglobulin binding: When low-affinity FcR are targeted by

low avidity ligands like monomeric IgA or IgG, Src family kinase Lyn is recruited. Lyn
phosphorylates a single tyrosine motif on ITAM, which results in stable recruitment of SHP-1 7>,
The recruitment of SHP-1 initiates the formation of so-called inhibisomes. These clusters inhibit
activating receptors like FcRs or TLRs and trap the targeted proteins via actin
polymerization *#'76177_ This process downregulates multiple activating signals resulting in

immunomodulation %7,

. ITIM signaling after binding to FcyRIIB: Inhibition of cell activation is possible by co-ligation of

inhibitory FcyRIIB and another activating receptor with IgG immune complex (e.g. B-cell-
receptor or FcR) 7. Binding induces phosphorylation within the ITIM motif by Lyn kinase,
resulting in the recruitment of phosphatase SHIP-1 °¢. SHIP-1 phosphatase can efficiently hamper

the ITAM mediated effector functions by interacting with the signal cascade proteins 342174,

The modulation of immune response by this fine-tuned network is critical for enabling adequate immune

function. Activating and inhibitory pathways are often triggered simultaneously; therefore, the cellular

response is a result of both pathways 178, ITAM dependent activation of immune cells is crucial for

clearance of immune complex, but the return to homeostatic conditions is a major concern. Thus,

counteracting by ITIM and ITAMi is important. Inhibition of immune response by ITIM is an instant

step, whereas ITAMi is a continuous process adapting to the immunoglobulin levels in circulation. ITAMi

is, therefore, a critical checkpoint to maintain immune homeostasis, without changing FcR

expression *>174, In several inflammatory diseases, this balance is disturbed, therefore, modulation of

FcR signaling via immunoglobulin preparations is a therapeutic opportunity

42,56,174
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1.4.3. Immunomodulatory activity of immunoglobulin preparations

The immunomodulatory activities of immunoglobulin preparations are beneficial especially in patients
with a hyperinflammatory immune system, induced by autoimmune- or inflammatory diseases.
Generally, anti-inflammatory effects of IVIg are seen at high dose treatment when the supplemented
immunoglobulins compete with present immunoglobulins %3¢, Based on the broad spectrum of
functions mediated by immunoglobulin preparations, which are also anti-pathogenic (see chapter 1.2.3),
the beneficial effects in inflammatory diseases were attributed as immunomodulatory rather than
immunosuppressive 72,

For more clarity, an overview of the multiple immunomodulatory effects is shown in Figure 1-7. The
effects are structured into (1) modulation via FcR (Figure 1-7A-C), (2) effects that defeat problems
arising in autoimmune disorders (Figure 1-7D-E), and (3) the interaction with soluble mediators of

inflammation like complement or cytokines (Figure 1-7F-G).

v A e

Immune Pathogen immune Antibody FcRn Auto- Complement  Pro-inflammatory
effector cell complex antibody C3a/Cbha cytokines

Figure 1-7: Overview of immunomodulatory activities of antibodies and immunoglobulin preparations. (A) Antibodies can block
activating Fc-receptors (FcR), thereby inhibiting the binding of immune complex. (B) Activation of inhibitory immunoreceptor
tyrosine-based activation motif (ITAMi) by monomeric antibodies. (C) Antibodies modulate the expression of cell surface
receptors (like activating and inhibitory FcR) and other surface markers. (D) Saturation of FcR neonatal (FcRn) reduces the half-
life of pathogenic autoantibodies. (E) Binding of autoantibodies by anti-idiotypic antibodies. (F) Neutralization of activating

complement factors C3a and C5a. (G) Reduction of pro-inflammatory cytokines. Figure based on 6869,
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(1) Modulation via FcR

(A) Blockade of activating FcR and limiting the access of immune complex to FcR: Because of the

high relevance of activating FcRs in many inflammatory effector functions, blocking of these
receptors by IVIg appears to be an important mode of action 3656, Although competition of
monomeric IgG or IgA species against highly valent immune complex seems to be problematic.
Therefore, the hypothesis that IgG dimers in IVIg are crucial for blocking is under
discussion *%%%_ In line with this, beneficial effects of IgM- and IgA- enriched immunoglobulins
in the treatment of sepsis can be explained, because the multimeric species compete more

efficiently with immune complex than monomeric I1gG %>,

(B) Targeting inhibitory FcR signaling: While displacement of immune complex from activating FcRs
is under discussion, another mechanism of anti-inflammatory cell modulation is described.
Monomeric IgA and IgG binding on activating FcaRI or FcyR induce inhibitory ITAMi signaling,
leading to cell inhibition *17>177_ It was shown that classical IVIg can target ITAMi signaling via

FcyRIIA and FcyRIII 176:179:180,

(C) Modulation of cell phenotype: As described in chapter 1.4.1, the balance between activating and

inhibitory FcRs is modulating the immune response. Treatment with monomeric IVIg
preparations led to an increase in FcyRIIB expression 62636974 and to a decrease in activating
FcR expression 3%, Besides FcR modulation, also the influence on the expression of other
surface markers on macrophages was shown for trimodulin 84. Further, other immune cells like

dendritic cells and T-cells were modulated by IVIg preparations .

(2) Defeat autoimmunity

(D) Modulation of antibody half-life: A potential anti-inflammatory mode of action in IVIg

preparations is the saturation or blockade of Fc receptor neonatal (FcRn) in high dose
treatment %3°%:181 This is especially the case in the treatment of autoimmune diseases, where
FcRn blockade decreases the half-life of pathological autoantibodies '#2. The results from various

studies using animal models are differing relativize the meaning of FcRn saturation >,

(E) Neutralization of autoantibodies: Another way of IVIg modes of action in autoimmune disease

is the direct neutralization of autoantibodies through anti-idiotypic antibodies delivered in
IVIg ®. These antibodies bind epitopes (in this special case called idiotopes) on the variable
region of another antibody '%. Several studies showing anti-idiotypic antibodies in IVIg

preparations are reviewed in Schwab and Nimmerjahn .
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(3) Interaction with soluble mediators of inflammation

(F) Inhibition of activating complement factors: On the one side IgG or IgM in immunoglobulin
preparations can activate the complement system, but, on the other side immunomodulatory
inhibition of complement factors is a mode of action attributed to both components 636975120,
Neutralization of activated complement factors, like anaphylatoxins C3a and Cb5a, was
demonstrated for IVIg 1°8184 It was shown that IgM- and IgA-enriched preparations are more
efficient than IVIg in preventing complement activation in vitro and in a rat model of

inflammation 7°.

(G) Modulating cytokine response: Studies revealed that immunoglobulin preparations modulate

the cytokine response either via direct neutralization or indirect by neutralization of
toxins 8984185 The neutralization of pro-inflammatory cytokines TNF-a, IL-8 and the
macrophage inflammatory protein (MIP)1a by multimeric IgM- and IgA-species was better in

comparison to monomeric IgG .

Summarized, there is a high medical need for adjunctive therapies in severe infection diseases. The
treatment of hyperinflammation in those patients is of major importance. Immunoglobulin preparations
are a promising alternative with multifaceted functions; several studies indicate how immunoglobulin
preparations could modulate the inflammatory immune response. IgM- and IgA-enriched
immunoglobulins seem to have beneficial properties in some of those mechanisms. Nevertheless, open
questions regarding immunomodulation and the functional role of each immunoglobulin component

(IgM, IgA and IgG) remain.
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2. Aim of the thesis

In this PhD thesis, the aim is to analyze the immunomodulatory functions of the IgM- and IgA-enriched

immunoglobulin preparation trimodulin. In the course of this, four main questions arise:

1. Can trimodulin induce immune modulation on neutrophils?

2. If so, which pathways induce immune modulation?

3. Has trimodulin superior immunomodulatory effects in comparison to standard IVIg?
4.

What is the functional relevance of IgA in immune modulation?

IgM- and IgA enriched immunoglobulins are polyvalent mixtures containing IgG, IgA and IgM. Due to
the complexity of this product class, it is challenging to define distinct modes of action. Instead, multiple
modes of action work synergistically to fulfill their clinical benefits 62, These can be divided into anti-
pathogenic effects (promoting pathogen clearance and inflammation) and immunomodulatory effects
(dampening the inflammatory response and mediate anti-inflammatory effects). Because treatment of
patients with severe infection diseases like sepsis, SCAP or COVID-19 requires regulation of the immune
system 67125141 the focus of this work is immunomodulation.

As a basis to show immunomodulatory effects, a model system, which can be inflammatory activated,
has to be established. Because of their elementary role in innate and adaptive immunity, as well as in
important inflammatory diseases >®!9! primary human neutrophils and the neutrophil-like HL-60 cell
line were established as immune effector cells in this work. This establishment has to include
phenotypical identification of surface markers as well as functional relevant FcRs for IgG and IgA. By
using a complement-free system and IgM-FcuR negative neutrophils, FcR dependent effects of trimodulin
IgM component are of minor importance. As immunoglobulin preparations can modulate the immune
response via several modes of action, different cellular parameters have to be investigated. Here the
immunomodulatory capacity of trimodulin in comparison to IVIg was tested by facilitating an anti-
inflammatory phenotype on resting neutrophils, modulating the inflammatory responses induced by
bacterial stimuli (endotoxin/LPS and S.aureus) and modulation of SARS-CoV-2-virus-like inflammation
in a COVID-19 model. Within these models, the activation of following modes of action should be tested:
(1) interaction with soluble cytokines and modulation of cytokine release, (2) activation of ITAMi
signaling, (3) targeting of FcyRIIB and ITIM signaling, (4) Modulation of FcR expression and
(5) displacement of immune complex from activating FcR.

Based on challenging research, the functions of serum IgA are in relation to IgG not well investigated 3.
In line with this, the functional role of IgA in immunoglobulin preparations was underrated +73.
Therefore, a goal of this thesis is to shed light on the IgA component of trimodulin. By including the
central IgA-FcaRI in phenotype modulation and blocking experiments, as well as the comparison

between IgA-containing and classical IVIg preparations the role of this component will be highlighted.

26 Aim of the thesis



3. Materials

3.1. Chemicals
Name
Aqua dest.
BSA
Calcein-AM
Carbonate-Bicarbonate Buffer
D-PBS
EDAC
Glycine
MES
NaOH 1N

3.2. Reagents

Name

AbC™ total antibody compensation beads
Alexa Fluor™ 647 NHS Ester

Anti-Mouse Ig, k Compensation Particles Set
ArC™-amine reactive beads

BD Cytofix™ Buffer

BD FACSFlow™

BD FACS™ Clean

BD FACS™ Shutdown solution

BD Phosflow™ Perm Buffer III
CST-Research-Beads

Full-length COVID-19 spike protein, His-Tag
Latex beads [0.9 um]

Latex beads, fluorescent yellow-green [1um]
LPS (Escherichia coli 0111:B4)

S.aureus BioParticles™, Alexa Fluor™ 488
S.aureus BioParticles™, unlabeled
SARS-CoV-2 Spike antibody, Chimeric Mab
Zombie Aqua™ Viability Stain

Manufacturer

B. Braun

Sigma-Aldrich
BioLegend
Sigma-Aldrich
Thermo-Fisher-Scientific
Sigma-Aldrich

Merck KGaA
Sigma-Aldrich

Merck KGaA

Manufacturer
Thermo-Fisher-Scientific
Thermo-Fisher-Scientific
BD Biosciences
Thermo-Fisher-Scientific
BD Biosciences

Becton Dickinson
Becton Dickinson
Becton Dickinson

BD Biosciences

Becton Dickinson

Acro Biosystems

Sigma Aldrich

Sigma Aldrich
Sigma-Aldrich
Thermo-Fisher-Scientific
Thermo-Fisher-Scientific
SinoBiological

BioLegend

Order number
0082479E
A9647-50G
425201
C3041-50CAP
14190-094
E7750
1042010100
M3671
1.09137.1000

Order number
A10497
A37573
552843
A10346
554655
342003
340345
334224
558050
655051
SPN-C52H4
CLB9-1ML
L4655-1ML
L2630-25MG
$23371

S2859
40150-D001-50
423102
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3.3. Cell culture material

Name

0,4 % Trypane blue

12-Well plate (non-treated)
24-Well plate (non-treated)
48-Well plate (non-treated)

6-Well plate (non-treated)

96-Well plate (non-treated)
Cryotubes

Cyro freezing container

DMSO for cell culture
eBioscience™ 1x RBC lysis solution
FBS

HL60 (ATCC® CCL-240™)

IMDM

Neubauer improved counting chamber
Penicillin-Streptomycin
RPMI-1640

T175 flask (non-treated)

T25 flask (non-treated)

T75 flask (non-treated)

Manufacturer
Corning
Eppendorf AG
VWR
Eppendorf AG
Eppendorf AG
Eppendorf AG
Nunc

Nalgene
Sigma Aldrich

Thermo-Fisher-Scientific

Life technologies

ATCC

Life technologies

En-Tek
Sigma Aldrich

Life technologies

Eppendorf AG
Eppendorf AG
Eppendorf AG

Order number
25-900-CI
0030721012
10861-558
0030723015
0030720016
0030730011
363401
5100-0001
D2650-100ML
00-4333-57
10270-106
CCL-240
12440-053
DHC-NO1
P0781-100ML
21875-034
0030712013
0030710010
0030711017
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3.4. Consumables

Name

0,2 um Filters (Minisart®)

96-Well Nunc MaxiSorp™, flat-bottom

96-Well, deep-well plates
96-Well, U-bottom
96-Well, V-bottom

Aluminium foil

Amicon Ultra, Centrifugal filter unit

Bacillol®
Cannula

Cloves

Combitips advanced® (sterilized)

Coverfilm, 96-Well
Disposabal bags
FACS tubes
Parafilm®

Pipette tips (sterilized)

Profix® tissues

Reaction tubes

Reaction tubes (sterilized)

Serological pipettes (sterilized)

Single use weighting pan

Vacuum bottles (1 1)

Manufacturer

Sartorius

Thermo Scientific
VWR

Greiner Bio-one
Greiner Bio-one
VWR

Merck Millipore
Paul Hartmann AG
B. Braun
Kimberly-Clark
Eppendorf AG

VWR

Brand AG
Corning Science
Bemis

Eppendorf AG

TEMCA GmbH
Eppendorf AG

Greiner Bio-one

VWR

VWR
Medipack AG

Order number
16534

44-2404-21

732-3323

650101

651161

291-0044
UFC505096

973380

4665120

90628

0030089618 (0.1 mL)
0030089650 (2.5 mL)
0030089669 (5 mL)
0030089677 (10 mL)
60941-062

759705

352052

WI 54956
0030075005 (10 uL)
0030075331 (200 uL)
0030073444 (300 uL)
0030075358 (1000 uL)
005099

0030121023 (0.5 mL)
0030120086 (1.5 mL)
0030120094 (2 mL)
188261 (15 mL)
352070 (50 mL)
612-3702 (5 mL)
612-5541 (10 mL)
612-5544 (25 mL)
612-5546 (50 mL)
613-1174

50112100
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3.5. Equipment

Name

Centrifuge

Flow Cytometer
Fluorescence-reader
Freezer -150 °C
Freezer -20 °C/Fridge
Freezer -80 °C
Incubator

Laminar Flow
MACSmix Tube Rotator
MACSxpress Separator
Magnet stirrer
Microplate reader
Microplate reader
Microplate shaker

Microplate washer

Type / Modell

Multifuge X3R
FACSCanto™ 1II
Odyssey CLx
UltraLow
LCv4010

Hera Freeze basic
HeraCell 240
Hera Safe HS18
130-090-753
130-098-308

RH Basic 2
Infinite F200
Infinite M200 Pro
ThermoStar

405 Select

Manufacturer

Thermo Scientific
BD Biosciences
LI-COR

Sanyo

Liebherr

Thermo Scientific

Thermo Electron Corporation

Thermo Electron Corporation

Miltenyi Biotec
Miltenyi Biotec
IKA

Tecan

Tecan

BMG Labtech

Tecan

Microscope Visiscope IT405H VWR International GmbH
Multipette E3 Eppendorf AG
pH-meter Seven Excellence Mettler Toledo
Pipettes Research Plus Eppendorf AG
Pipetting aid Integra Pipetboy VWR International GmbH
Precision balance XPE 205 Mettler Toledo
Rotator SB3 Stuart
Table top rocker Polymax 1040 Heidolph
Tabletop centrifuge Centrifuge 5424R Eppendorf AG
Thermomix Thermomixer Comfort Eppendorf AG
Ultrasonic Cleaner USC6000TH VWR International GmbH
Vortexer RS-VA 10 Tecan
Water bath Sub Aqua 18 Grant
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3.6. Software
Name of software
DIVA™
FlowJo™
GraphPad Prism™
Image Quant™
Image Studio™

Office (Word, PowerPoint, Excel)

3.7. Kits

Name

Human Cytokine Array-Kit

Human IL-10 simple step ELISA Kit
Human IL-1ra simple step ELISA Kit

Human IL-8 simple step ELISA-Kit
Human MCP-1 simple step ELISA Kit

Human MIP1a simple step ELISA Kit
Kinetic Chromogenic LAL-test kit

MACSxpress® Whole Blood

Neutrophil Isolation Kit, human

Quantum™ Simply Cellular® anti-Mouse 1gG

Version
6
10.6.2
6.1

TL 8.1
2.1

2010

Manufacturer
R&D-Systems
Abcam

Abcam

Abcam
Abcam

Abcam
Charles River

Miltenyi Biotec

Bangs Laboratories Ltd.

Manufacturer
Becton Dickinson

FlowJo LLC

GraphPad Software, Inc

GE-Healthcare
LI-COR

Microsoft

Order number
ARY005B
ab185986
ab211650

ab46032
ab179886

ab214569
R1708K

130-104-434

BLI815B-5
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3.8. Antibodies

Name Clone Isotype Manufacturer Order number
Antibodies for flow cytometry
ACE-II-PE E-11 Mouse IgG1 SantaCruz Biotech sc390851-PE
CD11b-AF488 ICRF44 Mouse IgG1 Stemcell 60040AD
CD15-PE Wé6D3 Mouse I1gG1 BD Biosciences 562371
CD193-BV421 5E8 Mouse IgG2b BD Biosciences 562570
CD35-BB700 E1l1l Mouse I1gG1 BD Biosciences 745950
CD71-APC-H7 M-A712 Mouse I1gG2a BD Biosciences 563671
FcuR-BV421 HM14-1 Mouse IgG1 BD Biosciences 564714
FcaRI-PerCP Cy5.5 A59 Mouse IgG1 BioLegend 354110
FcyRITIA-FITC V.3 Mouse IgG2b Stemcell 60012F1
FcyRIIB-AF647 2B6 Mouse IgG1 Creative BioLabs TAB-036WM
FcyRIII-APC-Cy7 3G8 Mouse IgG1 BD Biosciences 557758
FyRI-PE-Cy7 10.1 Mouse I1gG1 BD Biosciences 561191
IgA-VioBlue IS11-8E10 Mouse IgG1 Miltenyi-Biotec CBL114F
IgG-APC-H7 561297 G18-145 BD Biosciences 561297
IgM-PE-Cy5 551079 G20-127 BD Biosciences 551079
SHP-1 pY536-FITC 2A7 Rabbit IgG Abwitz Bio 2353
SYK-pY348-APC REA681 Mouse IgG1 Miltenyi-Biotec 130-110-300
SYK-pY352-PE-Cy7 17A Mouse I1gG1 BD Biosciences 561458
SYK-pY525/26-PE C87C1 Rabbit IgG Cell Signaling 6485S
TLR2-PE TL2.1 Mouse IgG2a BioLegend 309708
TLR4-BV421 HTA125 Mouse IgG2a BioLegend 312811
Isotype controls for flow cytometry
IgG1-AF488 MOPC-21 Mouse IgG1 Stemcell 60070AD.1
IgG1-AF647 MOPC-21 Mouse IgG1 BioLegend 400130
IgG1-APC-Cy7 MOPC-21 Mouse I1gG1 BD Biosciences 557873
IgG1-BB700 X40 Mouse I1gG1 BD Biosciences 566404
IgG1-PE MOPC-21 Mouse IgG1 BioLegend 555749
IgG1-PE MOPC-21 Mouse I1gG1 SantaCruz Biotech sc-2866
1gG1-PE-Cy7 MOPC-21 Mouse IgG1 BD Biosciences 557872
IgG1-PerCP Cy5.5 MOPC-21 Mouse IgG1 BioLegend 400150
IgG2a-APC-H7 MOPC-21 Mouse IgG2a BD Biosciences 560167
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Name Clone
IgG2a-BV421 MOPC-173
IgG2a-PE MOPC-173
IgG2b-BV421 X40
IgG2b-FITC MPC-1
Blocking antibodies
FcaRI MIP8a
FcyRIIA V.3
FcyRIIB 2B6
FeyRIII 3G8
FyRI 10.1
Antibodies for cytokine array
Streptavidin IRDye® 800CW -

3.9. Inhibitors
Name Target
3AC SHIP-1
C29 TLR2
CLI-095 TLR4
NSC-87877 SHP-1
Piceatannol SYK
ST2825 MyD88

3.10. Plasma products

Name
IgA from human serum

IgM from human serum

IVIg (IgG Next Generation (BT595))

Plasma from COVID-19 recovered patients

Trimodulin (IgM Concentrate (BT588))

Isotype Manufacturer Order number
Mouse IgG2a BioLegend 400260
Mouse IgG2a BioLegend 400214
Mouse IgG2b BD Biosciences 562438
Mouse IgG2b Stemcell 60072FI.1
Mouse IgG1 Bio-Rad MCA1824
Mouse IgG2b Stemcell 60012
Mouse IgG1 Creative BioLabs TAB-036WM
Mouse IgG1 BioLegend 302002
Mouse IgG1 BioLegend 305002
- LI-COR 926-32230
Manufacturer Order number
Sigma-Aldrich 565835
MedChemExpress HY-100461-5mg
Invivogen tlrl-cli95
Sigma-Aldrich 565851
Sigma-Aldrich P0453
MedChemExpress HY-50937-1MG
Manufacturer Order number / lot
Sigma-Aldrich 14036
Sigma-Aldrich 18260
Biotest AG B595086
Plasma Service Europe -
Biotest AG B588027
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3.11. Buffer protocols

Formulation buffer (300 mM glycine)

Referred as “buffer” throughout the document.

24 ¢ Glycine

1000 mL Aqua dest.

Dissolve glycine in 1000 mL Aqua. Adjust pH to 4.3.

0.1 % BSA
05¢g BSA
500 mL D-PBS

Dissolve 0.5 g BSA in 500 mL D-PBS. Filtrate through a 0.2 uM filter. Store at 2-8 °C.

1 % BSA
5¢g BSA
500 mL D-PBS

Dissolve 5 g BSA in 500 mL D-PBS. Filtrate through a 0.2 uM filter. Store at 2-8 °C.

2 % BSA
10g BSA
500 mL D-PBS

Dissolve 10 g BSA in 500 mL D-PBS. Filtrate through a 0.2 uM filter. Store at 2-8 °C.

Carbonate-bicarbonate-buffer

1 capsule Carbonate-bicarbonate-buffer
100 mL Aqua dest.

Dissolve capsule in 100 mL Aqua dest. Mix on magnet stirrer and remove capsule shell. Store at 2-8 °C.
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4. Methods

4.1. Cell culture

4.1.1. General techniques

General procedures

All cells were cultivated under a humidified atmosphere at 37 °C and 5 % CO.. All steps for cultivation,
preparation of medium, and other reagents were performed under sterile conditions under a laminar

flow bench. Centrifugation steps were performed at 350 x g for 5 min, if not otherwise indicated.

Determination of cell numbers

Cell numbers and viability were determined by a disposable Neubauer improved counting chamber.
Therefore, 50 uL of cell suspension was diluted 1:2 with 0.2 % trypane blue solution and the cell number
counted under the microscope. Blue cells were counted as dead cells. If necessary the cell suspension
was further diluted with Dulbeccosphosphate-buffered-saline (D-PBS). From the cell count of the four

squares, the total cell concentration and the cell viability were calculated with the following formulas:

Number of viable cells - Dilution factor - 10*

Cell concentration (cells/mL) = Number of squares counted

Viability (%) = Number of viable cells

Number of total cells

Cryopreservation

Before cryopreservation, the cells should have a viability > 95 %. After determination of the cell number,
the needed amount of cells was centrifuged. The cell pellet was re-suspended in cold cryomedium (90
% fetal bovine serum (FBS) with 10 % Dimethyl sulfoxide (DMSO)), to a cell number of 1x107 cells/mL.
After resuspending, the cell suspension was divided into aliquots of 1 mL into cryovials. The freezing
was performed by placing the vials into a pre-cooled freezing container, which ensures a cooling rate of
1 °C per minute and placing it into a -70 °C freezer. After 24 h to four days, the cells were transferred

into a < -150 °C freezer for long-term storage.

Thawing of cells

The frozen aliquot of cells was thawed in a 37 °C water bath. Immediately after the cell suspension was
fluid, the cells were pipetted into a tube with 9 mL pre-warmed medium. After centrifugation, the pellet

was resuspended in 10 mL pre-warmed medium and the cells were seeded in a T-75-flask.
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4.1.2. Isolation of primary human neutrophils

Isolation of primary human neutrophils was performed by using the MACSxpress® Whole Blood
Neutrophil Isolation Kit. Isolation was performed according to the manufacturer’s instructions. 8 mL of
fresh blood donation were mixed with 4 mL isolation mix-cocktail and incubated for 5 min on a tube
rotator, then the tube was transferred into the magnetic field of MACSxpress® separator for 15 min.
Magnetic labeled (non-target) cells were separated from neutrophils. Red blood cells (RBC) sediment to

the bottom of the tube (compare Figure 4-1).

Pipette

MACSxpress® Separator

Bead labeled cells

Target cell suspension

Erythrocyte pellet

Fiqure 4-1: Schematic drawing for isolation of primary neutrophils. The mix of magnetic beads and blood was separated in a

tube by MACSxpress® separator. Target cells (primary neutrophils) remain in suspension and can be removed by pipette.

The untouched primary neutrophils were centrifuged for 5 min at 350 xg. RBCs were lysed by
resuspending the cell pellet in 10 mL 1x RBC lysis solution for 10 min. The reaction was stopped by the
addition of 25 mL D-PBS. After centrifugation, the cells were re-suspended in RPMI-1640 medium and
the cell number were determined (chapter 4.1.1). To verify the purity and the success of isolation, cells
were analyzed using flow-cytometry (chapter 4.4.1). The isolated neutrophils were rest in RPMI-1640
supplemented with 5 % FBS for 1-2 h and were directly used in phagocytosis assays (chapter 4.4.5).

4.1.3. Cultivation and differentiation of HL-60 cell line

HL-60 cells were cultivated in IMDM medium supplemented with 20 % FBS and 1 % Penicillin
(10.000 U/mL)/ Streptomycin (10.000 ug/mL). After seeding, cells were cultivated for 3-4 days at 37 °C
in the incubator. For sub-culturing, cells were counted and seeded with a density of 2x10° cells/mL in
fresh medium into a new flask. When cells reached passage 4-5 with a viability > 95 %, assays were
started. Cultivation was resumed until cells reach passage 25; then a new aliquot was thawed.

Differentiation of HL-60 cells was performed by resuspending a cell pellet in complete culture medium
supplemented with 1.3 % (v/v) DMSO to a cell density of 6x10° cells/mL. These cells were incubated
for 3-5 days at 37 °C in the incubator to reach a neutrophil-like phenotype needed for assays. Successful

differentiation was verified by flow cytometry.
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4.2. Cell-binding-assay

The initial step of antibody-mediated effector functions is the interaction of cell surface receptors for
immunoglobulins (e.g. FcRs) with the immunoglobulin molecule. To examine the binding of different
IgG-, IgA- and IgM-species on FcR bearing human immune cells or the binding of immune cells to
immunoglobulin species, a binding assay was performed.

The cell-binding assay compares the relative binding of immune cells to immunoglobulin-coated plastic

surfaces. The assay was performed related to Brandsma et al. °® (compare Figure 4-2).

Coating Calcein-AM labeling Cell binding Wash & measure
L L [ A
I | || L4
+ 200 pg/mL 1x107 HL-60 cells 3x10% HL-60 cells Plate reader 488 nm
immunoglobulins + 10 yM Calcein-AM on coated plate Wash with RPMI (16 x)
over night 4 °C 20 min 37 °C 50 min 37 °C

Figure 4-2: Procedure of cell binding assay. Immunoglobulin coated wells were incubated with Calcein-AM labeled neutrophil-
like HL-60 cells and fluorescence was measured after every second washing step. Fluorescence of cells before washing was set

as 100 % and results were calculated as relative binding in [%].

First 96-Well Maxisorp plates were coated with 100 uL of 200 pug/mL immunoglobulin preparations
diluted in Carbonate-bicarbonate-buffer. Coating was performed overnight at 4 °C. The following day
plates were washed with 100 uL/well RPMI-1640 medium and blocked with 100 uL 1 % Bovine serum
albumin (BSA) in D-PBS for 1-2 h. Meanwhile, cells were counted and washed with D-PBS. 1 mM
Calcein-acetoxymethylester (Calcein-AM) solution was prepared by reconstitution with 50 uL. DMSO.
10 uM working dilution was prepared in D-PBS. Cells were centrifuged (350 x g, 5 min) and resuspended
in 10 uM Calcein-AM solution with a cell density of 1x107 cells/mL. Cells were incubated 20 min at
37 °C. After staining, cells were washed three times with RPMI- 1640 medium without supplements,
after the last washing steps cells were resuspended to a density of 3x10° cells/mL and let rest for 30 min
at 37 °C. After Calcein-AM staining, the 96-Well plate was washed with RPMI-1640 and 100 uL of cell
suspension was added. Following short centrifugation (40 x g, 3 min), cells were left for 50 min at 37 °C
in the incubator to bind to immunoglobulins. Calcein fluorescence was measured on a plate reader with
488 nm and 520 nm reference wavelength to get 100 % binding value. In the following washing steps,
the plate was washed with 100 uL. RPMI-1640 and the fluorescence was measured after every second
wash up to wash 16. The relative fluorescence intensity was normalized to the first measurement (before

washing), which was set as 100 % binding, to compare the relative binding kinetics of different coatings.
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4.3. Cell treatments

To investigate possible effects and modes of action immunoglobulins exert on neutrophil-like immune
cells, cells had to be treated with various combinations of inflammatory stimuli, inhibitors, blocking
antibodies and immunoglobulin preparations. In this work, the effects of trimodulin and IVIg on resting
or inflammatory activated neutrophil-like HL-60 cells was analyzed. In the following section basic cell
treatments by LPS, immunoglobulins or signaling inhibitors are described, as effector outcomes
modifications of cell phenotype (chapter 4.4.3) and influence on the cytokine release (chapter 4.5) were

measured.

4.3.1. LPS stimulation

Bacterial endotoxins, like LPS, are commonly used inflammatory stimuli. In this work LPS from
Escherichia coli 0111:B4 was incubated with neutrophil-like HL-60 cells to induce an inflammatory cell
phenotype.

To test optimal concentration and time for cell activation, dose- and time-kinetics were performed. Doses
of 1, 10, 100, 500 and 1000 ng/mL LPS were added to cells for 24 h. Further, 500 ng/mL LPS was added
for 1, 2, 4, 6, 24 and 48 h to cells. Inflammation was assessed by the release of various inflammatory
cytokines by cytokine array (chapter 4.5.1) and quantified by IL-8-ELISA as a marker for neutrophil
activation. Additionally, modulation of cell phenotype was monitored (chapter 4.4.3).

LPS bind and activate immune cells mainly via TLR 4 and 2, central for subsequent signaling is
MyD88 185187 To prove this for the used HL-60 cell line indicated concentrations of inhibitors for TLR4
(CLI-095), TLR2 (C29) and MyD88 (ST2825) were incubated for 30 min at 37 °C before the addition of
500 ng/mL LPS. Cells were incubated for 4 h and the influence of inhibitors on IL-8 release was
measured.

Immunoglobulins can directly bind and neutralize LPS via anti-LPS antibodies 8. To examine the
capacity of trimodulin and IVIg to bind LPS directly, varying concentrations of immunoglobulin
preparations were added to 7.5 ng/mL LPS (corresponds to 50 EU/mL) for 1 h at 37 °C. The remaining

endotoxin level in the solution was determined by LAL method according to manufacturer’s instructions.

4.3.2. Immunoglobulins on resting cells

Direct effects of immunoglobulin preparations (trimodulin or IVIg) on neutrophil-like HL-60 cells were
investigated by monitoring cytokine release and cell phenotype (FcR expression). For cytokine readout
cells were incubated for 4 h with 0.005 - 20 g/L IVIg or trimodulin at 37 °C. All samples (wells) were
filled up to the same end volume with formulation buffer. After incubation, cells were centrifuged and

the supernatant was analyzed for IL-8 release as described (chapter 4.5).
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To examine activation of intracellular immunoglobulin receptor signaling, inhibitors of central ITIM
phosphatase SHIP-1 (3AC) and ITAMi phosphatase SHP-1 (NSC-87877) were used. Inhibitors were
dissolved in DMSO and diluted 1:10 in supplemental free IMDM. Inhibitors (10 uM 3AC or
200 uM NSC-87877) were added 30 min before the 4 h incubation at 37 °C with immunoglobulin
preparations.

The direct neutralization of cytokines by immunoglobulin preparations is known in literature 7818, To
test if this mode of action is relevant for the here used model system 300 pg/mL recombinant IL-8
(standard from Abcam ELISA-Kit) was dissolved in D-PBS and trimodulin or IVIg added as described
above. IL-8-immunoglobulin mixture was incubated for 1 h at 37 °C before storing at -20 °C. The
remaining, soluble IL-8 was measured by ELISA.

Modulation of FcR expression was measured after incubating 0.005 — 20 g/L trimodulin or IVIg for 24 h
with neutrophil-like HL-60 cells as described in chapter 4.4.1 IL-8 release was measured additionally
after 24 h.

4.4. Flow cytometry assays

The analysis of cells with flow cytometry is a common technic in cell biology. One of the biggest
advantages is the analysis on a single-cell level; this is possible due to the separation in a flow cell, where
every cell passes the detector one after another. Typically, cells were analyzed based on their forward-
scatter (FSC) and side-ward-scatter (SSC) properties, which are indicators for the size and granularity
of the cell. Additionally, cells can be stained with various dyes and fluorophore-labeled antibodies to
analyze specific surface- or intracellular proteins. With different emitting lasers and detection filters, it
is possible to analyze multiple fluorophores on one cell simultaneously.

In this work, the BD FACSCanto™ II Cytometer with a 3-laser option was used. The 3 lasers can be used

with different filters to analyze combinations of up to 8 fluorophores simultaneously:

Blue laser (488 nm): Fluorescein isothiocyanate (FITC), Alexa Fluor® 488 (AF488), BD Horizon
Brilliant™ Blue 515 (BB515), Phycoerythrin (PE), Peridinin-chlorophyll-

protein complex (PerCP), PerCP-cyanine 5.5 (PerCP-Cy5.5), PE-cyanine®
5 (PE-Cy5), PE-cyanine® 7 (PE-Cy7)

Red laser (633 nm): Allophycocyanin (APC), Alexa Fluor® 647 (AF647), APC-cyanine® 7
(APC-Cy7), APC-Histidine® 7 (APC-H7)

Violet laser (405 nm): Brilliant Violet™ 421 (BV421), Anemonia majano Cyan (AmCyan)
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For analysis of cell population the collected events were evaluated as followed (compare Figure 4-3):
Cell debris with low FSC-Area was excluded. Single cells were gated based on the relation between FSH-
height and FSC-area. Dead cells were excluded by life-death staining with Zombie-Aqua™ viability stain.
This dye can pass the membrane of dead cells and attach to primary amines inside the cell, whereas the
dye is non-permeant for intact cells '®. Histogram gates for every tested surface marker or FcR were set

according to the corresponding isotype- and FMO-controls.
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Figure 4-3: Exemplary gating strategy of HL-60 cells and primary neutrophils for surface marker staining. Cell population was
gated based on SSC/FSC to exclude debris, followed by single-cell gating. To exclude death cells viability staining using Zombie-
Aqua™ was performed. The threshold gate for each fluorescence channel was set using isotype controls. Isotype controls are
shown as gray-filled histograms, stained cells are shown as black histograms, respectively. Data show representative values from
different experiments.

4.4.1. Analysis of cell surface markers and FcR

For flow cytometry analysis the cells were counted, the required amount of cell suspension transferred
in falcon tubes and centrifuged at 350 x g for 5 min. Afterwards, the pellet was washed with D-PBS and
resuspended in the required volume D-PBS to yield 1x107 cells/mL. For the staining 100 uL cell
suspension was transferred into each well of 96-V-bottom plate to get 1x10° cells/well. Unspecific
binding of detection antibodies to FcRs was blocked by incubation with 100 ug/mL IVIg (IgG Next
Generation) for 15 min at 4 °C #.

Meanwhile, detection antibody mixes were prepared according to Table 4-1 and Table 4-2.
Compensation of multicolor panels was done using Anti-Mouse Ig, k compensation particles according
to manufacturer’s instructions. For accurate results fluorescence minus one (FMO), fluorescence minus
two (FMT) and isotype controls were added. The antibody mix was added to each well and mixed briefly.
Besides multicolor panels, detection of FcuR and ACE-II receptor on cells was performed by single color
staining using 5 uL. FcuR and 5 ul. of ACE-II detection antibody per 10° cells/test. The staining was
performed for 30 min at 4 °C in the dark.

After incubation, cells were mixed and centrifuged as described. The supernatant was discarded and the
pellets were washed twice with 100 uL of D-PBS. Finally, pellets were resuspended in 100 uL D-PBS and
analyzed using FACSCanto™ II Cytometer with high throughput sampler.
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Panel 1: Neutrophil surface markers

Table 4-1: Multicolor staining panel 1. Fluorophore labeled antibody combinations and required volumes for staining of
neutrophil surface markers on neutrophil-like HL-60 cells or primary neutrophils.

Excitation laser Fluorophore Antibody target Volume/test
Blue laser (488 nm) AF488 CD11b 5uL
PE CD15 5 uL
BB700 CD35 5 uL
Red laser (633 nm) APC-H7 CD71 5uL
Violet laser (405 nm) AmCyan Zombie-Aqua™ 5ul (1:10)
BV421 CD193 S uL

Panel 2: FcR and TLR

Table 4-2: Multicolor staining panel 2. Fluorophore labeled antibody combinations and required volumes for staining of FcR

and TLR expression on neutrophil-like HL-60 cells or primary neutrophils.

Excitation laser Fluorophore-channel Antibody target Volume/test
Blue laser (488 nm) PerCP Cy5.5 FcaRI 5 uL
PE-Cy7 FeyRI 5 uL
PE TLR2 SuL
FITC FcyRIIA 20 uL
Red laser (633 nm) AF647 FcyRIIB 2.5 uL.
APC-Cy7 FeyRIII 5 uL
Violet laser (405 nm) AmCyan Zombie-Aqua™ 5uL (1:10)
BV421 TLR4 SuL

4.4.2. Quantification of cell surface FcR

Quantification of FcR on HL-60 neutrophil-like cells and primary neutrophils was performed as described
previously *' using Quantum™ Simply Cellular® Beads. FcR number per cell was determined by
calculating the antibody binding capacity (ABC) based on a reference curve with beads of known
antibody binding capacity. In short, 4 bead populations with increasing binding capacity and one blank
population were stained with the volumes of FcR detection antibodies described in Table 4-2. Before
detection, antibody titration was performed to verify that the used amount detection antibody is
sufficient to saturate all binding sites. Beads were washed and analyzed using FACSCanto™ II cytometer.
The median fluorescence intensity (MFI) of each bead population was filled into the Quickcal® template
to calculate standard curve. The ABC-value (or number of FcR per cell) was calculated by inserting the

median fluorescence values of each FcR staining of the cell population into the Quickcal® template.

Methods 41



4.4.3. Change in cell phenotype

The modulation of cells by various stimuli can be measured at different levels. Besides the change in
intracellular signaling and gene expression, the modulation of cell surface proteins can be used for
monitoring the immunological status of the cell. FcR for IgG and IgA were chosen as an indicator for cell
phenotype modulation. HL-60 cells were differentiated to a neutrophil-like phenotype and treated with
different stimuli of LPS, immunoglobulins and combinations of those (compare chapter 4.3). Figure 4-4
summarizes the experimental design. Importantly cells were pre-treated for 24 h with LPS before adding

immunoglobulins for further 24 h.
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Fiqure 4-4: Overview of experimental procedure. Differentiation of HL-60 cells to neutrophil-like phenotype is started by adding
1.3 % (v/v) dimethylsulfoxide (DMSO) into the culture medium. On day 3, cells were stimulated with 500 ng/mL
lipopolysaccharide (LPS) followed by the addition of immunoglobulins 24 h afterwards. On day 5 after differentiation start,
neutrophil-like HL-60 cells were harvested, cell culture supernatant analyzed for cytokine secretion and cells stained for

modifications in Fc-receptor (FcR) expression.

After treatment of cells, cell culture supernatant was collected and stored for IL-8 analysis at -20 °C. Cells
were stained for FcR expression as described in chapter 4.4.1. The used antibody volumes for multicolor
staining are shown in Table 4-3. For comparison of FcR expression, the MFI of each fluorophore was
compared with either the MFI of untreated or LPS treated cells. The value was depicted as x- fold change

in comparison to untreated cells or LPS treated cells.

Panel 3: FcRs modulation

Table 4-3: Multicolor staining panel 3: Fluorophore labeled antibody combinations and required volumes for the comparison of

FcR expression on neutrophil-like HL-60 cells.

Excitation laser Fluorophore-channel Antibody target Volume/test
Blue laser (488 nm) PerCP Cy5.5 FcaRI 5 uL
PE-Cy7 FcyRI 5uL
FITC FcyRIIA 20 uL
Red laser (633 nm) AF647 FcyRIIB 2.5 uL.
APC-Cy7 FeyRIII 5 ul
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4.4.4. S.aureus phagocytosis assay

Phagocytosis of pathogenic particles is a crucial mechanism of the immune system to neutralize
pathogens like bacteria. Opsonization of pathogens with antibodies increases the level of phagocytosis.
To investigate the role of trimodulin in promoting phagocytosis, an ADCP assay was established.

Heat inactivated S.aureus wood strain without protein A was used as a gram* model microorganism. For
monitoring the level of phagocytosis an AF488 conjugated variant was chosen. HL-60 neutrophil-like
cells were used as phagocytic cells. Figure 4-5 gives an overview of the main experimental steps and the

evaluation procedure.
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Fiqure 4-5: Experimental steps of S.aureus phagocytosis assay. S.aureus AFA88 bioparticles were incubated with
immunoglobulins to generate an immune complex. Fc-receptors (FcR) on neutrophil-like HL-60 cells were optionally blocked and
phagocytosis was performed by addition of immune complex to cells. Phagocytosis and resultant cell activation were modulated
by the addition of IVIg or trimodulin. After incubation, cells were harvested and analyzed by flow cytometry, culture supernatant

was measured for IL-8 release.

Preparation of immune complex

On the day of experiment S.aureus particles were reconstituted in 500 L D-PBS, vortexed and sonicated
for 1 min in an ultrasonic cleaner to dissolve bacterial particles. The number of bacteria particles per mL
was determined by Neubauer improved counting chamber, as described for cell culture in chapter 4.1.1.
Next, immune complex were generated by incubating 50 wug/mL immunoglobulin preparations with
5x107 S.aureus particles/mL, for 30 min at 37 °C. In the meantime, neutrophil-like HL-60 cells were
prepared: Therefore, cell number was determined and an appropriate volume cell suspension
centrifuged (350 x g, 5 min). Cells were resuspended in IMDM medium without FBS to a cell number of
2.5x10° cells/mL. 500 uL cell suspension per well was transferred into 24-Well plates. After incubation
of the immune complex, the suspension was vortexed and centrifuged for 18 min at 1,100 x g.
Supernatant was discarded and the pellet was resuspended in D-PBS, subsequent to a second

centrifugation step. At least immune complex were resuspended in 100 uL. IMDM medium without FBS.
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Characterization of immune complex
Additional analysis of coated and opsonized beads was performed by detecting IgG, IgA and IgM on the

surface of S.aureus bioparticles by flow cytometry. Staining and measurement procedures were
performed as described above (chapter 4.4.1). Centrifugation steps were performed with 1,100 x g for
18 min. Used anti-IgG, IgA or IgM detection antibody volumes are shown in Table 4-4. Isotype controls

were used to set gates as shown in Figure 4-6.

Table 4-4: Multicolor staining panel 4: Fluorophore labeled antibody combinations and required volumes for staining 1gG, IgA

and IgM on the surface of S.aureus bioparticles.

Excitation laser Fluorophore-channel Antibody target Volume/test
Blue laser (488 nm) PE-Cy5 IgM 20 uL.

Red laser (633 nm) APC-H7 IgG 10 uL

Violet laser (405 nm) VioBlue IgA 2 ul (1:10)
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Fiqure 4-6: Gating strategy for the detection of IgG, IgA and IgM on the surface of S.aureus bioparticles. SSC-FSC values were
set as logarithmic scale and the main population was gated. Histogram gates were set based on isotype controls to show the

percentage of positive particles for each detection antibody.

Phagocytosis assay

For the phagocytosis assay, neutrophil-like HL-60 cells were used. The generated immune complex were
added to the cell suspension and the wells were filled up to 1 mL with IMDM medium without FBS. For
phagocytosis step, cells were transferred into the incubator at 37 °C for 1 hour. After incubation, the cell
suspension was transferred into a 96-well deep-well plate and centrifuged for 5 min at 350 x g. Culture
supernatants were stored at -20 °C for subsequent cytokine measurement. Pellets were washed twice
with D-PBS and resuspended in 100 uL. D-PBS and 25 uL of 0.2 % trypane-blue solution. 10 min
incubation at 4 °C with trypane blue quenches the extracellular fluorescence of remaining S.aureus
particles on the cell surface, leading to signals only from ingested bacteria. Cells were analyzed in

duplicates by FACSCanto™ II cytometer.
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For data evaluation, HL-60 cells and single cells were gated as shown in Figure 4-7. Untreated cells were
used as a control for setting the gate of AF488 positive cells. To include parameters of percentage positive
cells and median fluorescence intensity a phagocytic index was calculated. Therefore, the number of

percentage positive cells was multiplied by the median fluorescence intensity.
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Fiqure 4-7: Gating strategy for S.aureus phagocytosis assay. For evaluation, the cell population was gated based on SSC/FSC to
exclude debris, and gate single cells, followed by setting a threshold gate for AF488 positive cells based on untreated cells. The

percentage and MFI of AF488 positive cells were analyzed and multiplied to calculate the phagocytic index

FcR-Blocking

For experiments with specific FcR blocking, an additional blocking step was performed. Specific blocking
antibodies bind to the corresponding FcR and inhibit further interactions in the assay. To block binding
of immunoglobulins on FcyRI, -IIA, -IIB, -III or FcaRlI, cells were pre-incubated with 5 ug/mL specific

blocking antibodies for 20 min at 37 °C in the incubator. All blocking antibodies are shown in chapter 3.8.

Immune modulation by trimodulin and IVIg

The effect on S.aureus phagocytosis by a different dosage of trimodulin or IVIg was tested. Therefore,
dosages from 0.05 — 20 g/L of both preparations were mixed directly with 5x107 S.aureus particles into
cell suspension. Alternatively, prepared immune complex were added to HL-60 cells and 0.05 - 15 g/L
trimodulin or IVIg were added to the mixture. Each well was filled up with formulation buffer to equal

volume. Phagocytosis and IL-8 release were measured as described above.

Signaling inhibitor experiments
To test if ITAM signaling is activated by phagocytosis the central kinase, SYK was inhibited by the

addition of chemical inhibitor Piceatannol. Therefore, cells were pre-incubated 30 min with 0.1-20 uM
Piceatannol (1:10 diluted in IMDM) as indicated before adding S.aureus immune complex. Immune
modulation by ITAMi signaling pathway was investigated by inhibition of central ITAMi phosphatase
SHP-1 with chemical inhibitor NSC-87877. 200 uM (1:10 diluted in IMDM) of the inhibitor was added
30 min before addition of immune complex and indicated concentrations of immunoglobulin

preparations. DMSO (1:10 diluted in IMDM) served as buffer control.
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4.4.5. COVID-19 phagocytosis assay

Similar to bacteria, antibodies can opsonize viral particles and generate an immune complex, which can
be phagocytosed by neutrophils or macrophages. Because of their biological safety class, many viruses
cannot be analyzed easily. Therefore, a virus-like particle (based on latex beads) was developed and
tested for phagocytosis:

Recombinant spike protein of the novel SARS-CoV-2 virus was coated on fluorescent latex beads to yield
virus-like particles. The assay setup is based on the above-described S.aureus phagocytosis assay. The

central experimental steps are shown in Figure 4-8.
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Fiqure 4-8: Experimental steps of SARS-CoV-2-like particles phagocytosis assay. Fluorescent latex beads were coated with
recombinant SARS-CoV-2 spike protein. Convalescent plasma was heat-inactivated. Next coated and blocked latex beads were
incubated with antibodies from convalescent plasma to generate SARS-CoV-2-like immune complex. Immune complex were
added to HL-60 neutrophil-like cells to get phagocytosed and activate the cells. Phagocytosis and resultant cell activation were
modulated optionally by the addition of IVIg or trimodulin. After incubation, cells were harvested and analyzed in flow

cytometer, culture supernatant was measured for cytokine release.

Preparation of SARS-CoV-2-like particles and immune complex

For the preparation of virus-like particles, fluorescent latex beads were coated with recombinant SARS-
CoV-2 spike protein. Coated carboxylate-modified polystyrene yellow fluorescent latex beads can be
stored for several weeks at 2-8 °C. First beads were washed twice with a buffer consisting of 50 mM
2-(N-Morpholino) ethanesulfonic acid (MES) and 1.3 mM N-Ethyl-N'-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDAC) in Aqua dest. at pH 6.1. MES/EDAC-Buffer has to be prepared fresh
because of the low stability of EDAC.

Bead suspension was transferred into 15 mL falcon tube and centrifuged at 4,700 x g for 20 min. The
supernatant was discarded and beads were resuspended in 7 mL. MES/EDAC-Buffer. To dissolve beads

completely, sonication in ultrasonic cleaner was done for 1:30 min. Because centrifugation led to loss of
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beads, the number of beads per mL was determined with Neubauer improved counting chamber. Coating
of latex beads was performed by adding 5 ug/mL reSARS-CoV-2 full-length spike protein to
2x108 beads/mL in 1 mL MES/EDAC-Buffer. The mixture was incubated for 2 h at 37 °C at 350 rpm on
a heat block in the dark.

To block the remaining binding sites the double volume of 2 % (w/v) BSA/D-PBS was added to the
bead/spike-protein mixture after incubation. Followed centrifugation at 4,700 x g, 15 min pellet was
resuspended in 2 % (w/v) BSA/D-PBS and centrifuged again. Finally, the pellet was resuspended in
0.1 % (w/v) BSA/D-PBS to 1x108 beads/mL.

Manufacturing of immune complex with SARS-CoV-2 virus-like particles was done, by adding either
5 ug/mL specific anti-SARS-CoV-2 chimeric antibody (as positive control), 400 ug/mL heat-inactivated
convalescent COVID-19 plasma or further immunoglobulin preparations to the coated and blocked
beads. Heat inactivation of plasma was done by incubation for 30 min at 56 °C, followed centrifugation
at 4,000 x g for 10 min. The precipitate was discarded and the supernatant was used for opsonization.
Immune complex formation was done by incubating SARS-CoV-2 specific antibodies (recombinant or
plasma source) with the blocked beads for 45 min at 37 °C. As negative controls immunoglobulins

(negative for SARS-CoV-2) or BSA were mixed with blocked beads and incubated as described above.

Characterization of immune complex
Analysis of coated and opsonized beads was performed by detecting IgG, IgA and IgM on the surface of

beads by flow cytometry. Staining, measurement and gating procedures were performed as described

(chapter 4.4.4). Divergently centrifugation steps were performed with 4,700 x g for 15 min.

Phagocytosis assay

Phagocytosis assay was performed based on the described S.aureus phagocytosis protocol (see chapter
4.4.4). The following modifications were made:

Immune complex were washed with D-PBS by centrifugation with 4,700 x g for 15 min. SARS-CoV-2-
like immune complex were added to the cells and incubated for 1 h at 37 °C in the incubator. Fluorescent

bead uptake was monitored with BB515 channel on FACSCanto™ II cytometer.

FcR blocking
FcR blocking was done as described in chapter 4.4.4.

Immune modulation by trimodulin and IVIg
To show immunomodulatory effects of trimodulin and IVIg in this COVID-19-like setup SARS-CoV-2-like

immune complexes were prepared and the phagocytosis assay performed as described. Following the
addition of immunoglobulin opsonized immune complex 0.005 — 15 g/L, trimodulin or IVIg was added
to the cell-bead mixture. Each well was filled up with formulation buffer to equal volume. Cells were

incubated for 1 h, phagocytosis and cytokine release were measured as described above.
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Signaling inhibitor experiments
To test if SARS-CoV-2-like immune complex phagocytosis activates ITAM signaling, SYK kinase was

inhibited by Piceatannol as described for S.aureus phagocytosis assay. Immune modulation due to ITAMi
signaling was investigated by the addition of SHP-1 inhibitor NSC-87877 (compare chapter 4.4.4).
Inhibitors were added 30 min before the addition of immune complex and indicated concentrations of

immunoglobulin preparations.

Adaptions with primary neutrophils
Primary human neutrophils were isolated according to chapter 4.1.2. Followed by a resting phase of 1-

2h in RPMI-1640 supplemented with 5 % FBS. COVID-19 phagocytosis assay was performed as
described above, except cells were treated in RPMI-1640 medium with 5 % FBS and centrifuged with

250 x g for 5 min.

4.4.6. Intracellular phosphorylation

Intracellular signaling cascades can be investigated by several methods. Besides inhibiting key proteins
of intracellular signaling cascades by chemical inhibitors, the direct measurement of the activation status
of these key proteins is possible. This activation status can be detected by the phosphorylation of specific
amino acid residues like serine, threonine or tyrosine with specific detection antibodies °°. Here the
activation of SYK and SHP-1 was analyzed by detecting tyrosine phosphorylation via intracellular flow
cytometry staining. In comparison to western-blot analysis, this method has the advantage to measure
on a single-cell level in comparison to the whole population. An overview of experimental steps is shown

in Figure 4-9.
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30 min or 80 min, 37 °C 30 min onice 30mind °C

Figure 4-9: Overview experimental steps intracellular phosphorylation assay. Cells were treated as described with immune
complex and trimodulin or IVIg, after 30 min (SYK phosphorylation) or 90 min (SHP-1 phosphorylation) reaction was stopped
by fixation and permeabilization of cells. Permeabilzed cells were now able to be stained intracellularly with antibody mixes

specific for SYK and SHP-1 phosphorylation. After washing steps cells were analyzed by flow cytometry.
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Cell stimulation

Before phosphorylation measurements, neutrophil-like HL-60 cells have to be treated as described above.
Activation of SYK by S.aureus- or SARS-CoV-2-like immune complex and the activation of SHP-1 by
combined treatment of immune complex and immunoglobulin preparations was analyzed (compare
chapter 4.4.4 and 4.4.5). Cell number was determined and a volume containing 1x10° cells/mL was
transferred into 96-well deep-well plates. Cells were treated 30 min for SYK or 90 min for SHP-1
phosphorylation at 37 °C. Importantly cell treatment was performed in the same medium as cultivation

was performed. No centrifugation or wash steps were performed, to maintain the phosphorylation status.

Fixation and permeabilization

After stimulating cellular signaling cascades, the phosphorylation status of the cells has to be fixed.
Therefore, cells were incubated with an equal volume of pre-warmed formaldehyde containing fixation
buffer for 10 min at 37 °C. Cells were centrifuged and washed two times with 0.1 % D-PBS/BSA.
Followed fixation cells were permeabilized to enable intracellular staining. Therefore, the cell pellet was
resuspended in 100 uL. methanol containing permeabilization buffer, transferred to a 96-well V-bottom

plate and incubated for 30 min on ice.

Intracellular antibody staining

During the permeabilization step antibody mixes were prepared as shown in Table 4-5. Fixed and
permeabilized cells were washed again and resuspended in 0.1 % D-PBS/BSA. The required volume of

detection antibody mix was added to the cell suspension and incubated for 30 min at 4 °C in the dark.

Table 4-5: Multicolor staining panel 5: Fluorophore labeled antibody combinations and required volumes for intracellular

staining of SHP-1 and SYK phosphorylation on neutrophil-like HL-60 cells.

Excitation laser Fluorophore Antibody target Volume/test
Blue laser (488 nm) FITC SHP-1 pY536 6 uL

PE SYK pY525/26 5 uL

PE-Cy7 SYK pY352 2.5 uL
Red laser (633 nm) APC SYK pY348 10 uL

After two washing steps, cells were resuspended in D-PBS and analyzed by FACSCanto™ II cytometer.
Multicolor panels were compensated by AbC total antibody compensation kit according to the
manufacturer’s instruction. Gating was performed as described for surface marker staining (chapter 4.4.1
and Figure 4-3). The signals from SYK kinase phosphorylation at tyrosine 525/526, 348 and 352 of
untreated cells were normalized to 100 % and percentage change during immune complex treatment
was calculated. For SHP-1 phosphorylation signal at tyrosine 536 of immune complex treated cells were

normalized to 100 % and percentage change due to trimodulin or IVIg addition was calculated.
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4.5. Determination of cytokine release

For measurement of the cytokine release, cell culture supernatant was analyzed by different techniques.
To get an overview of expressed cytokines semi-quantitative cytokine arrays were performed.

Quantification of selected cytokines was done with commercial human cytokine ELISA-Kits.

4.5.1. Cytokine arrays

Cytokine arrays are a semi-quantitative opportunity to detect 36 different human cytokines in a sample.
The technique provides no quantification of the single cytokine levels but enables a comparison between
different samples and gives an overview of the secreted cytokines.

Capture antibodies against different cytokines are coated in duplicate on a nitrocellulose membrane in
defined positions (compare Table 4-6). After sample application, a mixture of streptavidin coupled
detection antibodies, specific for each of the cytokines, is added. Finally, the signal is detected via a

fluorophore-labeled streptavidin.

Table 4-6: Overview of the detectable cytokines with cytokine array membrane.

1.2 3.4 5.6 7_8 9_10 11_12 13_14 15_16 17_18 19_20
Pos. MIPla Pos.
A CCL1 MCP-1 RANTES | CD40L C5a GROa | CXCL10
control MIP1B control
B CXCL11 | CXCL12 | G-CSF | GM-CSF | ICAM-1 IFN-y IL1-a IL-18
C IL-1ra IL-2 IL-4 IL-5 IL-6 IL-8 IL-10 IL-12
D IL-13 IL-16 IL-17A IL-17E IL-18 IL-21 IL-27 IL-32a
g | FPos MIF |Serpin E1| TNF-a | TREM-1 Neg.
control control

Before starting the array all reagents were pre-warmed to room temperature. The detection antibody
cocktail war was reconstituted with 100 uL. Aqua dest. Membranes were blocked for 1 h at RT in the
provided dishes with 3 mL of array buffer 4 on a rocking platform shaker. After thawing, the samples
were prepared by addition of 0.5 mL array buffer 4 to 1 mL sample to generate a final volume of 1.5 mL.
15 uL of reconstituted detection antibody mix was added and mixed with the samples for 1 h at RT.

After incubation, the array buffer 4 from the membranes was aspirated and every sample was added to
a prepared membrane. The followed incubation was performed at 2-8 °C on a rocking platform shaker
overnight. The next day membranes were washed 3-times with 20 mL wash buffer for 10 min. For

detection, IRDye® 800CW streptavidin was diluted 1:2000 in array buffer 5. The membranes were
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transferred back into provided dishes and 3 mL of diluted streptavidin was added to each well. The
membranes were incubated for 30 min on a shaker, followed by 3-times washing as described.

The membranes were scanned with an Odyssey® CLx imager. For analysis, the signal intensities were
exported into an excel-template where the percentage of the measurement spots in relation to the
positive control spots was calculated. The relative percentage of each cytokine was compared between
untreated and treated cells. Signals from untreated cells were set to 1 and relative induction (values >1)

or reduction (values <1) were calculated and imaged in a heat map.

4.5.2. Simple step ELISA

Quantification of IL-6, IL-8, IL-10, MCP-1, MIP1-a and IL-1ra levels in cell culture supernatants were
performed via Abcam human SimpleStep ELISA® Kit. The kits contain a classical sandwich ELISA. The
assay was performed according to the manufacturer’s instructions. Samples were thawed and reagents

were equilibrated to room temperature for 1 hour.

4.6. Statistical analysis

All data are expressed as [mean * standard deviation] of the indicated number of measurements.
Statistics were calculated using GraphPad Prism 6.1. Software. Two-way analysis of variance (ANOVA)
with Turkeys or Dunnett's multiple comparisons test and one-way ANOVA with Dunnett's multiple
comparison test were performed as indicated. Significance was quantified as p-values with asterisks:

*p <0.05, ** p<0.01, *** p<0.001, **** p <0.0001; with 95 % confidence interval.
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5. Results

The immunomodulatory modes of action of IgM- and IgA-enriched immunoglobulins like trimodulin are
complex and especially the role of IgA in these preparations was not identified yet. This work will unravel
the effects of trimodulin in comparison to a classical IVIg in the context of neutrophil inflammation. By
head-to-head comparison between IgM-, IgA-, IgG-containing trimodulin and IgG-containing IVIg
differential effects can be explored. Inmune modulation was analyzed at different levels: First, the here
used neutrophil-like HL-60 cell line was characterized and compared to primary neutrophils (chapter
5.1), followed by observing effects of immunoglobulin preparations on resting neutrophils (chapter 5.2).
Immunomodulatory effects on inflammatory activated neutrophils were investigated in bacterial context
(Endotoxin model and S.aureus phagocytosis model; chapter 5.3 and 5.4) and viral context (COVID-19

model; chapter 5.5).

5.1. Comparison of neutrophil-like HL-60 cells and primary neutrophils

Investigations regarding the cellular modes of action of immunoglobulin preparations require a defined
and comparable cell system. Primary cells are heterogenic and distinguish between different donors,
further, the laboratory handling is more complicated °!. In many cases, investigations can be done with
immortalized cell lines. The basis for studies with cell lines is the comparison to their native counterpart.
Here the HL-60 cell line was used and differentiated to a neutrophil-like phenotype. The comparability
with primary neutrophils isolated from fresh blood was done by comparison of cytokine secretion profile
and cellular phenotype.

Neutrophil markers (CD15, CD35, CD11b, CD71, CD193) and FcR expression (FcyRI, -IIA, -IIB, III,
FcaRI, FcuR) were detected and quantified (Figure 5-1). The cytokine profile was semi-quantitative

compared with LPS stimulated cells (Figure 5-2).
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Figure 5-1: Comparison of HL-60 cells and primary neutrophils. HL-60 cells were differentiated by adding 1.3 % (v/v)
dimethylsulfoxide (DMSO) into cell culture medium for indicated times, primary neutrophils were isolated from six human blood
donations. Cells were washed, stained with corresponding detection antibodies, and analyzed by flow cytometry. (A)
Comparison of neutrophil cell marker expression (CD15, CD35, CD11b, CD71 and CD193). The percentage of positive cells from
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the cell population is shown for HL-60 cells (light gray) and primary neutrophils (PMNs, dark gray). (B) Comparison of Fc-receptor

(FcR) expression (FcaRl, FcyRI. FcyRIIA. FcyRIIB. FcyRIIl and FcuR). Percentage of positive cells (light gray bars, left axis) and
number of FcR per cell (dark gray, right axis) were compared for indicated cells. FcR quantification was measured as antibody
binding capacity using Quantum™ Simply Cellular® beads. Data represent the mean of 6 independent experiments or from 6

different donors.

Figure 5-1 compares primary neutrophils with the neutrophil-like HL-60 cell line. As seen in Figure 5-1A
neutrophil-markers show greater comparability with the ongoing differentiation process. CD15 is
continuously detected on the HL-60 cell population and primary cells. CD35 and CD11b expression is
increasing during differentiation days and reaches a similar level as on primary cells. CD71 and CD193

expression is decreasing during differentiation; primary cells show no expression of those markers.

The FcR expression seen in Figure 5-1B shows that FcaRI expression increases after 3 days differentiation
on HL-60 cell line to a similar level (~99 % of cells) and number of FcR per cell (~40,000) than primary
cells. FcyRI expression slightly increases during differentiation and is higher as on primary cells (85 %
vs. 30 %), whereby the FcyRI number per cell is comparable (10- 15,000). FcyRIIA is expressed
continuously on almost all HL-60 and primary cells (~99 % of cell population). The FcR number per cell
is about 35,000 on HL-60 cells whereas primary cells show the double number of FcyRIIA per cell
(~70,000). FcyRIIB expression aligned during differentiation to primary cells and FcR number per cell
is similar (~10,000). FcyRIII expression differs between primary cells and cell line. Primary cells express
on ~99 % of cells ~1.000.000 copies of this receptor, whereas FcyRIII expression increases during

HL-60 cell differentiation to 30 % of cell population with ~20,000 receptors per cell.
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Figure 5-2: Comparison of the cytokine profile of LPS stimulated HL-60 cells and primary neutrophils. Heat map of chemokines
and cytokines secreted by HL-60 cells (4 days differentiated) and primary neutrophils. Both cell types were stimulated for 18 h
with 500 ng/mL LPS. Semi-quantitative cytokine secretion was measured by using human cytokine arrays. Relative signal
intensities for every detected cytokine of untreated (UT) cells of each cell type were set as 1 (yellow). The x-fold induction (red)
or reduction (green) in comparison to untreated cells (HL-60 or primary neutrophils) was calculated. Not detected cytokines are

shown in white. Results represent the mean of three independent experiments.

54 Results



The pattern of secreted cytokines and chemokines after stimulation with LPS is comparable between the
HL-60 cell line and primary cells. The same cytokines were detectable (yellow boxes) or not (white
boxes). LPS treatment led to induction of MIP-1a, IL-1B, IL-1ra, IL-6 and IL-8 on both cell types. A semi-
quantitative comparison of signal intensities shows small differences between primary neutrophils and

neutrophil-like HL-60 cells.

As additional parameters cell viability, quantitative cytokine release (IL-8) and cell number during HL-
60 differentiation process were analyzed (appendix, Figure 8-1). Cell number and IL-8 release increased,
whereas cell viability decreased during differentiation.

Summarized, the data clearly show that neutrophil-like HL-60 cells were comparable to primary human
neutrophils. Cell markers, FcR-expression and secreted cytokines clarify the suitability of the cell line as

a model system for antibody-mediated immune modulation.
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5.2. Influence of immunoglobulins on resting neutrophils

Immunoglobulins are circulating molecules constitutively expressed and detectable in our bloodstream.
Therefore, immunoglobulins can interact with immune cells in their resting state and maintain an anti-
inflammatory status of the immune system. If and how immunoglobulin preparations can facilitate an

anti-inflammatory phenotype of the here used neutrophil-like HL-60 cells is investigated in this chapter.

5.2.1. HL-60 cells interact with immunoglobulin preparations

The basis for immunoglobulin-mediated effects is the interaction between cells and immunoglobulins.
Enhanced antibody binding is known to mediate stronger effector outcomes #’. Thus, the binding of
different immunoglobulin preparations to neutrophil-like HL-60 cells was tested. Immunoglobulins were
coated on a plastic surface and Calcein-AM labeled cells were incubated for binding. Differences in
binding strength were detected by measuring the remaining cellular fluorescence after subsequent

washing steps (Figure 5-3).
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Figure 5-3: Binding of neutrophil-like HL-60 cells on immunoglobulin coated surface. (A) Relative binding of HL-60 cells on
immunoglobulin coated surface during 16 wash steps. 96-Well plate was coated with indicated immunoglobulin preparations
or formulation buffer. Calcein-AM labeled HL-60 cells were added and incubated for 50 min, afterwards cells were washed and
remaining Calcein-AM fluorescence was measured. Fluorescence before first wash was referenced as 100 % and relative binding
[ %] calculated. *Purified IgA- and IgM- from human serum were used for coating (Sigma-Aldrich) (B) Expansion of (A), relative
binding between wash 4 and 16 is shown. Data represent mean values of 8 independent experiments. Statistics: Two-way

ANOVA, Tukey's multiple comparison test, 95 % confidence interval.

The binding strength of cells to the tested immunoglobulin preparations is varying (Buffer=purified
IgM<purified monomeric IgA<IVIg<trimodulin). Cellular fluorescence is strongly decreasing during
wash step 2-4. On the surface, without immunoglobulin coating (buffer = negative control) only baseline
fluorescence remains after 6 washing steps. Binding similar to buffer control was observed for purified
IgM coated surface. On (purified monomeric) IgA, (purified monomeric IgG) IVIg and trimodulin coated

surface cells show stronger binding. Cells elicit the strongest binding to the trimodulin-coated surface.
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5.2.2. Trimodulin and IVIg facilitate anti-inflammatory phenotype

Immunoglobulin preparations may induce anti-inflammatory phenotype by several modes of action.
The effect of trimodulin and IVIg on resting neutrophil-like HL-60 cells was investigated by adding
different concentrations to not stimulated (resting) cells. Anti-inflammatory phenotype was observed by
modulation of inflammatory cytokine release (Figure 5-4A) and changes in FcR expression (Figure 5-6B).
Underlying modes of action were further addressed by studying the direct binding of cytokines by
immunoglobulins (Figure 5-4B), as well as activation of inhibitory ITIM and ITAMi signaling
(Figure 5-5).

A neutrophil-like HL60 cells + trimodulin or IVig B recombinant IL-8 + trimodulin or IVig
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Figure 5-4: Immunoglobulin preparations modulate cytokine release of neutrophil-like HL-60 cells and directly interact with IL-8
(A) IL-8 release is reduced by the addition of trimodulin and IVIg to resting neutrophil-like HL-60 cells. Cells were incubated for
4 h at 37 °C with indicated concentrations of trimodulin (square, blue line) or IVIg (triangle, red line). Cell culture supernatant
was analyzed for IL-8 release using ELISAKit, cells incubated with buffer were referenced as 100 % and remaining IL-8 [ %] was
calculated. (B) Immunoglobulins directly interact with IL-8. 300 pg/mL recombinant IL-8 was dissolved in D-PBS and indicated
concentrations trimodulin (square, blue line) or IVIg (triangle, red line) were added for 1 h at 37 °C. The remaining accessible IL-
8 in suspension was measured via IL-8 ELISA Kit. All data represent the mean of 6 independent experiments. Statistics: Two-way

ANOVA; Tukey's multiple comparisons test.

As seen in Figure 5-4A, incubation of HL-60 cells with trimodulin or IVIg decreased the IL-8 release dose-
dependently. No significant differences between both preparations were observed in low doses
(<0.5 g/L), whereas in high doses (>5 g/L) the effects differ significantly. IVIg led to a reduction of
50 %, whereas trimodulin was able to reduce IL-8 up to 80 % of buffer control. Similar results were
observed for the direct binding of IL-8 (Figure 5-4B). IVIg reduced IL-8 detection up to 30 % of control,

trimodulin reduced IL-8 level up to 50 %.
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Figure 5-5: Inhibitory FcR-signaling responsible for immunomodulation. (A) Blocking of ITIM-signaling potently activates IL-8
release. Cells were pre-incubated for 30 min with 10 uM SHIP-1 inhibitor 3AC and incubated for 4 h at 37 °C with indicated
concentrations of trimodulin or IVIg. IL-8 release of cells treated with indicated concentrations trimodulin (blue solid lines) or
IVlg (red solid lines) is compared with 3AC pre-incubation (dotted lines). (B) ITAMi signaling induced by immunoglobulins
reduces IL-8 release. Same as in (A), but SHP-1 Inhibitor 200 uM NSC-87877 was pre-incubated with HL-60 cells. All data represent

the mean of 6 independent experiments. Statistics: Two-way ANOVA,; Tukey's multiple comparisons test.

To test the importance of ITIM signaling in this assay setup, SHIP-1 phosphatase was inhibited using
3AC. Inhibition of SHIP-1 and relating ITIM signaling lead to a strong increase of IL-8 release (up to 10-
fold induction) by trimodulin and IVIg treatment (Figure 5-5A). As seen in Figure 5-5B, inhibition of
SHP-1 phosphatase by NSC-87877 affects cytokine release. Inhibiting the central ITAMi phosphatase
results in increased IL-8 release compared to non-inhibited cells. Trimodulin treated cells were more
affected by SHP-1 inhibition, as seen by greater differences between treated and not treated cells

compared to IVIg. This indicates a stronger induction of ITAMi signaling by trimodulin.

Modulation of cellular phenotype, here measured by changed FcR detection, requires a 24 h incubation
step to detect differences between the treatments. In Figure 5-6 the influence of 24 h immunoglobulin

treatment on cytokine release and FcR expression is shown.
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Figure 5-6: Immunoglobulin preparations modulate cell phenotype by altered FcR expression. (A) IL-8 release is reduced by the
addition of trimodulin and IVIg to resting neutrophil-like HL-60 cells. Cells were incubated for 24 h at 37 °C with indicated
concentrations of trimodulin (square, blue line) or IVIg (triangle, red line). Cell culture supernatant was analyzed for IL-8 release,
buffer control was referenced as 100 % and remaining IL-8 [%] was calculated. (B) Modulation of FcR expression. Neutrophil-
like HL-60 cells were incubated for 24 h with 5 g/L trimodulin, IVlg or buffer. FcR expression was analyzed via flow cytometry.
The fluorescence value of untreated cells was set as 1 and x-fold change during treatment was calculated. Values represent the
mean of 6 independent experiments. Statistics: One way ANOVA; Dunnett's multiple comparisons test (between buffer and

immunoglobulin), 95 % confidence interval.

The release of pro-inflammatory IL-8 is reduced after 24 h trimodulin or IVIg treatment, as observed
after 4 h (compare Figure 5-6A). Trimodulin elicited a stronger downregulation compared to IVIg. Cell
phenotype is slightly modulated by both preparations (see Figure 5-6B). Detection of FcaRI, FcyRIIA and
FcyRIII was not affected. FcyRI detection was slightly decreased by trimodulin and increased by IVIg
treatment. FcyRIIB detection was significantly upregulated by trimodulin and IVIg. To summarize,
immunoglobulin preparations interact on various levels with immune cells. Trimodulin and IVIg
facilitate an anti-inflammatory phenotype as shown by reduction of inflammatory cytokines and
upregulation of inhibitory FcyRIIB. The central role of inhibitory FcR signaling was clarified by blocking
central ITIM and ITAMi phosphatases. Superior immune modulation by trimodulin in comparison to IVIg

was shown to be due to the direct binding of cytokines and stronger ITAMi signaling in high doses.
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5.3. Immunomodulation in an endotoxin model

In the previous experiments, the immunomodulatory effect of trimodulin and IVIg on resting neutrophil-
like cells was shown. Most patients treated with these preparations suffer from systemic inflammation
(compare chapter 1.3). Therefore, the immunomodulatory properties in an inflammatory context are of
great importance. Bacterial endotoxins are well-known inducers of inflammation in various in vitro
models. Here, LPS from Escherichia coli O111:B4 was used as a pro-inflammatory stimulus for cell

activation, because the influence on neutrophils and FcR expression is well studied *!92,

5.3.1. LPS induce inflammation via TLR-pathways

Before investigating the effects of immunoglobulins on inflammatory cell phenotype, the LPS induced
effects themselves were analyzed in detail. Therefore, cells were stimulated with LPS and the induced
changes in cytokine release and cell phenotype were measured. LPS induced cytokine release was
assessed by semi-quantitative detection, as well as dose- and time-dependent measurements of IL-8.
Furthermore, the dependency on TLR-signaling was tested by inhibitor experiments (Figure 5-7). LPS
induced modulation of cell phenotype was investigated by monitoring time-dependent FcR and TLR

expression on the cell surface (Figure 5-8).
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Figure 5-7: Effects induced by lipopolysaccharide (LPS) treatment of neutrophil-like HL-60 cells. (A) Cytokine and chemokine
secretion induced by treatment with LPS. HL-60 cells were treated for 18 h with 500 ng/mL LPS; cell culture supernatant was
semi-quantitative analyzed by cytokine arrays. Data represent the x-fold change in comparison to untreated cells, results
represent the mean of 3 independent experiments. (B) LPS induces time-dependent IL-8 release. HL-60 cells were treated for
indicated times with 500 ng/mL LPS, cells were centrifuged and supernatant analyzed for IL-8 release by ELISA. (C) LPS induces
dose-dependent IL-8 release. HL-60 cells were stimulated with indicated concentrations of LPS and harvested after 24 h. Cell
culture supernatant was analyzed by IL-8 ELISA kit. (D) LPS induced cytokine release is dependent on TLR-signaling. HL-60 cells
were pre-incubated with indicated concentrations of TLR-2 inhibitor C29, TLR-4 inhibitor CLI-095 or MyD88 inhibitor ST2825 for
30 min. 500 ng/mL LPS was added and IL-8 release was measured after 4 h. IL-8 release of cells treated with buffer and DMSO
(= 0 uM) was set as 100 % control and the percentage of remaining IL-8 release was calculated. Data represent mean values of

6 independent experiments. Statistics: Two-way ANOVA; Dunnett's multiple comparisons test, 95 % confidence interval.

Figure 5-7A shows a pattern of cytokines and chemokines released after LPS treatment. Enhanced release
of inflammatory cytokines like MIP1-a, IL1-8, IL-6, IL-8 or IL32a was detected. The strongly induced
chemokine IL-8 was used exemplary for further investigations. Figure 5-7B and C show dose- and time-
dependent IL-8 release after LPS stimulus. Cytokine release peaked after 4-6 h, whereas tested LPS doses
increase up to the highest dose. Treatment of cells with TLR inhibitors reveals that LPS induced
inflammation is dependent on TLR4, TLR2, as well as signaling protein myeloid differentiation primary
response 88 (MyD88) (Figure 5-7D). Inhibition of TLR2 by C29 reduced LPS induced IL-8 release with
dosages >50 uM. The strongest reduction was observed by blocking TLR4 with CLI-095, a dosage above
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0.5 uM reduced IL-8 release completely. The inhibition of MyD88 signaling protein by ST2825 exhibits

effects similar to TLR2 inhibitor C29.
Furthermore, LPS induced activation of SYK kinase was investigated (appendix, Figure 8-2). LPS induced

significant phosphorylation of SYK at pY348 and pY525/26 in comparison to negative control (buffer).
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Figure 5-8: LPS modulate Fcreceptor (FcR) and toll-like receptor (TLR) expression. (A) FcR expression is modulated by
lipopolysaccharide (LPS) treatment. Cells were treated with 500 ng/mL LPS for 6 h (white bars), 24 h (light gray bars) or 48 h
(dark gray bars). FcR expression was analyzed with immunological staining using flow cytometry. The fluorescence value of
untreated cells was set as 1 and x-fold change during treatment was calculated. (B) TLR expression is modulated by LPS
treatment. Same as in (A), except TLR modulation was investigated. Data represent mean values of 6 independent experiments.

Statistics: Two-way ANOVA; Dunnett's multiple comparisons test, 95 % confidence interval.

Besides cytokine release, LPS also modulated the cellular phenotype. LPS significantly affected FcR
expression (Figure 5-8A) and TLR expression (Figure 5-8B). Increased levels of FcaRI (3-fold), FcyRI
(2.5-fold), FcyRIIA (1.5-fold), FcyRIIB (1.5-fold) were detected upon LPS treatment. FcyRIII showed
contrary effects, here LPS leads to decreased detection (0.5-fold). TLR2 and TLR4 were upregulated
(5.5-fold and 4-fold) by LPS treatment. The effects on FcR- and TLR-expression time-dependent increase
from 6 h < 24 h < 48 h. The here observed correlation between LPS stimulation and expression of cell

surface proteins indicates a connection between cellular signaling pathways.

5.3.2. Immunoglobulins reduce LPS induced inflammation

The effect of immunoglobulin treatment on LPS stimulated neutrophil-like HL-60 cells was analyzed
next. To simulate an inflammatory environment cells were stimulated with LPS before the addition of
immunoglobulin preparations. With this setup, it is possible to mimic in vitro the treatment conditions
and the immunomodulatory effects as they are expected in inflammatory patients (e.g. sepsis patients).

Immunomodulation was monitored by IL-8 release and modulation of FcR expression (Figure 5-9).
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Figure 5-9: LPS induced inflammation is modulated by immunoglobulin preparations. (A) Immunoglobulins directly interact with
LPS. 50 EU/mL LPS (=7.5 ng/mL LPS) in D-PBS was incubated with indicated concentrations of trimodulin (square, blue line) or
IVIg (triangle, red line) for 1 h. The remaining LPS was determined by LAL method, data show the mean of one experiment.

(B) LPS induced IL-8 release is reduced by the addition of trimodulin and 1Vlg. HL-60 cells were incubated for 48 h at 37 °C with

500 ng/mL LPS and subsequently, 24 h with indicated concentrations of trimodulin (square, blue line) or IVIg (triangle, red line).
Cell culture supernatant was analyzed for IL-8 release by ELISA-kit, cells incubated with buffer were referenced as 100 % control
and remaining IL-8 [ %] was calculated. (C) Modulation of LPS induced FcR expression. Neutrophil-like HL-60 cells were incubated
for 48 h with 500 ng/mL LPS and subsequently, 24 h with 15 g/L trimodulin, 1VIg or buffer as a negative control. FcR expression

was analyzed with immunological staining via flow cytometry. The fluorescence value of LPS treated cells was set as 1 and x-fold

change during immunoglobulin treatment was calculated. Values represent the mean of 6 independent experiments. Statistics:

One way ANOVA,; Dunnett's multiple comparisons test, 95 % confidence interval.

Results

63



The direct influence of trimodulin and IVIg on LPS was investigated first. Figure 5-9A shows that
20- 30 EU/mL LPS in D-PBS buffer can directly be bound by trimodulin and IVIg. Next, the cytokine
release of LPS pre-stimulated cells treated with trimodulin or IVIg was measured (Figure 5-9B). Both
preparations reduced IL-8 secretion dose-dependent, whereas trimodulin shows significant stronger
down-modulation at high dosages (>5 g/L).

LPS induced phenotype was also affected by immunoglobulin treatment when comparing with buffer
treatment as negative control (Figure 5-9C). Trimodulin significantly reduced FcaRI and FcyRIIA
detection, whereas IVIg did not. FcyRI was not modulated by both preparations. Inhibitory FcyRIIB
detection was significantly increased by trimodulin and not by IVIg. The detection of FcyRIII was slightly

reduced by trimodulin, IVIg mediates no significant effect.

In this chapter, the inflammatory activation of neutrophil-like HL-60 cells by LPS treatment was
characterized and immunomodulatory properties of trimodulin and IVIg illustrated. It was shown that
LPS induced cytokine release and FcR modulation by TLR signaling. The LPS induced phenotype and
cytokine release were reduced by both preparations, whereby trimodulin could elicit stronger immune

modulation which is probably due to stronger interaction with cellular FcaRI and FcyRIIB.
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5.4. Immunomodulation in bacterial inflammation

In the previous experiments, bacterial endotoxin LPS was used to induce inflammation. In the following
chapter, the antibody-mediated effector functions come into focus. ADCP is one mechanism for the
clearance of pathogens, but also a potent inducer of inflammation 3. Here a phagocytosis model was
established to show (1) the anti-pathogenic activity of immunoglobulin preparations and (2) the

modulation of immune complex induced inflammation by high dose trimodulin or IVIg treatment.

5.4.1. Immunoglobulins promote phagocytosis via ITAM-signaling

ADCP was investigated by analyzing opsonization and phagocytosis of heat-inactivated and fluorophore-
labeled S.aureus by neutrophil-like HL-60 cells. First S.aureus was opsonized with different
immunoglobulin preparations to generate an immune complex. Phagocytosis and subsequent

inflammatory activation of cells by these immune complexes were measured (Figure 5-10).
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Figure 5-10: Immunoglobulin preparations promote S.aureus phagocytosis and inflammatory activation (A) Heat map of
cytokines secreted by HL-60 cells after stimulation with S.aureusIVIg immune complex (IC). HL-60 cells were stimulated for 18 h
at 37 °C with S.aureusIVIg-IC. Semi-quantitative cytokine secretion was measured with human cytokine arrays. Relative signal
intensities for every measured cytokine of untreated cells were set as 1 (yellow). The x-fold induction (red) or reduction (green)
in comparison to untreated cells was calculated. Not detected cytokines are shown in white. Results represent the mean of 3
independent experiments. (B) S.aureus AFA488 fluorescent bioparticles were opsonized with 50 pg/mL of indicated
immunoglobulin preparations or buffer. Immune complex were added to neutrophil-like HL-60 cells for 1 h. Phagocytosis (gray
bars) was measured as a percentage of AF488 positive cells. Cell culture supernatant was analyzed for IL-8 release (red dots).
*Purified IgA and IgM from human serum (Sigma-Aldrich) were used for opsonization. (C) LPS pre-stimulation leads to increased
phagocytosis. Same as in (B), not stimulated cells (gray bars) were compared with cells pre-stimulated for 24 h with 500 ng/mL
LPS (red bars) before phagocytosis assay. Phagocytosis is shown as a phagocytic index (percentage positive cells multiplied with
median fluorescence intensity). Values show the mean of 6 independent experiments. Statistics: Two-way ANOVA; Tukey's

multiple comparisons test.
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The inflammatory activation of neutrophil-like cells by immune complex was elucidated by a semi-
quantitative comparison of cytokine and chemokine secretion (Figure 5-10A). Increased levels of pro-
inflammatory cytokines like MCP-1, MIP-1a, RANTES, IL-1p, IL-6, IL-8, IL32a and TNFa were observed
in comparison to untreated cells.

As shown in Figure 5-10B, the opsonization of S.aureus with most immunoglobulin preparations enhance
phagocytosis and IL-8 release. Solely opsonization with purified IgM preparation did not affect
phagocytosis compared to S.aureus without opsonin. Purified monomeric IgA, IgG (IVIg) and IgM, IgA,
IgG containing trimodulin enhance phagocytosis and inflammation (IgA = trimodulin < IVIg).

LPS leads to an inflammatory cell phenotype with increased FcR expression (compare Figure 5-8A). To
prove if LPS and increased FcR levels enhance the observed phagocytosis, HL-60 cells were stimulated
with LPS 24 h before phagocytosis. LPS stimulated cells exhibit significantly enhanced phagocytic activity
of all tested immune complex (Figure 5-10C).

To get a more detailed view on immune complex-mediated inflammation the role of ITAM signaling was
tested by inhibiting SYK kinase. Phagocytosis and corresponding IL-8 release of trimodulin- and IVIg-IC

was measured in presence of different concentrations of SYK inhibitor Piceatannol (Figure 5-11).
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Figure 5-11: ITAM signaling via SYK kinase is induced by immune complex phagocytosis. (A) Cells were treated with S.aureus-
trimodulin-IC or (B) S.aureusIVIg-IC. Before immune complex addition cells were pre-incubated for 30 min with indicated
concentrations of SYK inhibitor Piceatannol. DMSO-treated cells were normalized as 100 % control and remaining phagocytosis
(gray bars) and IL-8 release (red dots) was calculated for inhibitor-treated cells. Values show the mean of 6 independent

experiments. Statistics: Two-way ANOVA; Tukey's multiple comparisons test.

As seen in Figure 5-11, phagocytosis and IL-8 secretion decreased dose-dependently, proving SYK and
hence ITAM mediated mechanism. Further, the activation of SYK by specific phosphorylation was shown

(Appendix Figure 8-3).
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5.4.2. Phagocytosis of S.aureusis mediated via FcaRIl and FcyR

Trimodulin is a complex mixture of monomeric and multimeric IgA-, IgM- and IgG-species; making it
challenging to unravel which component is relevant for distinct modes of action. The role of IgA, IgM
and IgG of trimodulin in S.aureus phagocytosis was investigated by detecting each immunoglobulin class

on the surface of S.aureus particles, as well as by blocking FcaRI and FcyR (Figure 5-12).
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Figure 5-12: IgG and IgA promote phagocytosis of S.aureus via FcyR and FcaRI. (A) IgA, IgG and IgM bind on the surface of
S.aureus particles. S.aureus bioparticles were opsonized with indicated immunoglobulin preparations for 30 min. After washing
steps IgG, IgA and IgM were detected with specific detection antibodies by flow cytometry. Percentage of IgA (blue dots), IgG
(red square) or IgM (green triangle) positive S.aureus particles is shown. *Purified IgA- and IgM- from human serum (Sigma-
Aldrich). (B) FcR blocking experiments with S.aureus particles. Neutrophil-like HL-60 cells were pre-incubated with 5 ug/mL of

indicated blocking antibodies 20 min before the addition of S.aureus. Phagocytic index (percentage positive cells multiplied with
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median fluorescence intensity) of not blocked cells were referred to as 100 % phagocytic activity and the remaining phagocytic
activity is shown. (C-E) FcR blocking experiments with S.aureusIgA-IC (C), S.aureusIVIg-IC (D) and S.aureustrimodulin-IC (E).
S.aureus particles were opsonized with indicated immunoglobulins and FcR blocking was performed as described in (B). Data

show a mean of 6 independent experiments. Statistics: One way ANOVA; Dunnett's multiple comparisons test.

IgA, IgM and IgG opsonize S.aureus particles as seen by detecting these antibody species on the immune
complex (Figure 5-12A). IgM- and IgA-control opsonized S.aureus were 50 % positive for respective
antibodies. IgG opsonized particles were <80 % positive for IgG. 60 % of trimodulin opsonized S.aureus
particles were positive for IgM and IgG, whereas ~20 % were IgA positive.

FcR blocking reveals which immunoglobulin species and FcR are functionally relevant for phagocytosis
(Figure 5-12B-E). FcRs were blocked by pre-incubation with specific antibody clones impeding the
binding of immunoglobulins to FcaRI (clone MIP8a), FcyRI (clone 10.1), FcyRIIA (IV.3), FcyRIIB (clone
2B6) and FcyRIII (clone 3G8). As seen in Figure 5-12B phagocytosis of not opsonized S.aureus is reduced
by blocking FcaRI. IgA-IC phagocytosis is strongly reduced by blocking FcaRI (Figure 5-12C), whereas
IVIg-IC phagocytosis (Figure 5-12D) is significantly reduced by blocking FcyRI, FcyRIIA, slightly FcaRI
and combinations of those. Similar trimodulin-IC phagocytosis (Figure 5-12E) is strongly reduced by
blocking FcaRI, FcyRI and combinations of those. In comparison phagocytosis of IVIg- and trimodulin-

IC is enhanced by blocking FcyRIIB.

5.4.3. Immunoglobulins mediate dual function via ITAMi

Dose-dependent modes of action were reported in IVIg therapy: anti-pathogenic effects were rather
observed in low doses, whereas immunomodulatory activities became prevalent in high doses . To
investigate these dose-dependent effects in the HL-60 neutrophil-like cell model different concentrations
of trimodulin and IVIg, ranging between 0.05 - 20 g/L, were used to opsonize S.aureus (Figure 5-13).

Phagocytic index and IL-8 release were monitored as effector outcomes.

A S.aureus +* trimodulin B S.aureus + IVlg
o 3000+ r 300
— 20004 - 150 = 2500- L 250
5 - 2 200 -&-
Tl [, o 3 20004 3
@5 15001 =0 QT F150 = ©
2= 100 7 3 Ne T3
=g ®25 2 g 15001 I F100 25
5% 10 N 55 50 £§
=§ |0 2 € g 1000 T I I L M a
£ 500 2
a L o5 o 5004
=, £
0 T T T T T 0 0 T T T T T T T T
=] 0w - w0 0w wn -— w w =] w =] o wn - w w wn -~ w w =] w [~}
@ o N & K~ N v v o @ o N S K N oY v W
o o o o o o
trimodulin [g/L] IVig [g/L]
+ S.aureus bioparticles + S.aureus bioparticles

Figure 5-13: Low doses of trimodulin or IVlg promote phagocytosis, high doses mediate immunomodulation (A) Dual function
of trimodulin on S.aureus phagocytosis. Neutrophil-like HL-60 cells were incubated for 1 h with S.aureus bioparticles and
indicated concentrations of trimodulin. Phagocytosis (gray bars) and corresponding IL-8 release (red dots) is shown. (B) Dual
function of IVlg on S.aureus phagocytosis. Cells were treated as described in (A) with S.aureus and 1VIg. Values represent the

mean of 6 independent experiments.
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As expected, dose-dependent effects of trimodulin (Figure 5-13A) and IVIg (Figure 5-13B) on S.aureus
phagocytosis were observed. Lower doses (up to 5 g/L) trimodulin enhance phagocytosis (up to 0.5 g/L
enhance IL-8 release), whereas higher doses (>5 g/L) reduce phagocytosis and IL-8 release. Similar
effects were observed for IVIg mediated phagocytosis; divergent phagocytosis and IL-8 release peak at
lower dose IVIg (0.75 g/L). To demonstrate the influence of inhibitory ITAMi signaling on the immune

modulation, SHP-1 was inhibited and SHP-1 phosphorylation was measured (Figure 5-14).
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Fiqure 5-14: Inhibitory ITAMi signaling is activated by high doses immunoglobulins for phagocytosis (A) High doses trimodulin
or IVlg induce ITAMi signaling. Phosphorylation of SHP-1 at tyrosine 536 (pY536). Cells were treated for 1 h with S.aureusIC
and indicated trimodulin or IVIg concentrations for 90 min. Cells were fixed, permeabilized and stained with an anti-phospho-
SHP-1 pY536 antibody. The fluorescence signal was measured by flow cytometry and normalized to buffer control. (B) Blocking
of SHP-1 phosphatase reduces immunomodulatory effects. Cells were treated as in (A), but additional pre-incubation with
200 uM SHP-1 inhibitor NSC-87877 for 30 min. IL-8 release was normalized and compared between NSC-87877 (dotted lines) or
buffer treatment (solid lines). Incubation of cells with trimodulin (blue lines) or IVIg (red lines) is shown with or without SHP-1

inhibitor. Values represent mean of 6 independent experiments. Statistics: Two-way ANOVA, Tukey's multiple comparisons test.

The addition of high doses of trimodulin (>5 g/L) and lower doses IVIg (>0.05 g/L) to S.aureus immune
complex significantly induce phosphorylation of SHP-1. IVIg induces stronger phosphorylation than
trimodulin. In addition, inhibition of central ITAMi phosphatase SHP-1 showed the influence of ITAMi
on immune modulation. Inhibition of SHP-1 led to a significantly increased cytokine release by both
preparations, which implies the immunomodulation via ITAMi signaling.

To summarize, IgA- and IgG-containing immunoglobulin preparations promote phagocytosis of S.aureus
in this experimental setup. IgM, IgA and IgG of trimodulin bound on the surface of S.aureus particles
whereas IgA and IgG species are functionally relevant for phagocytosis. Inmune complex bind FcaRlI, as
well as FcyR and induce inflammation via ITAM signaling. Therefore, a mode of action of IgA in
trimodulin was shown. Besides the anti-pathogenic activity, leading to ADCP, especially in high doses
immunomodulatory effects of trimodulin and IVIg were observed. This leads to the conclusion of a dose-

dependent dual function in the context of bacterial inflammation.
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5.5. Immunomodulation in a COVID-19 model

Previous experiments showed the immunomodulatory capacity of trimodulin and IVIg on resting
neutrophils and in the context of bacterial inflammation.

In contrast to bacterial-induced severe infection diseases like sepsis or sCAP, viral-induced infection
diseases were of minor importance until SARS-CoV-2 emerged and COVID-19 became a global threat.
Anti-viral activity of IVIg against common viruses is reported %, However, there are yet no specific
antibodies against SARS-CoV-2 in commercially available immunoglobulin preparations (in house data
and 1°%). Therefore, treatment of severe COVID-19 induced inflammation and dysregulated host immune
response is of great importance 5193194 To test the immunomodulatory effects of immunoglobulin
preparations in the context of COVID-19, inflammation was triggered by SARS-CoV-2-like immune

complex.

5.5.1. Establishment of SARS-CoV-2-like immune complex

Establishing a COVID-19 inflammation model requires a solution that is both simple and workable under
standard laboratory conditions as a feasible alternative to the native SARS-CoV-2 virus. As a basis for
SARS-CoV-2-like immune complex fluorescent latex beads were used. Beads were coated with
recombinant SARS-CoV-2 spike protein to generate SARS-CoV-2-like particles. Immune complex
generation was performed by adding SARS-CoV-2 spike protein-specific IgG, IgA and IgM antibodies
from convalescent COVID-19 source plasma (Figure 5-15A). As a positive control, an anti-SARS-CoV-2-

spike-protein specific antibody (recombinant, humanized IgG) was used.
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Figure 5-15: Characterization of SARS-CoV-2-like particles (A) schematic overview of fluorescent latex beads coated with
recombinant (re-) SARS-CoV-2 spike protein, specific immunoglobulins of IgG (red), IgA (blue) and IgM (green) class bound to
the spike protein is shown. (B) IgG, IgA and IgM bound on the surface of SARS-CoV-2-like latex beads opsonized with different
convalescent COVID-19 plasma donations (donor number 1-6). Coated beads were incubated with indicated donors for 45 min
at 37 °C. After washing, beads were stained with anti-IgG, anti-lgA and anti-lgM detection antibodies and analyzed by flow
cytometry. Percentage of positive beads for IgG (red square), IgA (blue dots) and IgM (green triangle) are shown, data represent
the mean of 4 independent experiments. (C) Control experiments show specific binding of anti-SARS-CoV-2 antibodies to spike
protein. Coated or non-coated beads were incubated with indicated plasma, immunoglobulins, or buffer for 45 min at 37 °C

and were stained as described in (B). Data represent the mean of 6 independent experiments.

Plasma from six convalescent donors was characterized for binding of IgG, IgA and IgM to the bead
surface (Figure 5-15B). The data indicate that all used COVID-19 plasma donations have IgG, IgA and
IgM antibodies against the SARS-CoV-2 spike protein. The levels of IgG, IgA and IgM antibodies vary
between the donors.

To exclude non-specific antibody binding to the beads, control experiments were performed. As depicted
in Figure 5-15C, neither IgG, IgA nor IgM were detected on SARS-CoV-2 spike protein-coated beads by
addition of normal plasma, IVIg or buffer. Trimodulin opsonized beads exhibit small percentage IgM
(~20 %) positive beads. Beads incubated with recombinant anti-SARS-CoV-2 IgG positive control

showed 45 % IgG positive beads, however, no IgA or IgM. Supporting the data from coated beads, no
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antibodies were found on uncoated (but blocked) latex beads. An exception is the unspecific binding of

the trimodulin IgM component. For further experiments plasma donation 1 was used (hereafter named
COVID-19 plasma), as this donation was available at a sufficient amount and exhibits an equal binding

of IgG, IgA and IgM antibodies on the SARS-CoV-2 spike protein-coated beads.

5.5.2. COVID-19-like inflammation via IgG and IgA

For induction of COVID-19-like inflammation, the manufactured immune complex had to be
phagocytosed by neutrophil-like HL-60 cells. Based on the bead characterization data (Figure 5-15) and
S.aureus phagocytosis experiments (chapter 5.4.2) antibody-FcR-dependent phagocytosis of
SARS-CoV-2-like immune complex and release of several pro-inflammatory cytokines and chemokines
was expected. Phagocytosis was measured by uptake of fluorescent beads while cellular inflammation

was detected by cytokine and chemokine release into cell culture supernatant (Figure 5-16).
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Figure 5-16: Establishment of COVID-19 like inflammation model (A) Heat map of chemokines and cytokines secreted by
neutrophil-like HL-60 cells after stimulation with anti-SARS-CoV-2 IgG-IC. HL-60 cells were stimulated for 18 h at 37 °C with SARS-
CoV-2-1gG immune complex. Semi-quantitative cytokine secretion was measured using human cytokine arrays. Relative signal
intensities for every measured cytokine of untreated cells were set as 1 (yellow). The x-fold induction (red) or reduction (green)
in comparison to untreated cells was calculated. Not detected cytokines are shown in white. Results represent the mean of 3
independent experiments. (B) Evaluation of COVID-19-like inflammation model. Cells were incubated for 1 h with SARS-CoV-2
spike protein-coated or not coated beads opsonized with different immunoglobulins, BSA or D-PBS controls. Phagocytic index
(gray bars, left y-axis) for bead uptake and corresponding IL-8 release (red dots, right y-axis) in the cell culture supernatant was
measured. Data represent the mean of 8 independent experiments. (C) Analysis of phagocytic activity and IL-8 release with

different COVID-19 convalescent plasma donors (experimental procedure as in (B)).
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First, it was tested if the SARS-CoV-2-like immune complex can induce inflammation similar to severe
COVID-19. The pattern of secreted cytokines and chemokines was semi-quantitative assessed using
cytokine arrays. SARS-CoV-2-IgG immune complex stimulated cell supernatant was tested. The results
demonstrate the induction of multiple pro-inflammatory cytokines (Figure 5-16A). For the establishment
of the experimental system, the quantitative detection of IL-8 was focused, a key player in COVID-19
and neutrophil activation &100:135195,

For characterization of our COVID-19 model, phagocytosis and IL-8 release were measured by treating
neutrophil-like HL-60 cells with different immune complexes (Figure 5-16B). The data show, that
phagocytosis and IL-8 release are induced by the immune complex of SARS-CoV-2 spike protein-coated
beads with specific antibodies against mentioned spike protein. In negative controls, the cells display
only a very low bead uptake whereas IL-8 release is not affected. In accordance with the immune complex
characterization data (Figure 5-15C), cellular inflammation shows no activation with other
immunoglobulins. Immunoglobulin independent bead uptake was minimal because neutrophil-like
HL-60 cells and primary neutrophils show low expression of ACE-II receptor (Appendix Figure 8-5).
Next, the previously characterized COVID-19 plasma donations (compare Figure 5-15B) were tested.
Phagocytosis of SARS-CoV-2-like immune complex opsonized with plasma from different COVID-19
donors results in varying activation of the cell system (Donor 4 < Donor 1-3 < Donor 6 < Donor 5)
(Figure 5-16C). Importantly, phagocytic activity and IL-8 release correlate with each other. Higher levels

of immune complex uptake also induce higher levels of IL-8 release.
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Figure 5-17: Phagocytosis of SARS-CoV-2-like immune complex via FcaRI- and FcyRIIA-ITAM signaling. (A) SYK kinase induces
SARS-CoV-2-like immune complex phagocytosis. HL-60 cells were treated with indicated concentrations of SYK inhibitor
Piceatannol 30 min before the addition of immune complex. Phagocytosis (gray bars) and corresponding IL-8 release (red dots)
were measured. DMSO negative control was normalized to 100 % and remaining phagocytosis and IL-8 release was calculated
for inhibitor-treated cells. Values show the mean of 6 independent experiments. Statistics: Two-way ANOVA; Tukey's multiple
comparisons test. (B) FcR blocking experiments with COVID-19 plasma opsonized SARS-CoV-2-like particles. Cells were pre-
incubated with 5 ug/mL of indicated blocking antibodies or combinations of those, 20 min before addition of immune complex.
The phagocytic index of not blocked cells was referred to as 100 % phagocytic activity and the remaining phagocytic activity is

shown as the mean of 6 independent experiments. Statistics: One way ANOVA; Dunnett's multiple comparisons test.
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Activation of ITAM signaling by immune complex phagocytosis was tested by inhibition of SYK kinase.
Figure 5-17A shows SYK inhibitor Piceatannol-dependent decrease of phagocytosis and corresponding
IL-8 release, indicating activation of ITAM by SARS-CoV-2-like immune complex.

To directly show which immunoglobulin classes are functionally relevant for immune complex uptake,
phagocytosis after pre-incubation with FcR blocking antibodies was investigated (Figure 5-17B). SARS-
CoV-2 like particles opsonized with COVID-19 plasma immunoglobulin IgG, IgA and IgM (compare
Figure 5-15B/C) exhibited significantly decreased particle uptake when FcaRI, FcyRIIA and
combinations of those were blocked. Blocking of FcyRI and FcyRIII did not affect particle phagocytosis.
In comparison to blocking of activating FcR, blocking of inhibitory FcyRIIB increases phagocytosis of
COVID-19 plasma opsonized particles significantly (Figure 5-17B). Although IgM binding and
opsonization of SARS-CoV-2 like particles was detectable (Figure 5-15B), no IgM FcuR was detectable

on HL-60 cells (Figure 5-1B) suggesting no participation in bead phagocytosis.

5.5.3. Trimodulin as potent immune modulator in COVID-19

In patients with severe COVID-19, modulation of the hyper-inflammatory immune response is a major

132

goal of therapy '*2. IVIg preparations are a fast available therapeutic option in the treatment of these
severely ill patients . The functions of IgA in immunotherapy and especially in IgM- and IgA- enriched
immunoglobulin preparations are in comparison to IgG less studied ®’. Therefore, immune modulation
in the COVID-19 cell model was investigated by the addition of various concentrations of trimodulin or
IVIg. Used lots were tested negative for anti-SARS-CoV-2 neutralizing antibodies. Concerning the
characterization data (compare Figure 5-16A) phagocytosis of beads, IL-1ra, IL-10, MCP-1, MIP1a and

IL-8 release were measured as marker of inflammation (Figure 5-18).
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Fiqure 5-18: Immune modulation in COVID-19-like model by trimodulin and IVIg preparation. (A) HL-60 cells were incubated for
1 h with SARS-CoV-2 spike protein-coated beads opsonized with COVID-19 plasma. Trimodulin or IVIg was added in the indicated
concentrations to the cell immune complex mixture. Phagocytosis of the SARS-CoV-2-like immune complex was measured with
trimodulin (light gray bars) or IVIg (dark gray bars) addition. (B-F) Same experimental setup as in (A) instead phagocytosis
cytokine release into the cell culture supernatant was measured with trimodulin (dots, blue line) or IVIg (square, red line)
addition. IL-1ra (B), IL-10 (C), MCP-1 (D), MIP-1a (E) and IL-8 (F) were measured. Values represent the mean of 6 independent

experiments. Statistics: Two-way ANOVA; Tukey's multiple comparisons test.

The addition of IVIg or trimodulin to HL-60 cells significantly and equally decreased bead uptake of
SARS-CoV-2-like particles opsonized with COVID-19 plasma (Figure 5-18A). The corresponding cytokine
release is also affected: IL-1ra is strongly induced by trimodulin and not by IVIg addition (Figure 5-18B),
IL-10, MCP-1 and IL-8 level are reduced by IVIg and significantly more by trimodulin addition (Figure
5-18C/D/F). MIP-1a secretion is low and not affected by both preparations (figure 5-12E). The observed

effects were dose-dependent.

The immunomodulatory effects of immunoglobulin preparations are complex and several modes of
action work synergistically ©>'74, The dependency on inhibitory ITAMi signaling was tested to gain a
better understanding of the molecular mechanism of immune modulation. The mechanism of ITAMi
dependent immune modulation was initially explored for IgA-FcaRI interaction 7477 and is a known
mode of action for classical IVIg °#176, The importance of ITAMi for trimodulin- and IVIg-induced
immunomodulation was shown on resting (chapter 5.2.2) and S.aureus immune complex activated
neutrophil-like HL-60 cells (chapter 5.4.3). The importance of ITAMi in the COVID-19 model was

investigated next (Figure 5-19).
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Figure 5-19: Stronger immune modulation by trimodulin due to more potent ITAMi signaling. (A) Phosphorylation of SHP-1 at
tyrosine 536 (pY536). Cells were treated for 1 h with COVID-19 plasma-IC and indicated trimodulin or IVlg concentrations for
90 min. Cells were fixed, permeabilized and stained with anti-phospho SHP-1 pY536 antibody. The fluorescence signal was
measured by flow cytometry and normalized to buffer treated cells. (B) Blocking of SHP-1 phosphatase reduces immune-
modulatory effects. Cells were treated as in (A), but additional pre-incubation with 200 uM SHP-1 inhibitor NSC-87877. IL-8
release was normalized and, afterwards, IL-8 release was compared between NSC-87877 (dotted lines) and buffer treatment
(solid lines). Incubation of cells with trimodulin (blue lines) or 1VIg (red lines) is shown with or without SHP-1 inhibitor. Values

represent the mean of 6 independent experiments. Statistics: Two-way ANOVA; Tukey's multiple comparisons test.

To directly demonstrate ITAMi activation due to trimodulin or IVIg addition phosphorylation level of
SHP-1 was measured. As seen in Figure 5-19A trimodulin induces significantly stronger phosphorylation
of SHP-1 than IVIg. Further, inhibition of SHP-1 phosphatase reduced significantly the strong
immunomodulatory effects of trimodulin, which were observed on IL-8 release. Similar effects but to a

lower extend were seen by IVIg addition (Figure 5-19B).

5.5.4. Transfer to primary neutrophils

In this work, the HL-60 cell line was differentiated to a neutrophil-like phenotype and used for
investigations regarding immunomodulation. Although cell line and primary cells were compared based
on cell surface markers (compare chapter 5.1) differences in complex cellular effector outcomes, like
phagocytosis, could be possible. Therefore, exemplary for the here used test systems, the COVID-19-like
model was transferred to fresh isolated primary human neutrophils. The experimental setup had to be
slightly adapted concerning centrifugation speed and incubation times.

Figure 5-20 shows assay characterization results and immunomodulatory effects by trimodulin and IVIg.
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Figure 5-20: COVID-19 inflammation model with primary human neutrophils. (A) Heat map of chemokines and cytokines
secreted by neutrophil-like HL-60 cells or primary neutrophils after stimulation with anti-SARS-CoV-2 IgG-IC. Cells were stimulated
for 18 h at 37 °C with immune complex. Semi-quantitative cytokine secretion was measured by using human cytokine arrays.
Relative signal intensities for every measured cytokine of untreated cells were set as 1 (yellow). The x-fold induction (red) or
reduction (green) in comparison to untreated cells was calculated. Not detected cytokines are shown in white. Results represent
the mean of 3 experiments. (B) Evaluation of COVID-19-like inflammation model. Cells were incubated with SARS-CoV-2 spike
protein-coated beads opsonized with immunoglobulins or negative controls. Phagocytic index (gray bars, left y-axis) and IL-8
release (red dots, right y-axis) in cell culture supernatant were measured. Data represent the mean of 3 donors. (C) FcR blocking
experiments with COVID-19 plasma opsonized SARS-CoV-2-like particles. Cells were pre-incubated with 5 ug/mL of indicated
blocking antibodies or combinations of those, 20 min before addition of immune complex. The phagocytic index of not blocked
cells was referred to as 100 % control and the remaining phagocytic activity is shown as the mean of 4 independent experiments.
(D) HL-60 cells were incubated with SARS-CoV-2 spike protein-coated beads opsonized with COVID-19 plasma. Trimodulin or
IVIg were added in the indicated concentrations to the cell immune complex mixture. Phagocytosis of immune complex was
measured with trimodulin (light gray bars) or 1VIg (dark gray bars) addition. (E) Same as (D) instead phagocytosis IL-8 release
into the cell culture supernatant was measured with trimodulin (dots, blue line) or IVIg (triangle, red line) addition. Data

represent the mean of 4 independent experiments. Statistics: One way ANOVA, Dunnett's multiple comparisons test.

Results 77



As seen for HL-60 cells, specific phagocytosis of the SARS-CoV-2-like immune complex results in
inflammatory activation of primary human neutrophils (Figure 5-20A/B). Nevertheless, phagocytic
activity was higher for primary human neutrophils. FcR blocking revealed small differences: FcyRIII
blocking reduces phagocytosis stronger, FcaRI blocking, in contrast, reduced phagocytosis lower than
on HL-60 cells (Figure 5-20C). FcyRIIA blocking and combinations of blocking antibodies lead to the
strongest reduction of phagocytosis. Like on HL-60 cells blocking of inhibitory FcyRIIB enhanced
phagocytosis significantly, whereas the effects are stronger on primary cells (compare Figure 5-17B).

Similar to neutrophil-like HL-60 cells, primary neutrophils show reduced phagocytosis and a decreased
IL-8 release by trimodulin and IVIg addition, however, no difference between both preparations was

observed (Figure 5-20D/E).
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6. Discussion

The human immune system is a complex network of adaptive and innate immunity that defeats invading
pathogens. Inflammatory activation of the immune system is crucial for pathogen clearance, but the shift
back into a resting state with homeostatic conditions is of major concern. Therefore, a fine-tuned
network modulates the immune response. Important players in this network are antibodies and their
FcR 44,46,167.

Severe infection diseases, like sepsis, SCAP or COVID-19, disturb the balance of our immune system,
leading to systemic inflammation and overwhelming immune response 5267132, While neutrophils are
central players in inflammation, they can also mediate crucial damage when exhausted ©10%101, A possible
treatment for the exhausted immune system is modulation by immunoglobulin preparations °4%%1%,
Immunoglobulin preparations can target multiple immunomodulatory modes of action by interacting
with immune cell FcR or inflammatory mediators 5%,

Our previous knowledge of immunoglobulin preparation modes of action mainly arises from studies
using classical IVIg (~98 % IgG). Open questions remain for the modes of action of the, even more,
complex IgM- and IgA-enriched immunoglobulin trimodulin (~23 % IgM, 21 % IgA and 56 % IgG). In
these preparations, some modes of action could be attributed to the IgG or IgM component, whereas the
role of IgA is so far unidentified.

In this thesis, the HL-60 cell line was verified as an appropriate neutrophil model system (chapter 6.1).
Multiple immunomodulatory modes of action were investigated on resting HL-60 cells (chapter 6.2), in
the context of bacterial- (chapter 6.3 and 6.4) and COVID-19 inflammation (chapter 6.5).

Within these cellular models, five distinct immunomodulatory functions were investigated:
(1) interaction with soluble cytokines and modulation of cytokine release, (2) activation of ITAMi
signaling, (3) targeting of FcyRIIB and ITIM signaling, (4) Modulation of FcR expression and
(5) displacement of immune complex from activating FcR. By comparison between different
immunoglobulin preparations and detailed characterization of underlying mechanisms, the functional

relevance of IgM, IgA and IgG components in trimodulin was identified.

6.1. The HL-60 cell line is a suitable neutrophil model system

For such detailed investigations, a defined and standardized cellular system is required, which makes
the usage of a cell line necessary. As effector cells neutrophils were chosen for several reasons:
(1) neutrophils have an elementary role in the human innate and adaptive immune system and
(2) mediate antibody-mediated effector functions which play a central role in severe infection
diseases >1°1138_ (3) Neutrophils are poorly studied in conjunction with viral respiratory diseases and
COVID-19 %19, (4) In vivo studies using mice in the context of neutrophil FcR functions are limited

because of crucial differences between mice and humans: neutrophil abundance in mice is lower,
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neutrophil-related chemokines like IL-8 are missing. Furthermore, FcaRI, FcyRIIA and FcyRIIC are not
expressed in mice and IgG, as well as IgA, antibody classes differ 1°7:1%,

However, the use of primary neutrophils is restricted by the short half-life of several hours °. For a
better standardization and simplicity in handling the well-characterized HL-60 cell line was used; this
cell line is utilized for a variety of phagocytosis assays 2°“2%1, To ensure that differentiated HL-60 cell
line has the desired neutrophil-like phenotype, surface marker and FcR expression were analyzed
(chapter 5.1). Neutrophil-like HL-60 cells were compared with primary human neutrophils, as well as
not differentiated HL-60 cells. Typical neutrophil phenotype markers for this cell line and FcR expression
pattern changed during differentiation to a neutrophil-like phenotype, as reported by others
(Figure 5-1) 200-204,

Neutrophil-like HL-60 cells express high levels of FcaRI, FcyRI and FcyRIIA. Expression of FcyRIII and
FcyRIIB is lower. The numbers of FcaRI, FcyRI, FcyRIIA and FcyRIIB per neutrophil are in a similar scale
as described in literature “+4+5°, FcuR expression is low on neutrophils and neutrophil-like HL-60 cells
indicating no IgM FcR mediated effector functions *°. For studies aiming to analyze IgM mediated effects,
this is a limitation but in the context of this work a benefit. Because IgM is of minor importance in this
cell model, the role of IgA can be explored.

Nevertheless, the expression, and especially the number of FcyRIII, was lower on neutrophil-like HL-60
cells in comparison to primary neutrophils. However, due to genetic modifications in tumor cell lines
differences were expected '°!. Despite these differences in FcyR expression antibody-mediated effector
functions can, also with slightly smaller intensity than on primary cells, investigated with HL-60
CeHS 199,201,205,206.

Monitoring of surface marker expression reveals that on the one hand, longer differentiation (< 5 days)
leads to more neutrophil-like phenotype, on the other hand, cell number, inflammatory IL-8 increases
and viability decreases with longer differentiation times (Figure 8-1). Therefore, as a compromise, cells
were differentiated for 4 days for functional assays.

As an additional parameter, cytokine release of primary neutrophils and the HL-60 cell line was
compared to ensure the significance of cytokine release as effector readout (Figure 5-2). The generated
data only allow a semi-quantitative comparison of the detected cytokines (e.g. MIP-1a, IL-1f3, IL-8), but
these clearly show that both cell types secrete the same cytokine pattern. The detected cytokines are
typical for neutrophilic cells and experimentally well-characterized 2°7-2%, The inflammatory chemokine
IL-8 was quantitatively investigated more in detail for the establishment of the following experimental
models, because of its elementary role for neutrophil migration and inflammatory activation 100.103.209,
Summarized, these data clearly show that neutrophil-like HL-60 cells are a suitable and easy to handle

alternative to native neutrophils, justifying the use in these in vitro experiments.
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6.2. Immunoglobulins facilitate immune homeostatic conditions

Interaction of monomeric immunoglobulins with resting or activated immune cells is an important
regulatory step in maintaining immune homeostasis. While immunoglobulins opsonize invading
pathogens and interact as a multimeric immune complex with FcR during infection, monomeric
immunoglobulin IgG or IgA bind with low affinity on FcR and mediate inhibitory signals leading to anti-
inflammatory effects during homeostasis #>°6:174,

The basis for immunoglobulin-mediated effects is the interaction between immunoglobulins and cellular
FcR. It is known that increased antibody binding on cells leads to enhanced effector outcomes like
ADCC ¥. To test the binding strength of neutrophil-like HL-60 cells to different antibody-coated surfaces,
binding assays were performed (chapter 5.2.1). The data show a significantly stronger binding of cells
to trimodulin coated surface compared to IVIg-, purified monomeric IgA- or purified IgM-preparations
(Figure 5-3). Cells show almost no binding to IgM coated surface, which can be due to missing FcuR on
neutrophils *°. Monomeric IgA and IVIg showed similar binding as also reported by Brandsma and
colleges 8. The basis could be similar receptor binding affinities between IgA-FcaRI and IgG-FcyR 333,
In comparison, the binding of neutrophil-like cells to trimodulin is significantly stronger. The strong
interaction is possibly due to multimeric species, which are absent in IVIg and purified IgA preparations.
Trimodulin comprises monomeric, also multimeric IgG and IgA species as well as multimeric IgM (in
house data). These multimeric species could interact with high valency to the FcyRs and FcaRI causing
stronger binding. Increased binding of multimeric IgA forms to FcaRI is described in the literature and
mediates enhanced effector functions 29219212, As seen for purified IgM preparations, the trimodulin IgM

component does not affect the interaction with neutrophils, because FcuR is missing.

6.2.1. Trimodulin shows stronger neutralization of cytokines and ITAMi signaling than 1VIg

To investigate if enhanced binding of HL-60 cells to trimodulin mediates stronger anti-inflammatory
effects compared to IVIg, both preparations were added to cells (chapter 5.2.2). The addition of both
preparations reduces inflammatory cytokine release and facilitates an anti-inflammatory cell phenotype,
which was mediated significantly stronger by trimodulin than IVIg (Figure 5-4). It was shown that
several mechanisms were involved in stronger immune modulation by trimodulin:

(1) Trimodulin showed better direct neutralization of cytokines (IL-8) (Figure 5-4), which is likely an
effect mediated by multimeric immunoglobulin species °. The direct interaction and neutralization of
soluble mediators of inflammation, like activated complement factors, toxins or inflammatory cytokines,
is an important mode of action of IVIg 80158184185213 " gQuperjor effects by IgM- and IgA-enriched
immunoglobulins were previously shown by inhibiting complement 7°, now similarly dampening of

inflammatory cytokines was observed for trimodulin.
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(2) Activation of inhibitory ITAMi signaling was stronger with trimodulin compared to IVIg (Figure 5-5).
The influence of ITAMi signaling was investigated by blocking the central ITAMi phosphatase SHP-1
using the chemical inhibitor NSC-87877 '74. This mode of action seems to be central for trimodulin
mediated immune modulation, as seen by great differences between trimodulin treated cells with or
without SHP-1 inhibition. Differences in IVIg treated cells were lower. ITAMi signaling pathway was
originally discovered by the interaction of IgA with FcaRI 7 and was also found for IgG-FcR
interaction 2. Strong activation of ITAMi by trimodulin could be induced by targeting FcaRI with IgA-
and FcyR with IgG-component simultaneously. Further, IgA could induce stronger signaling due to 2:1
stoichiometry by FcaRI binding, whereas IgG binds FcyR in 1:1 stoichiometry >7-%%,

(3) Inhibitory FcR signaling and expression of inhibitory FcyRIIB was stimulated by trimodulin and IVIg
treatment. Incubation of cells with monomeric IVIg preparations modulates the balance between
activating FcyRIIA and inhibitory FcyRIIB by upregulation of FcyRIIB 62%%74, In line with this, significant
upregulation of FcyRIIB was observed by incubating cells with trimodulin or IVIg (Figure 5-6). The
important role of ITIM signaling for immune cell homeostasis was shown by inhibition of SHIP-1
phosphatase, a key player in ITIM signaling 7. Inhibition of SHIP-1 strongly upregulates inflammatory
cytokine release and was even enhanced when adding trimodulin or IVIg to cells (Figure 5-5).
Enhancement due to immunoglobulin addition could be by multimeric binding to activating FcR, leading
to similar effects like an immune complex.

To summarize this chapter, it was shown that trimodulin and IVIg can facilitate immune homeostatic
conditions on resting neutrophil-like cells. Three mechanisms were identified to be involved in
immunomodulation (Table 6-1): (1) direct neutralization of cytokines, (2) inhibitory ITAMi signaling
and (3) upregulation of inhibitory FcyRIIB, as well as ITIM signaling. Due to better neutralization of
cytokines (by multimeric species) and stronger ITAMi signaling (by additional IgA component)

trimodulin showed a better ability to induce immune homeostasis than IVIg.
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Table 6-1: Immunomodulatory modes of action shown on resting neutrophils. Each mode of action and the experimental
parameters to prove this are compared. The strength of trimodulin or IVIg mediated effects is depicted as followed: +++ strong

effects, ++ medium effects, + low effects, - no effects.

Immunomodulation on resting cells (experimental setting):

Incubation of resting neutrophil-like HL-60 cells with trimodulin or IVIg. IL-8 release and FcR expression as
cellular readout.

Immunomodulatory effector outcome

Facilitation of immune homeostasis by reduced inflammatory IL-8

Trimodulin IVig
Mode of action Experimental parameter
(IgG/A/M) (IgG)
(1) Direct neutralization Detection of remaining IL-8 in buffer ++ +
(2) ITAMi signaling Inhibition of SHP-1 (change in IL-8) +++ +
Inhibition of SHIP-1
(3) ITIM signaling ++ Shbt
Expression of FcyRIIB

Discussion 83



6.3. Modulation of LPS induced inflammation

In severe infection diseases like sepsis, bacterial endo- and exotoxins are critical mediators of systemic
inflammation and mortality. Primary treatment of those patients with antibiotics leads to the destruction
of bacterial cells, increasing endotoxin load and forcing inflammation. The treatment with
immunoglobulin preparations is a promising adjunctive therapy to reduce inflammatory mediators and
modulate the overwhelming immune system 67-104199,

Before testing the immunomodulatory effects of trimodulin, the inflammatory effects of endotoxin (using

LPS) derived from E.coli on neutrophil-like HL-60 cells were characterized (chapter 5.3.1).

6.3.1. LPS induced cytokine release

LPS stimulation leads to dose- and time-dependent increase of pro-inflammatory cytokine release by
neutrophil-like HL-60 cells (Figure 5-7). Several of these cytokines, like IL-6, IL-8, MIP-1a or IL1ra are
known as inflammatory markers and predictors for sepsis severity and mortality °1%°, Those effects
were shown to be induced by TLR signaling (Figure 5-7). PRR like TLR are expressed on immune cells
(e.g. neutrophils, macrophages or NK-cells) to detect PAMPs like LPS. They are an effective primary line
in defense when pathogen-specific antibodies are absent 37-67-18, LPS induced IL-8 release was strongly
reduced by inhibiting TLR4 pathways with chemical inhibitor CLI-095. Also blocking of TLR2 (with
inhibitor C29) and MyD88 (with inhibitor ST2825) diminished LPS induced IL-8 release significantly.
Besides the TLR4 receptor, LPS can also be recognized by TLR2 87215, Almost all TLR act via MyD88
dependent signaling pathways to activate inflammatory gene expression, which explains the reduced
IL-8 release after inhibition of MyD88 37216,

Previously, the phosphorylation of SYK kinase was reported after treating neutrophils and macrophages
with LPS 216218 Similar effects were observed for the here used HL-60 cell line; stimulation with LPS
induced activation of SYK, as seen on increased phosphorylation at specific tyrosine (Figure 8-2). This
highlights the complexity and interplay between different receptors and signaling cascades (reviewed in

Lowell 78).

6.3.2. LPS induced changes in FcR expression

Another example of the complex interactions between TLR and FcR is the LPS induced upregulation of
FcR (FcaRI, FcyRI and FcyRIIA/B) and TLR (Figure 5-8). Upregulation of activating FcR by LPS is
reported in literature 31334321 The cellular basis for endotoxin-mediated upregulation of FcR is the FcR-
TLR cross-talk 374218 Invading bacteria release endotoxins like LPS, which are recognized by TLR on
immune cells, leading to the expression of pro-inflammatory cytokines (e.g. TNF-a, IL-8) and increased

FcR levels on the cell surface. Increased number of FcR make the cells more prone to neutralize antibody
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opsonized pathogens “?. FcR-TLR cross-talk induces potent inflammation as recently shown for co-
stimulation of IgA- and IgG-immune complex with LPS 8171,

In contrast to the other analyzed FcRs (FcaRI, FcyRI, FcyRIIA, FcyRIIB), FcyRIII showed a contrary
expression change (Figure 5-8). FcyRIII detection was reduced after LPS stimulus. For neutrophils, this
phenomenon is reported #°-22°, In accordance with the absence of FcyRIIIA in neutrophils '8!, the reported
mechanism is based on proteolytic cleavage of FcyRIIIB by metalloprotease A disintegrin and
metalloprotease 17 (ADAM17) from the neutrophil surface. Soluble FcyRIIIB interacts with other
immune cells, e.g. macrophages, in the circulation and causes the release of pro-inflammatory cytokines
like IL-6 or IL-8, promoting further inflammation 4648,

In conclusion, the treatment of neutrophil-like HL-60 cells with LPS induces an inflammatory phenotype,
as seen by major changes in FcR expression and a strong increase in inflammatory cytokine release. The
LPS stimulated neutrophil-like HL60-cells are therefore a suitable model to investigate hereafter the

immunomodulatory properties of trimodulin.

6.3.3. Modulation of inflammation by trimodulin and IVig

Anti-inflammatory effects of immunoglobulin preparations on LPS induced cytokine release were
investigated by several studies. Trimodulin was tested in a rabbit model ® and in a macrophage second-
hit model in vitro 84. Effects of serum IgA °122!, IVIg as well as IgM- and IgA- enriched immunoglobulins
on cytokine release were tested in vitro %%18192 However, those studies lack a comprehensive
identification of the underlying modes of action. The immunomodulatory effects of trimodulin on LPS
stimulated cells, as well as the underlying mechanism, were analyzed by modulation of FcR expression
and pro-inflammatory IL-8 release (chapter 5.3.2).

Besides the interaction with toxin-induced cytokines, IVIg can directly neutralize endotoxin by anti-LPS
antibodies #. This was also seen in the here used experimental setup, trimodulin and IVIg were able to
neutralize ~30 EU/mL. (Figure 5-9). Nevertheless, the relevance for the here used cellular assays is
low, because cells were stimulated with >3000 EU/mL endotoxin to induce powerful inflammation.

To simulate adjunctive therapy of severe sepsis or SCAP patients, neutrophil-like HL-60 cells were pre-
stimulated with LPS to induce strong inflammation (discussed above) before the addition of trimodulin
or IVIg 927, The data show that trimodulin can reduce LPS induced IL-8 release in high dosage (> 5 g/L)
significantly stronger than classical IVIg (Figure 5-9). Elevated IL-8 levels are found in patients with
sepsis or severe COVID-19 and are associated with disease severity. IL-8 is from major importance for
neutrophil migration (and so neutrophilia), inflammatory activation (e.g. induction of NETs) and
neutrophil-mediated tissue damage 10919329 The stronger reduction of IL-8 release by trimodulin could
therefore explain the benefits of IgM- and IgA-enriched immunoglobulins in the treatment of severe

sepsis cases 74110111,
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Targeting FcR of resting neutrophil-like HL-60 cells with IgA or IgG of trimodulin activates strong
inhibitory ITAMi signaling (compare 6.2). The same effects were observed in studies with LPS induced
inflammation using monocytic cells 172175,

LPS stimulated HL-60 cells express higher levels of FcaRI, FcyRI and FcyRIIA (Figure 5-8). The
modulation of this LPS induced FcR expression by trimodulin and IVIg was investigated in the
neutrophil-like HL-60 cell system. It was shown that trimodulin elicits strong modulation of FcR
expression, whereas IVIg did not. Trimodulin can reduce the expression of activating FcaRI, FcyRIIA and
FcyRIII, while inhibitory FcyRIIB was upregulated (Figure 5-9).

Monomeric and especially multimeric forms of IgA are known to bind to FcaRl, induce receptor
aggregation and leading to receptor internalization 31222223, Similar the IgA antibodies in trimodulin
(which are not in IVIg) can bind to FcaRlI, thereby reducing available FcaRI on the cell surface. This is
the first proof for the involvement of IgA-FcaRI pathway in trimodulin modes of action.

Trimodulin also showed a better capability to shift the balance between the expression of activating and
inhibitory FcyRIIA and FcyRIIB. FcyRIIA expression was significantly reduced by trimodulin, whereas
inhibitory FcyRIIB was significantly elevated after trimodulin treatment.

The differences in FcyR modulation could be due to IgG-subclass distribution in the products. IgG
subclasses 1gG1-1gG4 differ in their binding affinity to FcyR and conduct different effector functions %168,
IVIg preparations have IgG subclass distribution similar to serum source (* and in house data). In
comparison, trimodulin has a higher portion of IgG4, which has a minimal binding affinity to FcyRIIA
and FcyRIII but a relatively high affinity to inhibitory FcyRIIB *°. Because both, trimodulin and IVIg,
were used in the same total protein concentration, IgG concentration is differing and could be a further
reason for differences in FcyR modulation.

Comparing these results with the data from resting cells (compare results chapter 5.2.2 and discussion
6.2), the stronger immunomodulatory effects of trimodulin on LPS stimulated neutrophil-like HL-60 cells
can be attributed to four modes of action (Table 6-2). (1) direct cytokine interaction and LPS
neutralization, (2) ITAMi signaling, (3) interaction with inhibitory FcyRIIB and ITIM signaling,

(4) modulation of activating FcR expression.
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Table 6-2: Immunomodulatory modes of action in endotoxin model. Each mode of action and the experimental parameters to
prove them are compared. The strength of trimodulin or 1VIg mediated effects is depicted as followed: +++ strong effects, ++

medium effects, + low effects, - no effects.

Immunomodulation in endotoxin model (experimental setting):

Pre-incubation of neutrophil-like HL-60 cells with LPS, the addition of trimodulin or IVIg. IL-8 release and
FcR expression as cellular readout.

Immunomodulatory effector outcome

Modulation of LPS induced IL-8 release and FcR expression

Trimodulin IVig
Mode of action Experimental parameter
(IgG/A/M) (IgG)
(1) Direct neutralization Detection of remaining IL-8 in buffer Not tested Not tested
(2) ITAMi signaling Inhibition of SHP-1 (change in IL-8) Not tested Not tested
(3) ITIM signaling Expression of FcyRIIB +++ -
Expression of FcaRI,
(4) Phenotype modulation +++ -
FcyRI, FcyRIIA, FcyRIII
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6.4. Immunoglobulins elicit a dual function on phagocytosis

ADCP is a crucial mechanism in antibody and neutrophil-mediated pathogen clearance °. ADCP can be
directly mediated by immunoglobulin preparations and induce potent inflammatory activation of
immune cells 3>%2, The anti-pathogenic effects of immunoglobulin preparations can be investigated by
ADCP, but as indicated in the introduction, immunoglobulin preparations can additionally inhibit
phagocytosis in high dosage, therefore, representing a dual function %%, Generally, anti-inflammatory
effects of IVIg are observed at high dose treatment (1-3 g immunoglobulin per kg body weight 65224)
when the supplemented immunoglobulins compete with immunoglobulins present in the patient 3. In
this work, the potential dual function of trimodulin and IVIg was explored by investigating the
phagocytosis of S.aureus.

S.aureus is a widespread bacterium and a leading cause of many infection diseases like sepsis or
pneumonia 2?2?28, Also in COVID-19 diseases bacterial co-infection with S.aureus worsen clinical
outcomes !5157:229-231  The bacterium developed several mechanisms to evade the innate immune
response, therefore, defeating S.aureus is a major issue in public health 225225,

Neutrophils can recognize S.aureus via several receptors, attach and ingest the invading organism. The
internalized particle is trapped into a phagosome where anti-pathogenic granula and ROS eliminate the
threat 226, Receptors responsible for pathogen recognition include PRR, like TLRs, which bind directly to
PAMPs and initiate neutralization, a process called opsonin-independent phagocytosis 227232, In
comparison, opsonization of S.aureus with different opsonins like complement, acute phase proteins or

antibodies induce more effective phagocytosis 2°.

6.4.1. Immunoglobulins induce phagocytosis of S.aureus

The anti-pathogenic properties of immunoglobulin preparations against S.aureus were investigated by
comprehensive characterization of antibody-mediated phagocytosis (chapter 5.4.1).

Phagocytosis was measured by uptake of immunoglobulin opsonized S.aureus particles by neutrophil-
like HL-60 cells. The results show that neutrophil-like HL-60 cells can directly phagocytose S.aureus
without opsonins. These results can be explained by binding and phagocytosis of S.aureus via PRR
independent of opsonins 22722, But importantly, the phagocytosis was strongly enhanced by immune
complex formation with different immunoglobulin preparations (Figure 5-10). Immunoglobulin
preparations contain specific antibodies against various pathogens (including S.aureus). Based on the

broad spectrum of antibody specificity in the donor plasma 646667,

opsonization and enhanced
phagocytosis can be explained.
Phagocytosis of immune complex induces inflammation as seen by the secretion of several pro-

inflammatory cytokines like MCP-1, MIP-1a, RANTES, IL-1f, IL-6, IL-8, IL-32a and TNFa by neutrophil-
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like HL-60 cells. Further, the amount of secreted IL-8 correlated with phagocytic activity (Figure 5-10).
The basis for inflammatory activation is the intracellular signaling via ITAM and the central SYK
kinase '7>178, Experiments inhibiting SYK function by chemical inhibitor Piceatannol *** showed
diminished phagocytosis and IL-8 release (Figure 5-11). Also, the activation of SYK by immune complex
due to phosphorylation at specific tyrosine’s was shown as reported (Figure 8-3) 7°23%235_ This
demonstrates the correlation between phagocytosis, inflammatory activation and SYK/ITAM signaling.

As described in the previous chapter, there is a link between TLR recognized LPS stimulation and FcR
expression as well as FcR-signaling. This interplay is known in the literature as FCR-TLR cross-talk 37:42186,
To show the effects of FcR-TLR cross-talk on functional level LPS stimulated HL-60 cells were used for
S.aureus phagocytosis assay. LPS stimulated neutrophils showed increased phagocytosis in comparison
to not stimulated cells (Figure 5-10). These observations are in accordance with previous data 8236237

and confirm that the immune response is induced by a collaboration of several receptors and stimuli .

6.4.2. FcR and immunoglobulin species relevant for phagocytosis

In the previous chapter, basic aspects of S.aureus ADCP were discussed for the neutrophil-like HL-60 cell
model. In this chapter, differences between immunoglobulin preparations, the functional relevant
immunoglobulin species, as well as the relevant FcR for phagocytosis were in focus (chapter 5.4.2).
The phagocytic capacity of several immunoglobulin preparations was compared by incubating immune
complex (consisting of S.aureus opsonized with corresponding immunoglobulins) with neutrophil-like
HL-60 cells. Phagocytosis was highest for S.aureus opsonized with standard IVIg, followed by purified
IgA and trimodulin. S.aureus opsonized with purified IgM preparation showed phagocytosis comparable
to not opsonized S.aureus (Figure 5-10).

To check which immunoglobulin classes opsonize S.aureus, immunological detection of IgG, IgA and
IgM were performed (Figure 5-12). Functional relevant immunoglobulins and FcRs were identified by
pre-incubating neutrophil-like HL-60 cells with specific blocking antibodies (Figure 5-12). Antibodies
against FcyRI (clone 10.1), FcyRIIA (clone IV.3), FcyRIIB (clone 2B6), FcyRIII (clone 3G8) or FcaRI
(clone MIP8a) were used to inhibit the binding of IgG or IgA to their respective receptors *>8%:238-240 [
the next paragraphs, the results of these experiments were discussed for S.aureus without opsonin and

each S.aureus immune complex:

S.aureus without opsonin

Although opsonin independent phagocytosis of S.aureus via PRR was expected 227232 blocking
experiments show decreased phagocytosis when FcaRI is blocked (Figure 5-12). This indicates FcaRI
dependent phagocytosis of S.aureus. Similarly, De Tymowski et al. were able to show that direct binding
of Streptococcus pneumoniae or E.coli by FcaRI leads to phagocytosis of pathogens, representing host

defense in an early phase of infection 24,
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Purified IgM immune complex
The purified IgM preparation showed no anti-pathogenic activity (Figure 5-10), though IgM species of

IgM- and IgA-enriched immunoglobulins have titers against common pathogen surface proteins and IgM
was detected on purified IgM and trimodulin immune complex (Figure 5-12) 228, The reason for none

phagocytic capacity is the absence of complement and FcuR °%%2,

Purified IgA immune complex
Opsonization of S.aureus with IgA antibodies and complete FcaRI dependency was shown for purified

monomeric IgA preparation (Figure 5-12), as described by others 8%:92:243-245,

The results indicate that antibodies of IgA class show lower phagocytic activity against S.aureus than IgG
(Figure 5-10). There a two reasons which could explain these data. (1) the number of available FcRs on
the cell surface is an important regulator of phagocytic activity 6. The sum of FcyR expressed on the
neutrophil surface is much higher than FcaRI expression alone #-4+5°, (2) S.aureus has several anti-
opsonic strategies to prevent and influence immunoglobulin opsonization. S.aureus produces strong IgG-
Fc-part binding protein A 22°. To enhance phagocytosis of in vitro phagocytosis assays the manufacturer
removes protein A. Other virulence factors like IgA binding Staphylococcal superantigen-like protein 7

(SSL7) remain 246247, Therefore, IgG may have a better ability to bind these S.aureus particles than IgA.

IVIg immune complex

IgG-mediated opsonization was observed for IVIg preparation, blocking IgG FcyRI and FcyRIIA and
combinations of those reduced phagocytosis (Figure 5-12). The importance of low-affinity FcyRIIA for
phagocytosis of IgG immune complex was emphasized before 164237-239 More contrary is the role of high-
affinity FcyRI: Under homeostatic conditions, FcyRI expression and role in cellular effector functions are
low, whereas under inflammatory conditions expression and immune complex phagocytosis are strongly

200 and differentiation induces

upregulated *+2*8, As the HL-60 cell line is derived from tumor cells
cellular stress, the relatively strong expression and influence of FcyRI in immune complex phagocytosis
can be explained. The blockade of FcyRIII was of minor importance in the HL-60 cell model; based on
the low expression of this receptor (compare chapter 5.1, Figure 5-1). Besides blocking of FcyR, also the
blocking of IgA specific FcaRI slightly decreased IVIg immune complex phagocytosis. This could be due
to small amounts of IgA in IVIg preparations (<2 %)  or direct binding and phagocytosis of S.aureus

via FcaRI (see above).
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Trimodulin immune complex

The incubation of S.aureus with trimodulin leads to opsonization with IgG, IgA and IgM antibodies
(Figure 5-12), which is according to data showing neutralizing antibody titers of all three classes against
S.aureus proteins in IgM- and IgA-enriched immunoglobulins (228 and in house data).

Trimodulin immune complex phagocytosis was dependent on FcaRI and FcyRI or combinations with
both. Although lower levels of IgA (compared to IgG and IgM) were found on the trimodulin immune
complex; FcR blocking experiments reveal similar importance for phagocytosis. An explanation could be
that IgA interacts with two FcaRI molecules thereby mediating stronger ADCP compared to I1gG 869899,
The possible importance of IgA in IgM- and IgA-enriched immunoglobulin preparations was previously
mentioned 73, The results of this work confirm this hypothesis and show the potential of IgA enriched
immunoglobulin preparations, like trimodulin.

Based on IgA and IgM antibodies in trimodulin phagocytic activity is lower compared to IVIg
(Figure 5-10). Opsonization with IgM species of trimodulin negatively influences phagocytosis, because
IgM covers with high avidity ® binding sites (for IgG or IgA species) and cannot mediate phagocytosis.
In a different experimental setting, adding complement could enhance trimodulin mediated anti-
pathogenic effects. In this setting, the IgM and IgA components could expand IgG-mediated functions,
resulting in better pathogen clearance, as shown in literature >7°,

A further reason for lower phagocytosis could be the IgG subclass distribution in both products. The
higher portion of IgG4 in trimodulin could negatively affect effector functions like phagocytosis by
relatively high affinity to FcyRIIB °°. Further reasons could be competition between IgA- and IgG-
immune complex. Downregulation of IgG-mediated phagocytosis by IgA is known in literature 24,
suggesting an interplay between both immunoglobulin species in trimodulin.

The combination of FcR number for IgG and IgA, the different immunoglobulin species and higher IgG4
portion leads to the lower phagocytic activity of trimodulin in comparison to standard IVIg in this
experimental setup. As discussed in the previous chapters (chapter 6.2 and 6.3.3), this could induce
stronger inhibitory FcR-signaling and therefore better immunomodulation.

In contrast to blockade of activating FcaRI or FcyRs, blocking of inhibitory FcyRIIB increased
phagocytosis mediated by IgG-containing immunoglobulin preparations (Figure 5-12). This highlights
the inhibitory effect of this receptor and ITIM signaling on cellular effector functions (like ADCP) and

immune cell homeostasis (compare chapters 5.2.2 and 6.2) 4>174,

Summarized the results shed light on phagocytosis mediated by trimodulin. The work unravels in detail
which FcRs were responsible and extends the knowledge of immunoglobulin-FcR interaction 176192250,
The comparison of trimodulin with purified IgM, IgA and IgG preparations shows that IgA plays an

important role in trimodulin modes of action.
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6.4.3. Dose dependency - from phagocytosis to immunomodulation

After detailed investigations to understand phagocytosis of S.aureus mediated by immunoglobulin
preparations, next immunomodulation was assessed. Based on clinical observations for the usage of IVIg
preparations anti-pathogenic activity was seen at low doses, whereas immunomodulatory activity
appears at high doses *%>181_ Generally, the immune response depends on the antibody to antigen ratio.
When the immunoglobulin amount is lower than the antigen amount, antibody-mediated effector
outcome is low. With increasing antibody amount, the ratio of antibody to antigen shifts to a distribution
where optimal cross-linking of the immune complex is achieved. The immune response reaches a peak.
With further increase in antibody concentration, the ratio shifts to immune inhibition, because excessive
antibodies block FcR and disrupt immune complex formation. The immune response is down-
modulated *°. This mechanism is an important step to prevent excessive inflammation and shift the
immune system to homeostatic conditions *+4°,

To investigate this possible dual function of immunoglobulins, phagocytosis of S.aureus and
inflammatory cell activation were investigated with varying concentrations of IVIg or trimodulin
(chapter 5.4.3). The data show increasing phagocytic index and correlating IL-8 level with low
concentrations up to a peak value. Higher concentrations of immunoglobulins cause immunomodulation
by decreased phagocytic activity and down-modulation of IL-8 release (Figure 5-13). IVIg mediated
S.aureus phagocytosis peaked earlier (~ 0.5 g/L IVIg) than trimodulin (~ 5 g/L trimodulin), but this
can be explained based on the above described stronger opsonic capacity of IVIg against S.aureus
particles. These in vitro data are in alliance with the knowledge from treating patients with autoimmune
or inflammatory diseases 6365666869  Ppatients were typically treated with high doses of 1-3 g
immunoglobulin per kg body weight in inflammatory diseases, whereas lower doses of 200-400 mg/kg

65,224

were used in substitution therapy . The study doses were specified for the period of typically
5 days 82149152 Assuming that a mean adult comprises 48.5 mL plasma per kg body weight 2°1, a plasma
concentration of 8 g/L immunoglobulin preparations is achieved. Exactly in these doses,
immunomodulatory effects were observed. The in vitro data are, therefore, suitable to substantiate
clinical results.
A benefit of the here used in vitro system compared to clinical studies is the opportunity to investigate
underlying modes of action for immune modulation in high-dose treatment. Again, it was shown that
multiple modes of action act synergistically to mediate immune modulation (chapter 5.4.3):

(1) direct binding and neutralization of pro-inflammatory cytokines (not shown for S.aureus
phagocytosis model, compare chapter 5.2.2, Figure 5-4).

(2) Activation of inhibitory ITAMi signaling by trimodulin and IVIg was shown by inhibiting SHP-1 and
measuring site-specific phosphorylation of SHP-1 (Figure 5-14). After treating neutrophil-like HL-60 cells

with S.aureus and different concentrations of trimodulin or IVIg, phosphorylation of SHP-1 was
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measured. Phosphorylation of ITAMi phosphatase SHP-1 at specific tyrosine 536 indicates activation of
ITAMi pathway '7°. IVIg and trimodulin treatment induce dose-dependently phosphorylation of SHP-1,
whereas IVIg induced stronger phosphorylation (significant at doses above 0.5 g/L) compared to
trimodulin (significant above 5 g/L). This is likely because of stronger phagocytic effects mediated by
IVIg. To further demonstrate the importance of ITAMi, SHP-1 was inhibited by chemical inhibitor
NSC-87877 22 before the addition of S.aureus and immunoglobulins to the cells. Increased IL-8 levels
compared to not inhibited cells show the anti-inflammatory effects of ITAMi. These findings indicate
that monomeric binding of IgG and IgA species from trimodulin or IVIg can reduce phagocytosis and
lead to cell inhibition via ITAMIi, as described 174176:177,

(3) The inhibitory role of FcyRIIB on phagocytosis was demonstrated by blocking this receptor before
immune complex addition. Blocking of FcyRIIB increased phagocytosis of trimodulin- and IVIg- immune
complex (Figure 5-12). Co-ligation of immune complex on activating receptors with inhibitory FcyRIIB
is known to inhibit cell activation 3173174 This work confirmed this knowledge.

(4) Reduction of activating FcR expression (not shown for S.aureus phagocytosis model, compare chapter
5.3.2, Figure 5-9).

(5) Blocking of activating FcRs and displacement of immune complex was shown by reduced
phagocytosis with high dosage (>5 g/L) trimodulin or IVIg (Figure 5-13). Reduced phagocytosis induces
less pro-inflammatory ITAM signaling *%°. Based on higher avidity of multimeric IgM- and IgA-species
beneficial effect of trimodulin for immune complex displacement were expected 2%, but not observed.

The reason could be the IgG dependency of S.aureus phagocytosis.

Table 6-3 summarizes the immunomodulatory modes of action relevant for the S.aureus phagocytosis

model.
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Table 6-3: Immunomodulatory modes of action in S.aureus phagocytosis model. Each mode of action and the experimental

parameters to prove them are compared. The strength of trimodulin or IVIg mediated effects is depicted as followed: +++ strong

effects, ++ medium effects, + low effects, - no effects.

Immunomodulation in S.aureus phagocytosis model (experimental setting):

Opsonization of S.aureus with of different doses trimodulin or IVIg. IL-8 release and phagocytic activity as
cellular readout.

Immunomodulatory effector outcome

Reduction of phagocytic activity and IL-8 release in high doses.

Trimodulin IVig
Mode of action Experimental parameter
(IgG/A/M) (IgG)
(1) Direct neutralization Detection of remaining IL-8 in buffer Not tested Not tested

Inhibition of SHP-1 (change in IL-8)
(2) ITAMi signaling ++ +++
Phosphorylation of SHP-1 at pY536

(3) ITIM signaling Blocking of FcyRIIB TF TF

Expression of FcaRI,
(4) Phenotype modulation Not tested Not tested
FcyRI, FcyRIIA, FeyRIII

(5) Displacement of
Reduced phagocytosis ++ dh oL
immune complex

Although, IgA-FcaRI was clearly shown to be important for trimodulin mediated S.aureus phagocytosis
and FcaRI can mediate strong anti-inflammatory signaling 39823 no differences between immune
complex displacement and immunomodulation were observed. Likely, this might be by the excessive
importance of IgG in this S.aureus phagocytosis model (see chapter 6.4.2). Experiments using native
S.aureus particles with Protein G could qualify the IgG effects and highlight IgA effects in trimodulin

regarding immunomodulation.
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6.5. Immunomodulation in a COVID-19 model

The rapid global spread of SARS-CoV-2 virus-induced COVID-19 disease led to an urgent need for
appropriate therapeutics. The major issue for severe COVID-19 patients is a dysregulated immune system
with hyper-inflammation, cytokine storm, ARDS and ultimately respiratory failure 32141254, Previous
data indicate that in severe cases excessive immune response, mediated by neutrophils %8, is of greater
importance for COVID-19 progression than virus-induced damage alone, highlighting the importance of
immune modulators 6. Clinical efficiency and in vitro as well as the data in this work showed that
trimodulin is a promising immunomodulatory drug in bacterial-induced inflammation 8284, In contrast,
the knowledge about immunomodulation in viral-induced inflammation is limited. Immunomodulatory
activity of Pentaglobin® in SARS-CoV-virus-induced inflammatory disease was reported '%.
Furthermore, first clinical studies showed promising results in treatment of COVID-19 patients with IVIg
preparations 4%151-153,
Clinical studies are essential for investigating the efficiency of immune modulators. Besides clinical
studies, there is an urgent need for powerful models estimating immunomodulatory potency and modes
255

of action of potential therapeutics. Because severe COVID-19 cannot yet be depicted in animal models #>>,

an in vitro model to reduce this gap was developed.

6.5.1. An easy to use COVID-19 model

As a basis to study immunomodulation on a cellular level a bead platform with fluorescent latex beads
was chosen. This platform is an easy-to-use and versatile option to pro-inflammatory activate immune
cells 92226244 The bead system has the advantage to easily monitor inflammatory and anti-inflammatory
processes under standard laboratory conditions. To associate the bead system with COVID-19, beads
were coated with recombinant full-length SARS-CoV-2 spike protein. The SARS-CoV-2 spike protein was
selected because it is responsible for virus infectivity and mediates antibody-dependent immune response
against the virus in vivo 13¢2°, It was shown that disease severity is linked to anti-SARS-CoV-2 spike
protein-specific antibody levels, corresponding FcR mediated antibody functions and inflammatory
cytokine release 136:143.144.146.257 Byrthermore enhanced binding of the SARS-CoV-2 spike protein to ACE-
IT receptor compared to SARS-CoV is a reason for the fast spreading of SARS-CoV-2 123126,

The difference in size between latex bead (~1 um) and SARS-CoV-2 virus (~100 nm) 123124258 jg of
minor importance for the informative value of the assay. Because the virus-like beads are only on the
scope for inducing inflammation. The usage of ~1 um beads is in this context more suitable because

optimal phagocytosis and inflammation are induced with particles of 0.5-2 um in diameter 259260,
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With this model system, it is possible to unravel in detail the mechanism relevant for the induction of
inflammation and furthermore the immunomodulatory modes of action by immunoglobulin
preparations (that are so far unknown in the context of COVID-19). As in the here used bacterial models,

the role of IgA antibodies was investigated with a particular focus.

Inflammatory activation by SARS-CoV-2-like immune complex
To understand the mechanism of SARS-CoV-2-like particle uptake via immunoglobulin opsonization,

IgG, IgA and IgM binding on the particle surface was analyzed (chapter 5.5.1). The phagocytosis of the
resulting immune complex and subsequent inflammatory activation of neutrophil-like HL60 cells was
investigated in line with this (chapter 5.5.2).

It was shown that the convalescent COVID-19 plasma opsonized beads exhibit binding of IgG, IgA and
IgM classes to the SARS-CoV-2 spike protein on the bead (Figure 5-15). This is in accordance with ELISA
data showing antibodies of IgG, IgA and IgM class against SARS-CoV-2 surface proteins 2°7-261262, Besides
IgG, neutralizing antibodies from IgA and IgM class are important, especially in the early immune
response. Nevertheless, they were often not monitored in patients 14%261-265,

The basis for COVID-19-like inflammation in the studied in vitro model is FcR-dependent phagocytosis
of SARS-CoV-2-like immune complex by immune effector cells. Stimulation of neutrophil-like HL-60 cells
with SARS-CoV-2-like immune complex resulted in the secretion of several pro-inflammatory
chemokines and cytokines like MCP-1, MIP-1q, IL-1, IL-8 or IL-10 (Figure 5-16). Upregulation of these
inflammatory mediators was also observed in patients with severe COVID-19 (reviewed in
Noroozi et al. 2°%). For more detailed investigations of the here used model phagocytosis and IL-8 release
was monitored. An increase in IL-8 level was reported for COVID-19 patients by various studies 133267268,
Control experiments showed that only opsonization with SARS-CoV-2 specific antibodies leads to uptake
of the fluorescent particles and successive pro-inflammatory cell activation. Negative controls without
SARS-CoV-2 spike protein-specific antibodies show no binding of antibodies to bead surface
(Figure 5-15) and no phagocytosis or inflammatory IL-8 release (Figure 5-16). This demonstrates high
specificity and low background signal of the assay.

The phagocytosis of SARS-CoV-2-like immune complex was linked to a reproducible increase in IL-8
release by neutrophil-like HL-60 cells. The inflammatory activation is similar to native SARS-CoV-2 virus
infection: The plasma IL-8 levels measured in patients with SARS-CoV and SARS-CoV-2 induced
pneumonia range around 30- 60 pg/mL 1332, Similarly, the levels of other inflammatory cytokines are
in the pg/mL range instead of ng/mL like in other in vitro settings 2’°. These data confirm the suitability
of the model system to depict severe COVID-19.

The reliance on specific immunoglobulins for particle uptake indicates FcR dependency, as reported for
SARS-CoV by others 271272, SARS-CoV-2 like particles without specific opsonin showed almost no
phagocytosis. This indicates that HL-60 neutrophil-like cells express low levels of ACE-II receptor which
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is responsible for SARS-CoV-2 spike protein binding and virus uptake 2°. Low expression of ACE-II
receptor was found on neutrophil-like HL-60 cells (Figure 8-5), in accordance with literature %273,

The phagocytosis of COVID-19 plasma opsonized particles was dependent on FcaRI, FcyRIIA or
combinations of both (Figure 5-17). This dependency shows that IgA and IgG are functionally relevant
in this complement-free setup. No influence on particle uptake was detected for FcyRIIL. This could be
due to lower expression in neutrophil-like HL-60 cells compared to primary neutrophils (chapter 5.1).
FcR blocking on primary cells revealed that even though the highly expressed FcyRIII is part of immune
complex phagocytosis, the lower expressed FcyRIIA is functional of greater importance (Figure 5-20), as
reported in literature *4*7-2°, Furthermore, neutrophils of severe COVID-19 patients exhibit lower levels
of FcyRIII 274276, This highlights the suitability of neutrophil-like HL-60 cells as a model system for
COVID-19. Contrarily to activating FcR, blocking of inhibitory FcyRIIB increased phagocytosis of SARS-
CoV-2-like immune complex (Figure 5-17); this is known to correspond to inhibitory ITIM signaling *>44,
The observed phagocytosis and inflammatory activation are known for FcR and corresponding
inflammatory signaling via ITAM and SYK kinase #*!74, Inhibition of SYK by chemical inhibitor
Piceatannol decreased phagocytosis and IL-8 release dose-dependent (Figure 5-17). Confirming SYK and
ITAM signaling for the here used setting. In a recent study, Hoepel et al. '3! investigated the influence of
convalescent plasma on macrophage inflammatory response. They showed in accordance with the here
generated data that macrophage inflammation is dependent on anti-SARS-CoV-2 IgG, which mediates
immune response via FcyRII and SYK signaling. In comparison, they found no influence on FcaRI
blocking. This can be due to the donor plasma, which may have no anti-SARS-CoV-2 IgA antibodies,

however, antibody levels were not provided 3.

Plasma donors show varying activation of the cell system

Furthermore, convalescent plasma from six different donors was tested with respect to immunoglobulin
binding to spike protein, the induced phagocytosis rate, as well as corresponding IL-8 release. The
varying levels of IgM, IgA and IgG antibodies found on the SARS-CoV-2-like particles (Figure 5-15) can
be explained by the immune response which changes from IgM to IgG and IgA in the latter
phase 257:277:278 Especially neutralizing IgM levels, but also IgA and IgG levels decline several weeks after
infection 277278, Nevertheless, this hypothesis cannot be confirmed as donations were randomized and
no information regarding the time point of plasma donation after infection, sex, age or diseases severity
are available. Studies investigating antibody-mediated effector functions of convalescent COVID-19

136,143-146 and could be a possible aim of further studies using this bead

plasma donations are available
system.

As shown by others the antibody-dependent neutralization of SARS-CoV-2 correlates with specific IgG,
IgA and IgM antibody levels against viral surface proteins 27°. In accordance with the IgG, IgA and IgM

levels detected on the bead surface, varying phagocytosis of immune complex generated with plasma
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from different donors was found. The correlation between antibody distribution (IgG, IgA or IgM) and
level of phagocytosis is remarkable. Donors with high IgM levels showed lower phagocytosis and IL-8
release than donors with the same IgA or IgG but lower IgM (Figure 5-16). The effect can be explained
by the assay setup and the high avidity of IgM 8. Only antibodies from IgG or IgA class can mediate
antibody-dependent phagocytosis via their FcR on neutrophils 242, There is no IgM FcuR on neutrophils >°
(as well as on the here used neutrophil-like HL-60 cells) and COVID-19 convalescent plasma was heat-

inactivated to inhibit classical or alternative complement pathway 2%°.

COVID-19 model can be transferred to primary neutrophils

As discussed above, the neutrophil-like phenotype of HL-60 cells is comparable to primary human
neutrophils based on surface marker staining and cytokine release (compare chapter 6.1). Similarly,
stimulation of neutrophil-like HL-60 cells or primary human neutrophils with SARS-CoV-2-like immune
complex resulted in the secretion of several pro-inflammatory chemokines and cytokines (Figure 5-20).
Specific inflammatory activation by SARS-CoV-2-like immune complex was also shown for primary
neutrophils. Negative controls showed no phagocytosis and inflammatory activation (Figure 5-20).
Observed differences in phagocytic activity and cytokine profile of primary neutrophils and neutrophil-
like HL60 cells arise mainly due to enhanced phagocytic potency and short half-life of primary cells as
reported 199-206281.282 Thjs data justifies the suitability of the model system to depict severe COVID-19

and the usage of HL60 cells as an alternative to primary neutrophils on a functional level.

To summarize the results, high specificity and low background signal was demonstrated, making this
assay a powerful platform to study virus- and bacterial-induced inflammation. It is possible to coat every
pathogen-associated protein of interest onto the beads, studying relevant viruses like influenza or other
coronaviruses 283, Further studies using autoimmune targets, an important field of IVIg therapy, are
possible 6572,

The in vitro data from several donors show that immunoglobulin classes IgG and IgA are important for
antibody-dependent phagocytosis of SARS-CoV-2 virus-like particles. This is consistent with clinical data
showing antibody response from IgG and IgA type against SARS-CoV-2. Although again underestimated,

IgA seems to have an important role, especially in the early immune response 261-264,

6.5.2. Trimodulin induces strong immune modulation in the COVID-19 model

As discussed above, immunoglobulin preparations are a fast available and long used therapeutic option
in the treatment of inflammatory diseases . Optimal therapy of COVID-19 with immunoglobulin
preparations depends on the severity of the disease. COVID-19 can be divided into three stages with

increasing severity (see introduction 1.3.4) 122127 1In this work, the focus is on the treatment of severe
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COVID-19 patients (stage III) with an exhausted immune system and hyperinflammation. Targeting of
inflammatory host immune system is in this stage from greater importance than virus-induced damage °.
Neutrophils are poorly studied in conjunction with viral respiratory diseases °. But a detrimental role of
neutrophils in the context of hyperinflammation and COVID-19 is under discussion ®137:284285 Therefore
targeting inflammatory neutrophils of severe COVID-19 patients with immunoglobulin preparations
could be beneficial 32, The efficiency of trimodulin in severe infection diseases was shown in sCAP 2
and is now under clinical investigation for severe COVID-19 %,

To underpin the clinical studies of trimodulin, immunomodulatory effects in comparison to IVIg were
investigated in this work in the context of neutrophil inflammation and COVID-19 in vitro (chapter 5.5.3

and 5.5.4).

Modulation of cytokine release

The addition of therapeutically used concentrations of IVIg >22* or trimodulin similarly blocks the
binding and uptake of SARS-CoV-2-like immune complex by FcR, as seen by the subsequent reduction
of phagocytosis (Figure 5-18). However, the corresponding effector outcome (release of IL-1ra, IL-10,
MCP-1, MIP-1a and IL-8) shows a significantly stronger immune modulation by trimodulin, which was
shown to be in part FcaRI-dependent. The corresponding cytokine release was modulated as seen by
increased levels of anti-inflammatory and decreased levels of pro-inflammatory cytokines (Figure 5-18),
which were chosen based on characterization data (Figure 5-16) and COVID-19 literature 133-135,

The reduction of pro-inflammatory cytokines like IL-6, IL-8 and MCP-1 are commonly known aims of
severe COVID-19 therapy, as elevation of these cytokines correlate with disease severity 13+141.286,
Therefore, antagonists of inflammatory cytokines, such as IL-6 receptor inhibitor (tocilizumab) or anti-
IL-8 antibody (HuMax-IL-8) are in clinical testing for treatment of COVID-19 patients 287-2%°, Also, the
blockade of inflammatory IL-1 pathways with IL-1 receptor antagonists (anakinra) is a promising
therapeutic option #11622% The strong upregulation of IL-1ra by trimodulin treatment could lead to
similar effects. In contrast, the role of commonly known as anti-inflammatory IL-10 is under discussion.
COVID-19 patients show elevated IL-10 levels which are known to correlate with disease severity and
mortality 2842°1, Increasing evidence suggests IL-10 as a promotor of inflammation similar to IL-6 2927294,
The reduction of IL-10 levels due to trimodulin treatment could be, therefore, beneficial for severe
COVID-19 patients. Trimodulin showed immunomodulatory properties on the detection of COVID-19
relevant cytokines. The simultaneous modulation of several neutrophil-relevant cytokines could be an
advantage compared to targeting one cytokine response (like IL-6, IL-8 inhibitors or IL-1
antagonists) %162 Especially in systemic inflammatory diseases with cytokine storm, it could be

important to target several mediators simultaneously to get neutrophil exhaustion under control.
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Differences between primary cells and cell line
Immunomodulation was observed with the HL-60 cell model and primary human neutrophils treated

with trimodulin or IVIg. In contrast to the cell line, primary cells show comparable IL-8 modulation by
trimodulin and IVIg (Figure 5-20). This could be due to: (1) primary neutrophils express more IgG FcR,
especially FcyRIIL, in relation to IgA FcaRI (compare Figure 5-1). (2) The HL-60 cells are tumor cells
with a more inflammatory basal phenotype than neutrophils directly isolated from healthy donors 2%,
Increased expression and enhanced avidity between FcaRI and IgA are known as inside-out signaling for
an inflammatory environment 2*652-54  The more powerful immunomodulation elicited by trimodulin
is, therefore, especially relevant in an inflammatory environment (like in sepsis, SCAP or COVID-19)

when the additional IgA component can interact more strongly with its receptor FcaRI.

Strong ITAMi signaling induced by trimodulin

In the here established COVID-19 model trimodulin shows stronger immunomodulation compared to
IVIg (Figure 5-18). As underlying mechanism ITAMi signaling was investigated:

Trimodulin induces a more powerful ITAMi signaling than IVIg resulting in stronger immune
modulation. The activation of ITAMi signaling was demonstrated by measuring SHP-1 phosphorylation
at side specific tyrosine after incubating cells with COVID-19 plasma immune complex and different
concentrations of trimodulin or IVIg. Trimodulin showed in all concentrations stronger phosphorylation
of SHP-1 than IVIg (Figure 5-19). Furthermore, SHP-1 was inhibited before the addition of immune
complex and immunoglobulins. IL-8 release of SHP-1 inhibited cells (treated with immune complex and
trimodulin) was compared to not inhibited cells significantly higher, indicating strong
immunomodulation by ITAMi (Figure 5-19).

The stronger immunomodulatory effects of trimodulin lead to the hypothesis that neutralizing IgA
species in convalescent plasma induce inflammation. In turn, this can be counteracted by the additional
IgA component of trimodulin. The data from this work substantiate the theory of IgA as a promising
immune modulator in COVID-19 therapy #*#’. The stronger activation of inhibitory ITAMi signaling could
be due to simultaneous targeting of FcyR and FcaRl, as well as bivalent binding of IgA to FcaRI 7%,
Comments to first clinical trials of high dose IVIg treatment in COVID-19 patients mention these modes
of action 42> however, this work provides the first in vitro data confirming this hypothesis.

The lots of these products were manufactured from plasma collected before COVID-19 pandemic and
had no anti-SARS-CoV-2 neutralizing antibodies (*** and in house data). In future lots, SARS-CoV-2 titers
will rise. Therefore, a dual function, as seen for commonly known pathogens, like S.aureus, is expected
(discussed in chapter 6.4.3). Phagocytosis would be enhanced during low-dose trimodulin addition, but
in high doses, immunomodulation would still the central therapeutic effect.

As detailed discussed in the previous chapters (6.2.1, 6.3.3 and 6.4.3) the modulation of the immune

response by immunoglobulin preparations is a combination of several modes of action. Blocking of
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activating FcR, targeting of inhibitory FcR-signaling, modulation of FcR-expression or the interaction
with soluble inflammatory molecules (complement factors, cytokines) are ways how immunoglobulins
modulate the immune response %174, Table 6-4 gives an overview of the relevant modes of action and

the benefits of trimodulin for immunomodulation in the COVID-19 model.

Table 6-4: Immunomodulatory modes of action relevant in COVID-19 model. Each mode of action and the experimental
parameters to prove this are compared. The strength of trimodulin or IVIg mediated effects is depicted as followed: +++ strong

effects, ++ medium effects, + low effects, - no effects.

Immunomodulation in COVID-19 model (experimental setting):

Reduction of SARS-CoV-2-like particle phagocytosis with different doses trimodulin or IVIg. Cytokine release
(IL-8, IL-1ra, MCP-1, MIP1q, IL-10) and phagocytic activity as cellular readout.

Immunomodulatory effector outcome

Reduction of phagocytic activity and cytokine release.

Trimodulin IVig
Mode of action Experimental parameter
(IgG/A/M) (IgG)
(1) Direct neutralization Detection of remaining IL-8 in buffer Not tested Not tested

Inhibition of SHP-1 (change in IL-8)
(2) ITAMi signaling +++ +
Phosphorylation of SHP-1 at pY536

(3) ITIM signaling Blocking of FcyRIIB Not tested Not tested

. Expression of FcaRl,
(4) Phenotype modulation Not tested Not tested
FcyRI, FeyRIIA, FeyRIII

(5) Displacement of
Reduced phagocytosis +++ +++
immune complex

6.5.3. Further aspects in COVID-19 therapy

If the immunomodulatory treatment with trimodulin is beneficial for severe COVID-19 patients is under
evaluation in ESsCOVID-study #. A first case report using Pentaglobin®, another IgA- and IgM enriched
immunoglobulin preparation, showed decreased inflammatory markers (CRP and IL-6) ?°°, confirming
the here depicted hypothesis of IgA containing immunoglobulins as immune modulators. Monitoring of
IgA antibody response in COVID-19 patients is neglected in many studies. Although especially in the
early weeks after infection and in severe cases the IgA response seems to be important 261-264.267.297 By
screening patients with strong IgA mediated inflammatory response, trimodulin therapy could be

particularly promising.
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The phenomenon of antibody-dependent enhancement (ADE) of viral infection is known for multiple
viruses such as dengue, flavivirus and influenza virus ?°®. ADE is a possible mechanism of SARS-CoV-2
infection and exacerbation of COVID-19 symptoms 2°. Studies trying to investigate the role of ADE for
viral infection showed the central role of FcyRI and FcyRIIA for this process 27127239, The importance of
FcyRI and FcyRIIA for SARS-CoV-2 infection was shown in this work and by Hoepel and colleagues 3!
although the link to ADE is yet missing.

The treatment of severe COVID-19 patients (or other viral infections) with IVIg preparations could inhibit
ADE by blocking FcR availability 6:66:148.194.301 ' The data in this work strongly support the hypothesis of
FcR blocking and displacement of the viral immune complex; leading to inhibition of ADE. Besides IgG

also IgM or IgA antibodies can mediate ADE 2°%

. The here shown targeting of FcaRI by IgA coated virus-
like particles indicates superior effects of trimodulin over standard IVIg in treatment of a possibly
SARS-CoV-2 induced ADE.

Another threat for severe COVID-19 patients are co-infections, which were shown to worsen the clinical
outcome. Different studies highlighting that a relevant portion of COVID-19 patients suffers from
bacterial or viral co-infections 1°>157:229-231  Immunoglobulin preparations combine several modes of
action and could be, therefore, immunomodulatory and simultaneously fight co-infections %1%, The
dual function of trimodulin was shown in this work. On the one hand, trimodulin has anti-pathogenic
activity against common pathogens (in this work shown for S.aureus); on the other hand, trimodulin can
powerfully modulate the inflammatory cell response induced by SARS-CoV-2 like immune complex.

These results are hints that trimodulin could improve the clinical outcome of co-infected COVID-19

patients.

6.5.4. Concluding remarks COVID-19

It is important to say that the whole immune system is modified and exhausted in severe COVID-19
patients, adaptive and innate immunity are affected %2°2, The here developed neutrophil in vitro model
cannot depict this complexity. It is rather one instrument to understand processes in the fight against
COVID-19. Besides COVID-19, the inflammation model can be easily adapted to every pathogen or
immune cell of interest, making it a versatile platform for immunological investigations.

The here demonstrated immunomodulation related to IVIg and trimodulin treatment could be beneficial
for COVID-19 patients. The data indicate the benefits of trimodulin above standard IVIg treatment.
Advantages were shown to be due to the additional IgA component and ITAMi signaling. Particularly in
the focus of respiratory diseases, like COVID-19, IgA seems to be an important therapeutic molecule.
The observed immunomodulatory effects have yet to be tested in clinical studies to demonstrate the

efficacy of this product class.
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6.6. Comparative discussion

When comparing the results of this work recurring insights become obvious. One major finding is that
trimodulin and IVIg mediate anti-inflammatory effects in all tested settings by a combination of several

modes of action. The identified modes of action were summarized in Table 6-5.

Table 6-5: Overview of immunomodulatory modes of action demonstrated for trimodulin or IVIg in different model systems.
Each mode of action and the experimental parameters to prove them are listed. It is indicated for which model system each
mode of action was proven. The strength of trimodulin or IVIg mediated effects is depicted as followed: +++ strong effects, ++
medium effects, + low effects, - no effects, n.t not tested.

Immunomodulatory effector outcomes mediated by trimodulin
e Facilitation of immune homeostatic conditions on resting cells
e Modulation of LPS induced inflammation
¢ Reduced phagocytosis of S.aureusin high doses
e Modulation of COVID-19-like inflammation
Experimental Trimodulin IVig
Mode of action Shown in model system
parameter (IgG/A/M) (IgG)
Resting cells (5.2) X ++ +
(1) Direct Detection of IL-8 in Endotoxin (5.3) n.t
neutralization | buffer S.aureus phagocytosis (5.4) @ n.t
COVID-19 (5.5) n.t
Inhibition of SHP-1 | Resting cells (5.2) X +++ +
(2) ITAMi Endotoxin (5.3) n.t
signaling Phosphorylation of S.aureus phagocytosis (5.4) X ik +++
SHP-1 at pY536 COVID-19 (5.5) X 4+ +
Inhibition of SHIP-1 | Resting cells (5.2) X ++ ++
(3) ITIM Endotoxin (5.3) X +++ -
signaling Expression /Blocking | S.aureus phagocytosis (5.4) X e +
of FeyRIIB COVID-19 (5.5) n.t
Resting cells (5.2) X + +
Expression of FcaRlI, :
(4) Phenotype Endotoxin (5.3) X +++ -
FcyRI, FeyRIIA,
modulation S.aureus phagocytosis (5.4) | n.t
FeyRIII
COVID-19 (5.5) n.t
Resting cells (5.2) n.t
(5) Displacement -
Reduced Endotoxin (5.3) n.t
of immune
phagocytosis S.aureus phagocytosis (5.4) X ++ ++
complex
COVID-19 (5.5) X +++ +++
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Modes of action like the direct binding of cytokines or toxins by immunoglobulins have an influence on
the cellular environment of each in vitro setting. Also binding of immunoglobulins to cellular-FcR occur
in every experiment and influences the cellular effector outcome. For example by activation of ITAMi
signaling, induction of FcR internalization or upregulation of inhibitory FcyRIIB. Other modes of action
are more specific, like the displacement of immune complex from activating FcR. This mode of action
can only occur when immune complex are available.

Although the human immune system is a highly complex network with multiple players, this work shows
fundamental mechanisms, which seemed to be transferable between different pathogens. Implicating,
that these modes of action can be assumed as general mechanisms for immunomodulation by
immunoglobulin preparations.

Important to say is, that the measured effector outcome (e.g. cytokine release or phagocytosis) is an
offsetting effect of inflammatory- and immunomodulatory- stimuli to the cell 2. During the treatment
with immunoglobulin preparations, the balance can be shifted to one or the other side. The experiments
show that high dosages of trimodulin or IVIg were able to shift the balance to the side of
immunomodulation, facilitating immune homeostatic conditions. When extending the view apart from
immunomodulation, immunoglobulins can mediate further anti-pathogenic effects in a lower dosage.
These could be especially beneficial when co-infections occur. In sepsis, SCAP or COVID-19 co-infections
are a major problem affecting many patients 112116157,

Therefore, optimal treatment dosage and characterization of patients’ immune status is elementary.

The multiplicity of modes of action mediated by immunoglobulin preparations could have a benefit in
complex diseases, like severe infection diseases when the whole immune system is exhausted %1%’
Many pathways were triggered simultaneously thereby mediating stronger effects, in comparison to

target only one single pathway.
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7. Conclusion and outlook

This work aimed to unravel the immunomodulatory properties of the IgM- and IgA-enriched

immunoglobulin preparation trimodulin. Therefore, four central questions should be answered:

Can trimodulin induce immune modulation on neutrophils? Trimodulin shows multiple
immunomodulatory activities on neutrophils in several experimental settings. Among them is facilitating
the anti-inflammatory phenotype of resting neutrophils, shown by reduced cytokine release and
modulation of cell phenotype. The reduction of inflammation in bacterial context was demonstrated by
counteracting LPS induced effects and the reduction of S.aureus phagocytosis in high doses. Further
strong anti-inflammatory properties against SARS-CoV-2-virus-like inflammation in the context of
COVID-19 were presented.

In the context of severe infection diseases, the results of this work indicate the possible effects of
trimodulin in the therapy of patients with a hyperinflammatory immune system. Clinical phase II study
revealed the efficacy of trimodulin in severe bacterial-induced sCAP #, further studies in sCAP and
COVID-19 patients will demonstrate the relevance of these in vitro data. The monitoring of inflammatory
markers, as well as immunoglobulin status of the patients within these clinical studies, could help to
compare in vitro with in vivo data and improve immunoglobulin therapy. As the in vitro data indicate, it

could be important to access the immune status of the patient for optimal therapeutic dosage.

Which pathways induce immune modulation? This work shows that several modes of action are
important for the observed immunomodulation on neutrophil cells. For the first time, this work shed
light on the complex immunomodulatory mechanism of trimodulin. It was demonstrated that five modes
of action were targeted by trimodulin and work synergistically (compare Figure 7-1). Inflammatory
mediators (here inflammatory IL-8) were directly bound by trimodulin and cannot induce further
inflammation (1). Inhibitory ITAMi signaling was activated by monomeric immunoglobulins in
trimodulin (2). Targeting of inhibitory FcyRIIB and corresponding ITIM signaling counteracts
inflammatory FcR signaling (3). The cellular phenotype was modulated by the interaction of
immunoglobulins with their FcR. Trimodulin reduced the expression of activating FcR (FcaRI, FcyRIIA)
(4). Particularly high doses of trimodulin could displace, compete or block the binding of immune
complex to activating FcR, which leads to reduced phagocytosis and subsequent less inflammatory cell
activation. Presumably, multimeric species of trimodulin could mediate these effects (5).

These pathways were observed for several inflammatory stimuli followed by trimodulin-mediated
immunomodulation. Therefore, these pathways can be attributed as fundamental immunomodulatory
modes of action. The data show the central role of the immunoglobulin-FcR interaction and
corresponding signaling events for the immune response. This highlights the need to understand and

target immunomodulatory pathways in future therapy.
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Figure 7-1: Schematic overview of trimodulin modes of action resulting in immunomodulation. (1) Direct binding and possible
neutralization of cytokines by immunoglobulins. (2) Targeting of Fc-receptors (FcR) by monomeric IgA or I9G components of
trimodulin induces inhibitory immunoreceptor tyrosine-based activation motif (ITAMi) signaling, resulting in reduced pro-
inflammatory cytokine release. (3) Interaction with FcyRIIB and inhibitory immunoreceptor tyrosine-based inhibition motif
(ITIM) signaling inhibits inflammatory signaling pathways. (4) Trimodulin modulates FcR expression. (5) Presumably, multimeric
immunoglobulin species limit the access of immune complex to activating FcRs due to displacement, competition or blocking.
Reduced immune complex binding decreases the pro-inflammatory cytokine release. Immunoglobulins indicated in red

represent IgG, blue IgA and green IgM species of trimodulin. Gray represents immunoglobulins from 1gG or IgA species.

Has trimodulin superior immunomodulatory effects in comparison to standard IVIg? Superior
immunomodulation of trimodulin was demonstrated on resting neutrophils induced by stronger direct
binding of inflammatory IL-8 and more powerful activation of ITAMi signaling. In addition, LPS induced
inflammation was more efficiently counteracted by trimodulin in comparison to IVIg. Trimodulin shows
a better ability to modulate the cellular phenotype, as seen by targeting FcaRI, FcyRIIA and FcyRIIB
expression. Counteracting of immune complex-induced inflammation was shown in high doses for
S.aureus and COVID-19 model system. Although no differences in blocking immune complex uptake was
observed, the inflammatory cytokine release was stronger reduced by trimodulin.

Previous data from in vitro, as well as clinical studies, indicate superior effects of IgM- and IgA-enriched
immunoglobulins 1>67.747577.184185 = Although the data generated in this work unravel some detailed
mechanism for improved immunomodulation, further studies are required to understand the benefits of

these highly complex IgM- and IgA-enriched immunoglobulins in severe infection diseases.
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What is the functional relevance of IgA in immune modulation? The interactions of trimodulin with
FcaRI were demonstrated in several experiments, highlighting the important role of IgA in trimodulin
mediated immunomodulation. Based on experimental design, the role of IgM in trimodulin is of minor
importance for FcR mediated effector functions on neutrophils, therefore the beneficial
immunomodulatory effects can be attributed to the IgA component.

In this work, IgA was identified (besides IgM and IgG) as an active component in IgM- and IgA-enriched
immunoglobulins. Further, this seems to enhance immunomodulatory properties. Due to ongoing
research in the field, a growing number of inflammatory and anti-inflammatory functions of IgA in serum
were identified ?!. IgA functions in plasma products are similarly a beginning research field with many
remaining questions.

However, also synergistic effects between monomeric and multimeric IgG, IgA and IgM species or
differences in IgG subclasses could promote benefits in trimodulin-induced immunomodulation.
Currently, an adequate separation of functional IgM, IgA and IgG species (and therefore a direct proof
for the importance of each species) is not possible. Commercially available purified IgM, IgA and IgG
preparations are also not suited for comparison based on a different manufacturing process and
biochemical characteristics. Enlarged knowledge of the functions of each immunoglobulin component,
like multimeric IgA or IgM might be helpful for the development of new plasma products. For example,
personalized products for patients with low IgG, IgA or IgM levels or specific therapeutic indications.

Therefore, trimodulin has to be tested, concerning the single components, more comprehensively.

The polyclonal nature of trimodulin enables multiple effector functions, by immunomodulation on the
one hand and anti-pathogenic effects on the other hand. In comparison to broad immune inhibitors,

15 it seems beneficial to treat complex diseases with

dampening the complete immune system
polyfunctional immunoglobulin preparations. In the human immune system, every immunoglobulin
class has multiple receptors and important effector functions 8. A preparation like trimodulin can rely on
mechanisms and receptors of IgG, IgA and IgM class enabling to target more pathways than classical IgG

containing IVIg.

In summary, the given questions were answered successfully within the experiments of this PhD thesis.
The immunomodulatory properties of trimodulin were successfully shown. This work demonstrates that
multiple modes of action work synergistically to mediate the observed immunomodulation on
neutrophils. Finally, the work sheds light on the importance of serum IgA-induced immunomodulation

and the capabilities of IgA as an active ingredient in pharmaceutical plasma products like trimodulin.
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Outlook

62,6473 While several

IgM- and IgA-enriched immunoglobulins are a highly complex class of therapeutics
modes of action were attributed to the IgG and IgM components, the role of IgA was not clarified. The
results of this work indicate that the importance of serum IgA is underrated. Therefore, further research
on IgA is necessary to identify the entire functional spectrum of this immunoglobulin class.

In contrast, the crucial role of IgA in mucosal immunity is well known 7. Also in pulmonary diseases like
sCAP or COVID- 19 IgA seems to be an important player, but comprehensive studies are lacking 2387303,
In line with this, it would be interesting if IgA species from trimodulin can reach the lung and support
the defense against pathogens on the mucosa.

As mentioned throughout this thesis the immune system is a complex network with multiple interacting
cell types and proteins 2. In this work, solely neutrophils (and mainly a neutrophil-like cell line) were
used as immune effector cells with a limited number of inflammatory stimuli and effector readouts.
Therefore, several other immune cell lines or primary cells could be tested, for example, macrophages,
B-cells, T-cells, NK-cells or dendritic cells. Besides LPS further bacterial toxins (e.g. of gram™ bacteria,
like lipoteichoic acid) or viral stimuli could be tested. The anti-pathogenic properties of trimodulin could
be investigated with other pathogens commonly known to be involved in severe infection diseases (e.g.
Streptococcus pneumoniae). In addition, there are much more effector outcomes (and the modulation of
these effector outcomes) that can be studied, as ADCC, granula-, ROS- or NET-release.

Besides this research on inflammatory diseases, the efficiency of IgM- and IgA-enriched immunoglobulins
in autoimmune diseases could be a future research topic. In autoimmune diseases, modes of action like
neutralization of autoantibodies or interaction with FcRn could be analyzed.

The heterogeneity of natural immunoglobulins by post-translational modifications is also a research field
that enables therapeutic opportunities. Antibody glycosylation for example is a key player that influences
the immunoglobulin FcR interaction and corresponding effector functions *¢%83%  Altered antibody
glycosylation is known for many diseases including autoimmune and infection diseases 3°>3%, In further
research, it could be addressed if immunoglobulin preparations can help to circumvent problems arising
with aberrant antibody glycosylation profiles.

The identification of modes of action for the human immunoglobulins and immunoglobulin preparations
is an ongoing research topic during the last decades and a lot of knowledge was generated during this
time 36569 This fact demonstrates the complexity and diversity of this product class. Further, the
complexity of the immunoglobulin interaction partners and the human immune system increase the
possibilities in this research field.

To sum up this chapter, there are many interesting research questions, which can be addressed by further
in vitro and in vivo studies. There is still a lot to do to understand the multifaceted functions and the
interplay between all immunoglobulin components and the immune system. Finally, this knowledge will

help to treat patients with multiple diseases.
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8. Appendix
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Figure 8-1: Cell number, IL-8 release and cell viability during the HL-60 cell differentiation process. (A) Cell number and IL-8
release. HL-60 cells were cultivated for indicated days with 1.3 % (v/v) dimethylsulfoxide (DMSO) at 37 °C. Cell number was
determined by Neubauer-improved chamber, IL-8 release in cell culture supernatant was determined by ELISA kit. (B) Cell
viability of HL-60 cells. Same as in (A), cells were incubated after cultivation with 0.2 % trypane blue, dead cells were counted.

Viability with zombie-aqua was determined via flow-cytometry staining as described.

= 2504

= . =3 ur
(5]

S 200+ 3 buffer
Qo

g " o @ LPS
5 1504 ns ns

el ns

2

= 100

]

N

s i

g 0

o

= 0 T T T

SYK pY348 SYK pY352 SYK pY525/26

Figure 8-2: LPS treatment induces ITAM signaling by phosphorylation of SYK at tyrosine 348 (pY536), 352 (pY352) and 525/526
(pY525/26). Cells were treated for 30 min with 500 ng/mL LPS. Cells were fixed, permeabilized and stained with indicated anti-
phospho-SYK antibodies. The fluorescence signal was measured by flow cytometry and normalized to buffer treated cells. Values

represent mean of 6 independent experiments. Statistics: Two-way ANOVA,; Tukey's multiple comparisons test.
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Figure 8-3: S.aureusimmune complex treatment induce ITAM signaling by phosphorylation of SYK at (A) tyrosine 348 (pY536),
(B) tyrosine 352 (pY352) and (C) tyrosine 525/526 (pY525/26). Cells were treated for 30 min with S.aureus without (w/o0)

opsonin, S.aureuslVIg, -trimodulin, or IgA-IC. *Purified monomeric IgA from human serum (Sigma-Aldrich). Cells were fixed,
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permeabilized and stained with indicated anti-phospho-SYK antibodies. The fluorescence signal was measured by flow
cytometry and normalized to buffer treated cells. Data show the mean of 6 independent experiments. Statistics: One way
ANOVA; Dunnett's multiple comparisons test.
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Figure 8-4: SARS-CoV-2-like immune complex treatment induces ITAM signaling by phosphorylation of SYK at (A) tyrosine 348
(pY536), (B) tyrosine 352 (pY352) and (C) tyrosine 525/526 (pY525/26). Cells were treated for 30 min with buffer, SARS-CoV-2-
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fluorescence signal was measured by flow cytometry and normalized to buffer treated cells. Data show the mean of 6
independent experiments. Statistics: One way ANOVA; Dunnett's multiple comparisons test.
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Figure 8-5: ACE-Il expression on neutrophil-like HL-60 cells and primary neutrophils. (A) Exemplary data showing histograms of
ACE-II receptor staining for indicated cell types. HL-60 cells were differentiated by adding 1.3 % (v/v) dimethylsulfoxide (DMSO)
into cell culture medium for 4 days, primary neutrophils were isolated from human blood donations. Cells were washed, stained
with ACE-II detection antibodies and analyzed by flow cytometry. (B) Mean values of ACE-II receptor-positive cells. Data show

the mean of 3 independent experiments.
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List of abbreviations

Abbreviation Advertised

°C Degree celsius

ug Micro gram

ABC Antibody binding capacity

ADAM17 A disintegrin and metalloprotease 17
ADCC Antibody-dependent cell-mediated cytotoxicity
ADCP Antibody-dependent cellular phagocytosis
ADE Antibody-dependent enhancement
AF Alexa fluor™

AmCyan Anemonia majano Cyan

ANOVA Analysis of variance

APC Allophycocyanin

ARDS Acute respiratory distress syndrome
ATCC American Type Culture Collection
BCR B-cell receptor

BSA Bovine serum albumin

BV Brilliant Violet™

CAP Community-acquired pneumonia
CDC Complement-dependent cytotoxicity
COVID-19 Coronavirus disease 2019

DMSO Dimethyl sulfoxide

D-PBS Dulbecco’s PBS

E. coli Escherichia coli

e.g. Exempli Gratia

ELISA Enzyme-linked Immunosorbent Assay
et al. et alii/aliae (and others)

Fab Fragment antigen-binding

FACS Fluorescence-activated cell sorter
FBS Fetal bovine serum

Fc Fragment crystallizable

FcuR Fcu receptor

FcR Fc-receptor

FeyR Fcy-receptor

FcyRIIB Fcy-receptor II B
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Abbreviation
FcaRI
FcyRIIA
FeyRIII
FITC
FSC

g

h

hi

IC

ICU

Ig

IgA
IgG
IgM

IL
IL-1ra
ITAM
ITAMi
ITIM
ITP

1Y

Vg
kDa

LPS

LTA

MERS

MFI

min

mL

MoAModes of action
MS

NET

NK cell

Advertised

Fca-receptor I

Fcy-receptor II A

Fcy-receptor II1

Fluorescein isothiocyanate

Forward scatter

gram

Hour

Heat-inactivated

Immune complex

Intensive care unit
Immunoglobulin

Immunoglobulin A
Immunoglobulin G
Immunoglobulin M

Interleukin

Interleukin-1 receptor antagonist
Immunoreceptor tyrosine-based activation motif
Inhibitory immunoreceptor tyrosine-based activation motif
Immunoreceptor tyrosine-based inhibition motif
Immune thrombocytopenia purpura
Intravenous

Intravenous immunoglobulin

Kilo Dalton

liter

Lipopolysaccharide

Lipoteichoic acid

Middle East respiratory syndrome
Median fluorescence intensity
Minute

Milli-liter

Mode of ActionModes of action
multiple sclerosis

Neutrophil extracellular traps

Natural killer cell
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Abbreviation
OD
PAMP
PBS

PE
PerCP
plgR
PMN
PRR

RA

ROS

RT

S. aureus
SARS
SARS-CoV-2
sCAP
SEM
SIgA
SLE

SSC

TLR

TNF

w/0

Xg

Advertised

Optical density

Pathogen-associated molecular patterns
Phosphate-buffered saline
Phycoerythrin
Peridinin-chlorophyll-protein complex
Polymeric Ig receptor
Polymorphonuclear

Pattern recognition receptor
Rheumatoid arthritis

Reactive oxygen species

Room temperature

Staphylococcus aureus

Severe acute respiratory syndrome
Severe acute respiratory syndrome coronavirus 2
Severe community-acquired pneumonia
Standard error of the mean

Secretory IgA

Systemic lupus erythematosus
Sideward scatter

Toll-like receptor

Tumor necrosis factor

Without

x-times gravity
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