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Zusammenfassung

Die Mikrobiota umfasst alle lebenden Mikroorganismen, die die auBeren und
inneren Oberflachen des menschlichen Kérpers, wie die Mundhohle und den
Darmtrakt, besiedeln, wobei die meisten zum Reich der Bakterien gehdren.
Die Darmmikrobiota spielt nicht nur eine wichtige Rolle bei verschiedenen
Aspekten der menschlichen Gesundheit wie der Bereitstellung von
Stoffwechselprodukten durch den Abbau unverdaulicher Fasern, der
Verhinderung des Wachstums von Krankheitserregern und der
Unterstltzung der Entwicklung des Immunsystems, sondern wird auch mit
entzindlichen Erkrankungen wie Spondylitis ankylosans, aber auch mit
Virusinfektionen der Atemwege wie COVID-19 in Verbindung gebracht.
Einer der Mechanismen, der die Zusammensetzung der Darmmikrobiota
steuert, wird durch Immunglobulin A (IgA)-Antikérper vermittelt, die von
Plasmazellen (PC) produziert werden, die sich in der Lamina propria (LP)
des Darms befinden. Obwohl bekannt ist, dass die PCs eine heterogene
Population innerhalb der LP bilden, die unterscheidbar ist auf Grund der
Expression von Ly6C, ist die Beziehung zwischen den verschiedenen
Untergruppen bisher ungeklart. Um zu verstehen, ob die Expression von
Ly6C entwicklungsbedingte Unterschiede widerspiegelt, wurde das
Transkriptom von Ly6C* und Ly6C- IgA* Zellen mittels Bulk-RNA-
Sequenzierung bestimmt, die eine erhdhte Expression von Sca-1 in Ly6C*
IgA* Zellen ergab, was zusatzlich durch eine Durchflusszytometrie-Analyse
bestatigt werden konnte. Zusammen mit der verminderten Expression
zellzyklusbezogener Gene und der Fahigkeit von Ly6C" PCs, Ly6C und Sca-
1 Expression zu erwerben, zeigen diese Ergebnisse, dass Sca-1*Ly6C*-PCs
eine differenziertere Untergruppe von IgA-sezernierenden PCs darstellen.
AuBerdem wurde der Ursprung der SARS-CoV-2-spezifischen Antikdrper bei
nicht exponierten Personen bestimmt. Wahrend angenommen wird, dass
kreuzreaktive Antikdérper von gesunden Personen von Erkaltungs-
Coronaviren stammen, identifizierten wir Streptococcus salivarius, ein

Mitglied der intestinalen und oralen Mikrobiota, als Quelle fiir kreuzreaktive



IgA-Antikdrper an Schleimhautoberflachen. Neutralisierende Anti-RBD-IgG-
Antikorper, die aus Seren von hospitalisierten COVID-19-Patienten isoliert
wurden, binden an S. salivarius, und die orale und fakale Mikrobiota von
schweren COVID-19-Fallen war im Vergleich zu gesunden Personen
verandert, gekennzeichnet durch eine Abnahme von Streptococcus-
Spezies, wie durch 16S rRNA Gen-Sequenzierung nachgewiesen wurde.
Diese Ergebnisse zeigen die Beteiligung kommensaler Mikroben an der
Induktion kreuzreaktiver SARS-CoV-2 RBD-spezifischer Antikdrper an
Schleimhautoberflachen.

SchlieBlich beobachteten wir mittels Mikrobiota-Durchflusszytometrie, dass
die fakale Mikrobiota von AS-Patienten einen verringerten Anteil
lebensfahiger Bakterien aufwies, und die Analyse des Kompartiments
lebender und toter Bakterien zusatzlich zur fakalen Gesamtprobe ergab
neue, krankheitsassoziierte Bakterientaxa, was die Notwendigkeit einer
differenzierten Untersuchung der fakalen Mikrobiota unterstreicht.
Insgesamt vertiefen die in dieser Arbeit gewonnenen Daten das Verstandnis
der wechselseitigen Beziehung zwischen der Mikrobiota und dem
Immunsystem bei Virusinfektionen der Atemwege und chronischen

autoinflammatorischen Zustanden.



Summary

The microbiota comprises all living microorganisms colonizing the external
and internal surfaces of the human body, such as the oral cavity and the
intestinal tract, with the majority belonging to the kingdom of bacteria.
Besides playing a vital role in various aspects affecting human health like
providing metabolites by breaking down indigestible fibers, preventing the
outgrowth of pathogens and supporting the development of the immune
system, the intestinal microbiota is associated with inflammatory diseases
like Ankylosing Spondylitis (AS) but also respiratory viral infections like
COVID-19.

One of the mechanisms controlling the intestinal microbiota composition is
mediated by immunoglobulin A (IgA) antibodies, produced by plasma cells
(PCs) residing in the intestinal lamina propria (LP). Even though it is known
that PCs build a heterogeneous population within the LP based on the
expression of Ly6C, the relationship between the different subsets remains
to be clarified. In order to understand if the expression of Ly6C reflects
developmental differences, the transcriptome of Ly6C* and Ly6C- IgAt cells
was determined by bulk RNA sequencing, which revealed an increased
expression of Sca-1 in Ly6C* IgA* cells, that could be additionally confirmed
by flow cytometry analysis. Together with the decreased expression of cell
cycle related genes and the ability of Ly6C- PCs to acquire Ly6C and Sca-1
expression, these results show, that Sca-1tLy6C* PCs represent a
differentiated subset of IgA secreting PCs.

Further, the origin of SARS-CoV-2 specific antibodies in unexposed
individuals was determined. While it is suggested, that cross-reactive
antibodies from healthy individuals are derived from common cold
coronaviruses, we identified Streptococcus salivarius a member of the
intestinal and oral microbiota as a source for cross-reactive IgA antibodies
at mucosal surfaces. Neutralizing anti-RBD IgG antibodies isolated from
hospitalized COVID-19 patients sera bind to S. salivarius and the oral and

fecal microbiota of severe COVID-19 cases was altered compared to healthy



individuals, characterized by a decrease in Streptococcus species as
revealed by 16S rRNA gene sequencing. These findings show the
involvement of commensal microbes in inducing cross-reactive SARS-CoV-
2 RBD specific antibodies at mucosal surfaces.

Finally, we observed by microbiota flow cytometry that the fecal microbiota
of AS patients displayed decreased frequencies of viable bacteria and the
analysis of the live and dead bacteria compartment in addition to the bulk
fecal sample revealed novel, disease-associated bacterial taxa, highlighting
the need for a differentiated examination of the fecal microbiota.
Altogether, the data obtained in this work deepen the understanding of the
mutualistic relationship between the microbiota and the immune system in

respiratory viral infection and chronic auto-inflammatory conditions.
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Introduction

1 Introduction

The external and internal surfaces of the human organism are colonized by
a variety of microorganisms, involved in maintaining crucial aspects of the
body homeostasis. However, the majority of diseases are considered to be
associated with alterations of the microbiota, among them autoimmune
disorders with implications on the gastrointestinal tract, the central nervous
system and the peripheral joints. Besides influencing aberrant immune
responses, commensal microbes may affect protection against viral
infections. Thus, it is essential to understand the interplay between the
mucosal immune system and the complex microbial community to improve

various aspects of human health.

1.1 The intestinal microbiome

The human body is densely populated by a plethora of microorganisms
consisting of eukaryotes, bacteria, fungi, archaea and viruses. This
microbial community, its characteristic properties and interactions with the
environment can be defined as microbiome, and the human microbiome is
specified as “the collection of all the microorganisms living in association
with the human body” (Berg et al., 2020; Human Microbiome Project,
2007). The term “microbiota” refers to all living members of the microbiome
thereby excluding phages, viruses and plasmids (Berg et al., 2020). In this
work, “microbiome”, “microbiota” and microbial cells refer to bacteria and
bacterial cells as they by far outnumber archaea and eukaryotic cells and
were the center of this investigation.

Microorganisms colonize internal and external surfaces of the human body
including the skin, the oral cavity, the lung and the urogenital and intestinal
tract (Dethlefsen et al., 2007). A recent estimation -based on an average
male human- concluded that the number of bacteria (~3.8x1013 cells)
residing in and on the body is fairly equal to the number of human cells

(~3.0x1013 cells) and the majority of these bacterial cells can be found in
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the large intestine (Sender et al., 2016). Although the intestinal microbiota
is extremely diverse and consists of more than 1000 bacterial species highly
varying between individuals, it is mainly composed of bacteria belonging to
five main phyla Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria
and Verrucomicrobia (Dethlefsen et al., 2007; Human Microbiome Project,
2012).

Initially, the identification of the microbes colonizing the human organism
was based on the comparison of newly isolated strains with published, well
described strains on the basis of morphology and phenotype. This approach
was limited to culturable bacteria and failed to identify previously unknown
bacterial species, before the highly conserved 16S rRNA gene was used as
a reliable identifier for bacterial organisms and their taxonomic
relationships. Nowadays 16S rRNA gene sequencing is the standard method
to determine bacterial taxa in the entire gastrointestinal (GI) tract
(Clarridge, 2004; Kroes et al., 1999; Savage, 1977; Schaedler et al., 1965)
The small intestine (SI) is the part of the digestive tract following the
stomach and ending in the ileocecal valve, which marks the passage into
the large intestine (LI) (Mowat and Agace, 2014). The SI comprises the
duodenum, jejunum and ileum and its main physiological function is the
absorption of nutrients derived from the digestion of dietary components
like proteins, lipids and carbohydrates. In order to maximize the absorption
capacity, the SI surface harbors villi that are finger-like projections
elongating into the lumen to increase the absorptive surface (Mowat, 2003).
Associated with the fast transit time of the upper SI tract, the low pH and
the presence of pancreatic enzymes and bile, it is sparsely populated by
microbes (Hillman et al., 2017; Kastl et al., 2020; Kurdi et al., 2006). In
direction towards the colon the density of bacteria is gradually increasing
from 103> colony forming units (CFU) per ml in the duodenum to 107-8
CFU/ml in the ileum (Kastl et al., 2020; Sender et al., 2016).

Due to technical challenges it is difficult to reliably determine the microbiota
composition of the human SI compartments. In general, the phylum

Proteobacteria is more abundant in the SI compared to colon or stool
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bacteria, whereas bacteria belonging to the phylum Firmicutes form a major
fraction at both sites (Leite et al., 2020). One of the factors affecting the
microbial constitution in the intestine is the concentration of oxygen (0>).
Even though intestinal O> concentrations are difficult to determine, it is
believed that the duodenum and jejunum harbor low concentrations of
oxygen, whereas the ileum and the large intestine are considered to be
mostly anaerobe (Friedman et al., 2018; He et al., 1999). A radial oxygen
gradient is additional present as O> diffusing across the intestinal epithelium
is utilized by aerotolerant mucosa-associated bacteria, resulting in an
anaerobic lumen, characterized by different bacterial species (Albenberg et
al., 2014).

The LI is divided into caecum, ascending colon, transverse colon,
descending colon, rectum and anus. Its physiological functions are the
reabsorption of water and minerals and the disposal of undigested food
particles (Mowat and Agace, 2014). Conversely to the upper small intestinal
tract, the transit of the luminal content is slower and the digestive activity
smaller, thereby providing optimal growth conditions for bacteria (Muller et
al., 2018). This is why the vast majority of the microbes residing in and on
the human host are located in the LI (Sender et al., 2016).

Fecal samples are used as a surrogate for colonic content. Even though they
cannot reflect the bacterial flora at every single niche in the colon such as
the mucosa, the fecal microflora accurately resembles the aggregate
bacterial flora of the LI (Hillman et al., 2017; Hold et al., 2002). A variety
of factors influence the colonic microbiota composition like genetic
variability, age, diet and diseases (David et al., 2014; Durack and Lynch,
2019; Falony et al., 2016; Leeming et al., 2019; Wang et al., 2016).
However, the human fecal microbiota consists mainly of the five phyla
Firmicutes and Bactroidetes followed by Actinobacteria, Proteobacteria and

Verrucomicrobia (Dethlefsen et al., 2007).
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1.2 Microbiota derived fermentation products ensure host

homeostasis

The microbiota and human host have a mutualistic relationship. The host
provides the commensal microbiota with a habitat and nutrients and in turn
benefits from bacterial fermentation products and metabolites.

In order to absorb nutrients, dietary components need to be processed by
digestive enzymes. This chemical digestion begins in the oral cavity with
amylases in the saliva and is continued in the stomach containing the gastric
acid. After the chyme enters the duodenum, it encounters digestive
enzymes produced by the pancreas (lipase, protease and amylase) and bile
secreted from the gallbladder (Patricia and Dhamoon, 2022). Thus, lipids,
proteins and distinct carbohydrates are broken down to some extent,
whereas dietary fibers like resistant starches and pectin are not degraded
by endogenous enzymes but are fermented by bacteria in the colon. The
fermentation products of non-digestible fibers are short chain fatty acids
(SCFAs) with butyrate, propionate and acetate considered to be the most
relevant (Wong et al., 2006). They beneficially affect various aspects of the
human metabolism e.g. intestinal gluconeogenesis, lipogenesis, the
cholesterol metabolism and additionally functioning as energy source for
colonocytes, thereby ensuring hypoxia at the epithelial surface (De Vadder
et al., 2014; Valdes et al., 2018; Wong et al., 2006). Several microbes are
equipped with genes enabling them to produce SCFAs and their absence
due to low-fiber consumption is associated with cardiovascular diseases,
obesity and type 2 diabetes (Lu et al., 2016; Tang et al., 2013; Valdes et
al., 2018; Zhao et al., 2018). Obligate anaerobe bacteria belonging to the
classes Clostridia and Bacteroidia express a variety of enzymes for breaking
down complex carbohydrates, resulting in SCFAs production. Consequently,
their presence in the colonic microbiota community is regarded as favorable
over facultative anaerobes belonging to the phylum Proteobacteria, which

are less potent in carbohydrate consumption (Litvak et al., 2018).
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SCFAs directly influence the mucosal immune system. For example butyrate
induces the differentiation of colonic regulatory T cells (Treg) and promotes
epithelial barrier integrity (Arpaia et al., 2013; Furusawa et al., 2013;
Zheng et al., 2017).

Besides complex carbohydrates, the intestinal microbiota metabolizes food
derived amino acids like tryptophan and L-carnitine into indoles and
trimethylamine (TMA) respectively, which occurs predominantly in the SI
(McCarville et al., 2020). The aryl hydrocarbon receptor (AhR) binds the
indole ligands, leading to its activation which increases epithelial barrier
integrity and IL-22 production by T cells and innate lymphoid cells (ILCs).
In inflammatory bowel disease (IBD) patients as well as in experimental
colitis models that reconstruct IBD symptoms, a decreased expression of
AhR in intestinal tissues was observed (Goettel et al., 2016; Monteleone et
al., 2011). The microbiota influences additionally the presence of the amino
acids derived neurotransmitters serotonin, catecholamines and gamma-
amino butyric acid (GABA) as demonstrated in germ-free mice (McCarville
et al., 2020).

Although it is evident that the intestinal microorganisms have a plethora of
beneficial effects in terms of digestive support, they have to be prevented
from intruding the host organism and their composition has to be tightly
controlled in order to impede the outgrowth of virulent pathogens. In this
context, immune cells play a key role in homeostasis and the surveillance

of barrier tissues.

1.3 The mucosal immune system of the intestine

The intestine represents the largest surface of the body that is in constant
contact with microorganisms and thereby potential pathogens and is
protected from infections by the mucosal immune system. However, when
dysregulated, immune cells have been shown to be involved in the
pathogenesis of chronic inflammatory conditions as observed in IBD
(Zenewicz et al., 2009).
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The intestinal mucosa consists of an epithelial cell (EC) layer, underlying
connective tissue called lamina propria and the muscularis mucosa
representing the muscle layer of the gastrointestinal tract. Goblet cells in
the EC produce mucin glycoproteins that form a mucus layer covering the
epithelium. This so called glycocalyx provides a first line of defense as a
physical barrier preventing most of the microbiota from direct contact with
the EC as well as acting as a scaffold for immunoglobulin A (IgA) antibodies
and antimicrobial peptides (AMPs), by that controlling microbial invasion.
While in the colon the glycocalyx comprises an inner and outer layer, the SI
mucus only builds one layer, due to lower abundance of goblet cells and the
instant detachment of the mucin glycoproteins from the epithelial cells by
the meprin-B protease (Johansson and Hansson, 2016; Mowat and Agace,
2014). Paneth cells are solely present in the SI and produce AMPs like
regenerating islet-derived protein IIla (REGIIIa), REGIIIy and a- and -
defensins that shape the microbiota composition (Salzman et al., 2007).
The lamina propria (LP) is localized underneath the ECs, separated by a
basal membrane from the epithelium. Blood and lymph vessels and
consequently immune cells belonging to the innate and adaptive immune
system reside in the lamina propria. The gut associated lymphatic tissue
(GALT) consisting of Peyer’s Patches (PPs), colonic patches and isolated
lymphoid follicles (ILFs), as well as mesenteric lymph nodes (mLNs) are the
sites for priming adaptive immune responses in the intestine (Mowat, 2003;
Suzuki et al., 2010).

PPs are located in the submucosa of the SI and contain B cell follicles with
germinal centers (GCs), surrounded by a T cell area. In contrast to systemic
lymph nodes, PPs lack afferent lymphatics and do not obtain antigens via
the blood but directly from the lumen of the SI, which is enabled by their
specific anatomical properties. The epithelial layer covering the lymphoid
structures of the PP is termed follicle-associated epithelium (FAE) and
comprises microfold cells (M cells) as the major cell type. These specialized
epithelial cells lack microvilli and a glycocalyx and are therefore in direct

contact with intestinal antigens, which they transport into the subepithelial
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dome (SED). There, dendritic cells, macrophages, T cells and B cells induce
immune responses resulting in effector cells residing in the LP (Suzuki et
al., 2010).

The organized lymphoid tissues similar to PPs in the LI are called colonic
patches. Both structures develop prenatally but exogenous antigen stimuli
from the microbiota induce their final differentiation as e.g. PPs in germ-
free rodents are smaller and lack GCs (Pollard and Sharon, 1970; Reboldi
and Cyster, 2016; Yamanaka et al., 2003).

ILFs are located in the mucosa throughout the SI and LI and consist of B
cell follicles, dendritic cells and innate lymphoid cells but lack a distinct T
cell zone. ILFs develop after birth and their maturation in the SI is driven
by dietary components affecting the regulatory AhR pathway and the
microbiota (Buettner and Lochner, 2016; Kiss et al., 2011; Pabst et al.,
2006).

The immune reactions occurring in the GALT result in IgA-secreting plasma
cells (PCs) localized in the LP. Their main inductive sites are the Peyer’s and

colonic patches.

1.4 Intestinal Plasma cell development

Naive B cells enter the PPs through high endothelial venules (HEVs),
orchestrated by L- selectin, CCR7, CXCR4 and a4B7 integrin (Okada et al.,
2002; Reboldi and Cyster, 2016). Expression of CXCR5 on naive B cells
allows CXCL13 mediated migration to the follicles (Cyster and Allen, 2019;
Okada et al., 2002). Once the B lymphocytes encounter their antigen and
receive additional engagement of CD40, CCR6 expression is induced, which
enables B cells to migrate to CCL20 secreted by DCs in the SED. There,
transforming growth factor B (TGF-B) instructs subsequent IgA class-
switching of activated B cells, which return to the follicle and enter the GC
(Reboldi et al., 2016).

The GCs are the sites of affinity maturation where B cell proliferation,

somatic hypermutation (SHM) and class switch recombination (CSR) occur.
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Follicular dendritic cells (FDCs) in the GC, specialized in presenting antigen,
can constantly engage with the B cell receptor (BCR) and select for high-
affinity B cell receptors, thereby providing signhals for CSR (Suzuki et al.,
2010). Both processes, SHM and CSR, are dependent on the enzyme
activation-induced cytidine deaminase (AID) expressed by B cells
(Muramatsu et al., 2000). In order for AID to enable CSR from IgM and IgD
to IgA, germline transcription of the constant region a (Cs) gene is
necessary. TGF-B produced by GC cells like FDCs, T follicular helper cells
(Trn) and B cells is responsible for this induction of transcription (Cazac and
Roes, 2000; Cerutti, 2008; Lebman et al., 1990).

Other factors augmenting IgA CSR and IgA production are nitric oxide (NO),
a proliferation inducing ligand (APRIL) and B cell-activating factor (BAFF)
(Cerutti, 2008; Reboldi and Cyster, 2016).

BAFF and APRIL induce IgA class-switching by directly inducing Ca germline
transcription and AID expression through binding to the transmembrane
activator and calcium-modulating cyclophilin-ligand interactor (TACI)
receptor on B cells even in the absence of T cells, whereas NO induces
upregulation of the TGFB receptor on B cells (Castigli et al., 2005; Cerutti,
2008; Tezuka et al., 2007). Mirroring their role in class switching processes,
TACI- and T cell-deficient mice harbor severely decreased numbers of IgA*
PC in the SI (Grasset et al., 2020).

Furthermore, IL-21 produced by Trx also plays a critical role in promoting
IgA CSR as it induces the expression of the AID encoding gene Aicda and
specifically in combination with TGF-3 enhances IgA CSR (Cao et al., 2015;
Lycke and Bemark, 2017).

The activated B cell leaves the GC and B cell follicle by downregulating CCR7
and upregulating CXCR4. Increasing expression of Sphingosine-1-
phosphate receptor 1 (SiPR1) allows activated B cells to egress from the
Peyer’'s Patch (Gohda et al., 2008). Through efferent lymphatics they
migrate to the mesenteric lymph nodes, enter the blood stream via the
thoracic duct and ultimately reenter the SI LP where they reside producing
IgA. Homing to the intestinal LP is facilitated by expression of CCR10, CCR9
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and integrin asf37, the latter being induced by retinoic acid and TGFpB in the
Peyer's Patches (Mora et al., 2006). The ligands for CCR9 and CCR10,
namely CCL25 and CCL28, are produced by SI EC and mainly LI EC
respectively (Kunkel et al., 2000; Pan et al., 2000). Within the LP, activated
B cells fully differentiate into IgA-secreting plasma cells, which is generally
marked by downregulation of the transcription factors paired box protein 5
(Pax5) and B-cell lymphoma 6 (Bcl-6), and the interferon-regulatory factor
4 (IRF4)-induced expression of B lymphocyte-induced maturation protein-
1 (BLIMP-1) that determines PC development (Nutt et al., 2007; Turner et
al., 1994).

Additionally, the transcription factor X-box binding protein 1 (XBP1) is
required for PC differentiation and ensures the capacity of the PCs to secrete
antibodies, by expanding the endoplasmic reticulum (ER) (Reimold et al.,
2001; Shaffer et al., 2004).

Besides the described T cell dependent induction of IgA CSR, T cell
independent mechanisms exist. In the absence of T cell-derived CD40
signaling in CD40 KO mice the levels of intestinal IgA are not decreased and
mice lacking T cells still harbor IgA* PCs (Bergqvist et al., 2006; Macpherson
et al., 2000).

Inside the PPs BCR engagement in combination with innate signaling
pathways like Toll-like receptors (TLRs) induce IgA CSR in the presence of
BAFF, APRIL and TGF-B without involvement of T cells (Pabst, 2012). Apart
from PPs, T cell-independent IgA CSR occurs in ILFs. The presence of IgA
CSR directly in the LP has also been suggested (Fagarasan et al., 2001).

1.5 Heterogeneity of plasma cell populations in the LP

Intestinal plasma cells are mainly characterized by their ability to produce
large amounts of IgA antibodies, which are transported across the EC layer
and contribute to the regulation of the microbiota composition. Moreover,
they built a heterogeneous population diverse in cytokine production,

ontogeny and capacity to protect against infection.
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A subset of IgA-secreting PC in the murine SI LP produces inducible nitric
oxide synthase (iNOS) and tumor necrosis factor (TNF), which positively
correlates with serum IgA concentrations. These PCs can additionally
display lymphocyte antigen 6C (Ly6C), Ly6G or CD11c on their surface.
Interestingly, the expression of iINOS is microbiota-dependent and the
Mammalian Target of Rapamycin (mTOR) promotes the expression of Ly6C
(Benhamron et al., 2015; Fritz et al., 2011; Wrammert et al., 2002).
Further, CD11b can be found on PCs in the intestine if microbiota-derived
and MyD88-directed sighals are present. IL-10 is crucial for maintaining
these CD11b* IgA* PCs in the LP, where they show a greater proliferation
capacity compared to IgA-secreting PCs lacking CD11b (Kunisawa et al.,
2013). In the absence of T cell-signaling no CD11b*, Ly6C* or Ly6G* PC
can develop, although their development takes place independently of PPs
or ILFs (Winsauer et al., 2015).

Recently another PC subset was identified, expressing aE(CD103)B7
(Guzman et al., 2021). Based on the upregulation of Blimp-1 and
downregulating of Pax5, Aicda and especially Mki67, they represent
terminally differentiated PCs. The amount of IgA transported into the lumen
of the SI depends on these CD103-positive PCs, as they directly interact
with E-cadherin on polymeric Ig receptor (pIgR) expressing ECs and aE-
deficient mice harbored less IgA in their intestinal lumen (Guzman et al.,
2021).

1.6 IgA: the major mucosal immunoglobulin

IgA is the main antibody produced at mucosal surfaces (Brandtzaeg, 2009;
Chodirker and Tomasi, 1963). Besides the monomeric isoform present in
the serum, IgA antibodies can build polymeric structures with 2 monomers
that are linked at their fragment crystallizable (Fc) region by the joining (J)
chain, produced by the IgA-secreting PC (Brandtzaeg, 1974b; Woof and
Russell, 2011). The J chain in combination with the Fc region builds the

binding site of the pIgR expressed on the basolateral membrane of intestinal
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ECs, thereby enabling the transcytosis of dimeric IgA across the EC layer
into the intestinal lumen (Brandtzaeg, 1974a; Johansen et al., 2001; Pabst
and Slack, 2020). The extracellular domain of the pIgR is cleaved via
proteolysis on the luminal surface, resulting in so-called secretory IgA
(SIgA), dimeric IgA covalently bound to the cleaved portion of the pIgR, the
secretory component (SC) (Pabst and Slack, 2020).

In humans but not in mice, two isotype forms exist: IgA1 and IgA2. IgAl is
the predominant isoform in the serum (90% IgA1l and 10 % IgA2) and the
SI, whereas IgA2 is predominant in the colon (Brandtzaeg and Johansen,
2005). The isotypes differ in their length of the hinge region -which
comprises 16 amino acids in IgA1 and 8 amino acids in IgA2- as well as in
their glycosylation pattern.

The IgA antibody, the hinge region, the ] chain and the SC are sites for
decoration with O-linked (hinge region of IgA1) and N-linked glycans. The
glycosylation protects the IgA antibody from degradation by proteases and
can mediate the association between IgA and the mucus layer (Woof and
Russell, 2011).

Binding of SIgA to the microbiota is mediated by complementarity-
determining regions (CDRs) of the variable domain of the fragment antigen
binding (Fab) region which is referred to as canonical binding and by Fc-
mediated interactions, also known as noncanonical. Noncanonical binding
occurs, when IgA glycans react with microbial glycan motifs (Royle et al.,
2003; Wold et al., 1990).

Hence, a single IgA antibody potentially targets different members of the
intestinal microbiota by Fab- and glycan-mediated interactions (Pabst and
Slack, 2020).

IgA antibodies mostly bind to antigens displayed on the surface of bacteria,
like peptide or glycan structures (Huus et al., 2021; Li et al., 2020).
Therefore, diverse subsets of intestinal microbiota can be targeted by
monoclonal IgA, if the antigen is shared between different bacteria. This
cross-species reactivity could be promoted by protein structures like

flagellin, or glycans like lipopolysaccharide (LPS) (Cullender et al., 2013;
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Rollenske et al., 2018). Interestingly, recombinantly produced antibodies
containing the Fab region of murine intestinal IgA bind various unrelated
antigens such as LPS, CpG and insulin indicating a certain degree of
polyreactivity. This polyreactivity is also present in germline reversed status
and absent of SHM (Bunker et al., 2017). However, the majority of IgA
present in the adult intestine is highly mutated, and other studies have
shown that cross-species reactivity is indeed depended on SHM (Kabbert et
al., 2020; Pabst and Slack, 2020; Rollenske et al., 2018).

1.7 Induction of IgA by the microbiota

The induction of intestinal IgA production and the maturation of the related
lymphoid structures are dependent on the commensal microbiota. In this
regard, germ-free mice and neonates have strongly reduced amounts of
IgA-secreting cells in their intestinal mucosa prior to colonization with
commensal microbiota, which was also observed in new born humans and
germ-free mice lack intestinal SIgA (Gronlund et al., 2000; Macpherson et
al., 2000; Macpherson et al., 2008; Moreau et al., 1978). Consistently, the
number and size of GCs in the PPs are drastically reduced by disrupting the
intestinal microbiota with antibiotics, and ILFs and GC are absent in germ-
free animals (Casola et al., 2004; Fagarasan et al., 2002; Pollard and
Sharon, 1970; Suzuki et al., 2010).

The intestinal IgA response in germ-free mice transiently colonized with the
mutant E. coli strain HA107 is stable even in absence of the initial antigens.
This induction of IgA depends on the amount of colonizing microbes and
needs to exceed a certain threshold. However, once a complex consistent
microbiota is introduced, the HA107-specific SIgA concentrations decrease,
suggesting that the IgA response is shaped by predominant microbial
antigens present in the intestine (Hapfelmeier et al., 2010).
Mucosa-adhesive bacteria like segmented filamentous bacteria (SFB)
induce the production of IgA (Talham et al., 1999). SFB attach to ECs in the

terminal ileum of mice where it induces the maturation of ILFs, activate GCs
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in PPs and promote the development of Th17 cells (Gaboriau-Routhiau et
al., 2009; Ivanov et al., 2009; Lecuyer et al., 2014). In IgA-deficient mice
SFB rapidly expand, which is abolished once IgA is reconstituted (Suzuki et
al., 2004). Attachment of SFB to the host ECs is crucial to promote IgA
production, thus SFB induces a self-limiting immune response (Atarashi et
al., 2015). Likewise, Bacteroides ovatus is capable of IgA induction in germ-
free mice but this ability is strain-specific (Yang et al., 2020).
Interestingly, Anaeroplasma-enriched microbiota induce TGF-3 expression
of intestinal Try cells, resulting in enhanced intestinal IgA levels (Beller et
al., 2020).

Therefore, microbial antigens have a pivotal role in intestinal IgA induction

and host defense.

1.8 Mechanisms of IgA-mediated microbiota control

The main function attributed to IgA is to maintain a homeostatic microbiota
composition while preventing the outgrowth of pathogens and consequently
infections, as well as neutralizing bacteria-derived toxins like cholera toxin
(CT) (Macpherson et al., 2008).

“Immune exclusion” describes the IgA-mediated hindrance of bacteria to
attach to the EC layer. At high bacterial densities the microbes are cross-
linked by IgA antibodies, which leads to agglutination, whereas at low
bacterial densities IgA links proliferating bacteria to their own daughter
cells; a process that promotes clearance of antigens and pathogenic
microorganisms (Hoces et al., 2020; Huus et al., 2021). Therefore,
antibody-deficient mice have increased bacterial translocation towards the
mLNs, and AID-deficient mice have an expansion of anaerobic bacteria in
the SI (Fagarasan et al., 2002; Macpherson and Uhr, 2004). Another
mechanism, by which IgA controls the composition of the microbiota is
represented by the enchaining of Salmonella Typhimurium, protecting
against disease during murine infections (Moor et al., 2017). Moreover,

binding of IgA to immunogenic structures like LPS on Salmonella enterica
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decreases its flagella-mediated motility and blocks epitopes on the
pathogen required for EC receptor recognition and subsequent invasion
(Forbes et al., 2008; Mantis et al., 2011). Additionally, targeting of E. coli
in gnotobiotic mice by monoclonal IgA antibodies alters bacterial gene
expression and motility (Rollenske et al., 2021). Further, SFB attachment
to the EC of the terminal ileum is abolished in the presence of IgA (Lecuyer
et al., 2014; Suzuki et al., 2004). Altogether, there are several regulatory
pathways mediated by IgA which prevent specific microbes from reaching
and invading the mucosal surface. Of note, the intestinal microbiota from
IBD patients highly coated with IgA displayed colitogenic properties in mice
suggesting that IgA is directed against inflammatory bacteria (Palm et al.,
2014).

Remarkably, several grams of IgA are produced and secreted daily into the
intestinal lumen in absence of infections and a substantial fraction of
commensal bacteria are coated by IgA (Conley and Delacroix, 1987; Huus
et al., 2021). Hence, IgA maintains and potentially promotes the
colonization of commensal microbiota without inflammatory potential.
Even though the exact mechanisms remain elusive, different models and
studies suggested potential scenarios. Contrary to SFB, the epithelium-
associated species Bacteroides fragilis is utilizing IgA for mucus colonization
by expressing “commensal colonization factor” (CCF) genes regulating the
synthesis of capsular polysaccharides responsible for IgA binding
(Donaldson et al., 2018). In addition, it was shown that commensal bacteria
induce the expression of polysaccharide utilization loci (PUL) upon binding
to IgA. The interaction between glycans on IgA and LPS on Bacteroides
thetaiotaomicron (B. theta) promotes its attachment to the mucus layer.
There, B. theta induces the expression of Mucus-associated Functional
Factor (MAFF), leading to increased intrinsic metabolic activity, which at the
same time results in the expansion of Clostridiales members within the
mucus layer. This alteration of the microbial composition protected mice
from DSS-induced colitis (Nakajima et al., 2018). Furthermore, in B. theta

monocolonized mice, IgA-targeting suppresses the expression of the
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capsular polysaccharide synthesis 4 (CPS4) locus, while inducing the
expression of CPS5, potentially leading to immune evasion (Peterson et al.,
2007). Together, intestinal bacteria adapt their polysaccharide expression
in response to IgA binding.

Besides this direct utilization of IgA antibodies, more general models have
been proposed, suggesting that IgA antibodies and their glycans form
biofilms with the commensal bacteria and the mucus layer, thereby enabling
inter-species interactions resulting in survival advantages. In vitro, human
secretory IgA promotes biofilm formation with a commensal flora and E.coli
(Bollinger et al., 2003). The host secretion of e.g., IgA and mucus,
maintains the diversity of adhesive microbes in a simulation-based model
and potentially selects for particular bacteria. Depending on intestinal fluid
dynamics and the bacterial growth rate a mucosa-associated biofilm could
promote or be detrimental for adhesive bacterial colonization (Hoces et al.,
2020; McLoughlin et al., 2016). Notably, the intestinal fluid dynamics, such
as flow rates, are increased under inflammatory conditions, thereby

affecting microbiota composition (Bassotti et al., 2004).

1.9 Influence of the intestinal microbiota on ankylosing

spondylitis

The intestinal microbiota plays a crucial role in maintaining the body
homeostasis by influencing a variety of physiological processes. However,
the majority of auto-inflammatory diseases are associated with changes in
the microbiota composition. The disruption of the bacterial community in
comparison to the composition of healthy individuals can be defined as
dysbiosis. For several inflammatory diseases affecting the GI tract, such as
Crohn’s disease (CD) and Ulcerative colitis (UC) but also for the
inflammatory pathology of joints and the central nervous system, e.g.
rheumatoid arthritis (RA), multiple sclerosis (MS) and ankylosing spondylitis
(AS), associations to a dysregulated microbiota have been reported (Maeda
and Takeda, 2017; Mauro et al., 2021; Petersen and Round, 2014).
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However, whether the inflammatory condition are cause or consequence of
a dysbiosis remains to be clarified.

Inflammatory diseases affecting the spine and peripheral joints, in the
absence of rheumatoid factor are collectively described as Spondyloarthritis
(SpA). AS is an axial SpA with inflammatory sites at the spine and sacroiliac
joints, resulting in compromised reconstruction of the bone, and thus
ankylosis. Several risk alleles have been identified associated with IL-23,
IL-17 and TLR4 signaling pathways (Mauro et al., 2021). However, among
the discovered risk genes, the major histocompatibility complex class 1
(MHCI) variant, human leukocyte antigen B27 (HLA-B27), accounts for up
to 30% of genetic predisposition and <90% of individuals suffering from AS
are HLA-B27* (Braun and Sieper, 2007). In this context, it has been shown
that the intestinal microbiota is altered in healthy individuals that carry HLA-
B27 (Asquith et al., 2019). Additionally, the fecal microbiota of transgenic
rats expressing human HLA-B27 differs from their littermates and a major
fraction of these rats develop intestinal inflammation and spondylitis which
is diminished under germ-free conditions and dependent on the microbiota
composition (Onderdonk et al., 1998; Taurog et al., 1994). Various
mechanisms on how HLA-B27 enhances disease progression have been
postulated. Among them, that HLA-B27 preferentially presents bacterial
peptides in the intestine which resemble self-peptides, resulting in
inflammation in the spine or sacroiliac joints, highlighting again the
interaction between the immune system and intestinal microbes for the
occurrence of AS (Diaz-Pena et al., 2020).

Further, several other risk factors have been described and comorbidities of
AS include uveitis, psoriasis and IBD (Mauro et al., 2021). AS strongly
correlates with subclinical intestinal inflammations, which are able to
develop into IBD (De Vos et al., 1989; De Vos et al., 1996).

Various studies have reported alterations in the intestinal microbiota of AS
patients compared to healthy individuals but no AS-specific composition
could be determined. An increase in Prevotella copri and a decrease in

Bacteroides species in AS fecal samples was reported collectively in different
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reports, however other studies did not confirm these findings (Klingberg et
al., 2019; Wen et al., 2017; Yin et al., 2020; Zhang et al., 2019a; Zhou et
al., 2020a).

The mechanisms how the microbiota affects AS are not completely
understood but it was suggested, that intestinal bacteria-derived molecules
could induce an inflammatory reaction. A peptide from the nitrogenase of
Klebsiella pneumonaie and a peptide found in the DNA primase from
Chlamydia trachomatis are similar to peptides derived from HLA-B27,
thereby potentially leading to autoimmune reactions involving HLA-B27
(Ramos et al., 2002; Schwimmbeck and Oldstone, 1988).

1.10 Molecular mimicry: implications in autoimmunity

The microorganisms residing in the GI comprise millions of genes which
represent a plethora of putative antigens (Tierney et al., 2019; Yang et al.,
2009). Some of these antigens resemble self-structures and this molecular
mimicry can potentially lead to autoimmune responses at various body
sites.

The principle of molecular mimicry was initially described in the early 1980s.
A monoclonal antibody specific for the large T protein of the simian virus 40
(SV40) also recognized an unidentified host protein (Lane and Hoeffler,
1980). A similar cross-reactivity was found for different monoclonal
antibodies binding to the phosphoprotein of the measles virus and the
herpes simplex virus (HSV) protein and the human intermediate filament
protein vimentin, which is part of the cytoskeleton (Fujinami et al., 1983).
Implications of such cross-reactivity for autoimmune diseases was reported
in myasthenia gravis (MG). MG is characterized by autoantibodies directed
against the acetylcholine receptor (AChR). The type 1 glycoprotein D of HSV
contains a sequence homologous to a sequence found in the a-subunit of
the AChR, and anti-AChR antibodies from the serum of MG patients were

found to be cross-reactive to HSV (Schwimmbeck et al., 1989).
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Antigens derived from intestinal bacteria similar to self-antigens can
influence autoimmune reactions outside the gut. The bacterial aquaporin-Z
protein shares homologous regions with the human aquaporin-4 protein,
which is a target of auto-reactive antibodies in the chronic inflammatory
disease neuromyelitis optica (NMO). Immunization of mice with aquaporin-
Z resulted in an auto-immune reaction directed against aquaporin-4 and
subsequent inflammation of the murine brain (Ren et al., 2012). A B-
galactosidase (B-gal) from the commensal B. theta is similar to a peptide of
the myosin heavy chain 6 (MYH6) that is targeted by autoreactive T cells in
myocarditis. In a mouse model of spontaneous autoimmune myocarditis, B.
theta expressing the B-gal peptide similar to MYH6 promoted disease
progression towards an inflammatory cardiomyopathy (Gil-Cruz et al.,
2019).

In general, cross-reactivity is not necessarily leading to autoimmune
reactions. Instead, the intestinal microbiota can also confer protection
against microbial and viral respiratory infections. In this context, mice
treated with antibiotics are more susceptible to infection with influenza and
Pseudomonas aeruginosa pinpointing towards a beneficial role of the
microbiota during these infections (Ichinohe et al., 2011; Robak et al.,
2018). Underlining this concept, the administration of intestinal microbiota-
specific monoclonal IgA antibodies prior to Pseudomonas aeruginosa
exposure diminished their susceptibility for infection, suggesting a
protective effect of cross-reactive antibodies (Robak et al., 2018).
Moreover, bacterial antigens recognized by antibodies derived from
intestinal PCs are not only present on host cells, but also displayed by
viruses. Antibodies derived from the blood plasma of acute HIV-1-infected
patients directed against the virus envelope protein (gp41l) have been
shown to cross-react to commensal bacteria. Importantly, these cross-
reactive antibodies originate in the intestine and are also found in
uninfected individuals (Trama et al., 2014).

With the emergence of the Coronavirus Disease 2019 (COVID-19)

pandemic, we investigated to which extend the commensal microbiota
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influence immune responses towards Severe acute respiratory syndrome
(SARS) coronavirus 2 (SARS-CoV-2).

1.11 SARS-CoV-2: a respiratory virus leading to gastro-

intestinal manifestations

SARS-CoV-2 is a B-coronavirus comprising a single-strand of positive-sense
RNA enveloped by a nucleoprotein (N), decorated with E and M
transmembrane proteins and the Spike (S) glycoprotein (Klein et al., 2020).
The S protein contains a receptor-binding domain (RBD) responsible for the
interaction with angiotensin-converting enzyme 2 (ACE2), the receptor
enabling SARS-CoV-2 to enter the host via respiratory surfaces (Hoffmann
et al., 2020). ACE2 is expressed in the upper respiratory tract, on alveolar
epithelial cells in the lung but also in the heart, kidney, liver and ileum (Zou
et al., 2020). Once SARS-CoV-2 has entered the organism it can reach and
replicate at various body sites including the GI tract. Besides infecting cells
of the respiratory tract, SARS-CoV-2 is also able to infect intestinal
enterocytes expressing high levels of ACE2 and viral RNA can be detected
in fecal samples of hospitalized COVID-19 patients (Lamers et al., 2020;
Xiao et al., 2020). Further, intestinal manifestations like diarrhea co-occur
with SARS-CoV-2 infection and the intestinal microbiota of severe COVID-
19 cases is altered compared to healthy individuals (Hung et al., 2021; Zuo
et al., 2020). Hence, the intestinal mucosal immune system and the
microbiota might be affected by COVID-19 pathogenesis.

Antibodies binding SARS-CoV-2 RBD block its interaction with ACE2,
thereby preventing viral infection (Ju et al., 2020). SARS-CoV-2 virulence
is additionally inhibited upon antibody binding to other epitopes derived
from the S protein, specifically the N-terminal domain (NTD) (Liu et al.,
2020). Serum antibodies like IgG, IgM and IgA are beneficial for clearance
of the virus and act via ablation of virus reproduction. Thus, early response
antibody concentrations correlate with the severity of the disease course
(Dispinseri et al., 2021).
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In order to prevent the initial infection, SARS-CoV-2-specific antibodies at
mucosal surfaces like IgA1, IgA2 and IgM could be crucial (Mao et al., 2022;
Renegar et al., 2004). In this regard, severely diseased COVID-19 patients
lack IgA2 antibodies specific to SARS-CoV-2, implicating their potential
relevance for disease progression (Ferreira-Gomes et al., 2021).
Interestingly, likewise to HIV-1 envelope cross-reactive antibodies,
unexposed individuals harbor antibodies specific for SARS-CoV-2. In
particular, predominantly serum IgG reactive to the S2 subunit of the S
protein and RBD was detected (Majdoubi et al., 2021; Ng et al., 2020).
Even though it is assumed that these antibodies are derived in response to
common cold coronaviruses, the original antigen source leading to the
induction of cross-reactive RBD-specific secretory IgA antibodies is still

unidentified.
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2 Aims

The aim of this thesis was to understand the impact of the microbiota on
immune responses present upon viral infections and auto-inflammatory
conditions.

In order to firstly clarify the mechanisms of microbiota control, the
heterogeneous population of IgA-secreting PCs of the murine SI was
characterized.

Further, the involvement of the fecal microbiota in enhancing SARS-CoV-2
immunity was investigated, as SARS-COV-2 cross-reactive antibodies are
present in unexposed healthy individuals but their origin has not been
identified yet. Lastly, to closely examine the influence of intestinal microbes
on the emergence and progression of AS, the composition of the
proliferating live and compromised dead microbiota compartment was
assessed with the pivotal goal to reveal novel disease-associated bacterial

taxa, which may serve as Biomarkers.
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3 Materials and Methods

3.1 Microbiota Flow Cytometry

3.1.1 Live/Dead microbiota staining

Fecal material from AS patients and healthy individuals was weighed and
suspended in PBS (10 ul/pg) and passed through a 30 uM filter. After a
centrifugation step (5 min, 13.000 rpm, 4°C) the supernatant was collected
and sterile filtered through a 0.22 uM syringe top filter and stored at -20 °C
for later use. The bacterial pellet was re-suspended in 25 ml PBS and the
OD was adjusted to 0.5 and subsequently centrifuged for 10 min at 4000
rpm and 4°C. The pellet was re-suspended in 1 ml of PBS and 200 pl were
used per staining on a 96 well plate, whereas the remaining sample was
stored in 1 ml of 40% glycerol in LB medium mixture at -80°C, with 1 ml
containing approximately an OD of 0.8. Following another centrifugation
step, the bacterial pellets were re-suspended in 50 pyl PBS containing
SytoBC (1:125, v/v) and incubated for 15 min at 4°C. Another washing step
was performed (3000 rpm, 5 min, 4°C) prior to incubating the bacteria with
1:1000 DAPI in PBS (v/v) for 15 min at 4°C. The samples were washed
once more and measured using a BD Influx cell sorter. The quality of each
acquisition was assured by the alignment of lasers, laser delays and laser
intensities by Sphero™ Rainbow Particles. For sorting, the drop delay was
determined prior with Accudrop Beads. Samples were acquired with an
event rate below 15,000 events and sorted with an event rate below 10,000
events and analyzed using FlowJo v10 analysis software.

From the post-sorted fraction 200 pl were incubated with SytoBC (1:400,
v/v) and DAPI (1:400, v/v) simultaneously for 10 min at 4°C and measured
to determine the purity of the sort.

If possible, a number of 18,000,000 live and dead cells were sorted and

centrifuged for 10 min at 4000 rpm. The pellet was re-suspended in 750 pl
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PBS and divided into three aliquots, centrifuged at 14000 rpm for 5 min and

stored at -80°C once the supernatant was removed.

Table 1. Reagents to determine live microbiota fraction

Reagent Source Identifier

SytoBC Life Technologies Cat. No. #534855

DAPI In house N/A

PBS In house N/A

LB In house N/A

Glycerol Roth Cat. No. #3783.1

Sphero™ Rainbow | BD Biosciences Cat. No. #559123

Particles

Accudrop Beads BD Biosciences Cat. No. #345249

BD Influx BD Biosciences https://www.bdbiosciences.com/
en-
us/products/instruments/flow-
cytometers/research-cell-
sorters/bd-influx

FlowJo V10

3.1.2 Microbiota viability assay

Fecal material from AS patients and healthy individuals was weighed,
suspended in PBS (10 ul/ung), filtered through a 30 uM filter and spun down
(5 min, 13.000 rpm, 4°C). The bacterial pellet was re-suspended and the
OD at 660 nm adjusted to 0.4 (Multiskan FC photometer) in 200 pl of PBS
and transferred to a 96 well plate. After a centrifugation step at 3000 rpm
for 5 min at 4°C, the bacterial pellet was re-suspended in 50 pl PBS
containing SytoBC (1:500, v/v) and incubated for 15 min at 4°C. Another
washing step was performed (3000 rpm, 5 min, 4°C) prior to incubating the
bacteria with 1:4000 DAPI in 50 pl PBS (v/v) for 15 min at 4°C. The samples
were washed once more, re-suspended in 200 pl PBS and sorted using a BD
Influx cell sorter. Ten cells of the SytoBC*DAPI- or SytoBC*DAPI- population

were sorted per well containing 100 pl of PYG medium, resulting in 32
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replicates for each population. After 48 hours of incubation under anaerobic
conditions (oxygen < 25 ppm) at 37°C, the OD of each well was determined.
The mean OD of the wells only containing PYG medium were used as blank

and subtracted from the OD of each well containing sorted bacteria.

3.1.3 Staining of fecal microbiota and bacteria cultures

To reduce glycerol toxicity while thawing, 1 mL of autoclaved and sterile-
filtered PBS was added to the frozen fecal microbiota or bacteria culture
stocks. Samples were centrifuged at 13.000 rpm for 10 min twice, the
supernatant removed and the pellets re-suspended in PBS and an OD Of
0.04 was used for each staining. All stainings of microbiota samples were
performed in a DNase containing buffer (PBS/ 0.2 % BSA/25 ug/uL DNase).
Staining for human immunoglobulins was performed in 100 pL with 1:50
(v/v) of the detection antibodies: anti-human IgM Brilliant Violet 650, anti-
human IgG PE/ Dazzle™ 594, anti-human IgA1l Alexa Fluor, anti-human
IgA2 Alexa Fluor 488. The samples were incubated for 30 minutes at 4 ° C
and 1 mL of a 5 yM Hoechst 33342 solution was added directly and
incubated for another 30 min at 4 °C. For the detection of Spike protein-
similar structures the samples were first incubated in 50 uL containing 0.5
Mg SARS-CoV-2 Spike Neutralizing Antibody or Neutralizing Antibody
isolated from COVID-19 patients for 15 min at 4 °C then washed with PBS
and stained again in 50 pL of the anti-Rabbit Alexa 647 or anti-human IgG
PE/ Dazzle™ 594 (2ug/ml) which was then topped up with 5 yM Hoechst
33342 solution. After Hoechst 33342 staining samples were washed with
PBS and centrifuged at 13,000 x g for 5 min. After removal of the
supernatant, the samples were re-suspended in PBS/ 0.2 % BSA. The
samples were transferred to 5 mL round bottom tubes for acquisition. In
order to determine the binding of salivary IgA to bacterial cultures, the
saliva was spun down (13.000 rpm, 10 min, 4°C). The supernatant was
passed through a 0.22 uM filter and incubated with the bacterial culture for
15 min at 4°C. After washing (3000 rpm, 5 min, 4°C) the bacterial pellet
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was re-suspended with PBS containing 5 uM Hoechst 33342, anti-human
IgA1 Alexa Fluor and anti-human IgA2 Alexa Fluor 488 (1:50, v/v). The
incubation for 15 min at 4°C was followed by another washing step (3000

rom, 5 min, 4°C) before cells were re-suspended in 200 ul PBS and

measured with the Influx cytometer.

Table 2. Reagents for microbiota staining

Spike Neutralizing Antibody,
Rabbit Mab (HA14]L2302)

Reagent Source Identifier

DNase Sigma Aldrich Cat. No. #10104159001
anti-human IgM  BV650 | Biolegend Cat. No. #314526
(MHM-88)

anti-human IgG PE/ Dazzle™ | Biolegend Cat. No. #409324

594 (HP6017)

anti-human IgA1l Alexa Fluor | Southern Biotech Cat. No. #9130-31
647 (B3506B4)

anti-human IgA2 Alexa Fluor | Southern Biotech Cat. No. #9140-30
488 (A9604D2)

Hoechst 33342 Thermo Fischer Cat. No. #62249
SARS-CoV-2 (2019-nCoV) | Sino Biological Cat. No: #40592-R001

SARS-CoV-2 (2019-nCoV) | Kreye et al. 2020 N/A

Spike Neutralizing Antibody,

human Mab

anti-Rabbit Alexa 647 Jackson Cat. No. #111-606-144
ImmunoResearch

3.2 Bacteria culture

PYG medium and plates were prepared as described by the DSMZ (German
Collection of Microorganisms and Cell Cultures). 300,000 events were
sorted into 1 ml of PYG medium and directly transferred to a COY anaerobic
chamber (oxygen< 25 ppm). Sorted bacteria were plated on PYG, BHI

(Brain heart infusion broth) and Fastidious agar plates and bacteria were
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grown for 24 hours. Colonies were picked and PYG medium, BHI broth and
Schaedler broth were inoculated with colonies from the respective plates.
The next day, DNA was isolated and the remaining bacteria were frozen in

40% glycerol LB medium in liquid nitrogen or — 80 °C.

Table 3. Bacteria culture reagents

Reagent Source Identifier

PYG medium DSMZzZ https://www.dsmz.de/microorganisms
/medium/pdf/DSMZ_Medium104.pdf

Breain Heart | Sigma Aldrich Cat. No. #53286-100G

Infusion broth
Fastidious agar | Thermo Scientific Cat. No. #12957138
plates
Schaedler Broth | Roth Cat. No. #5772.1

3.3 Sequencing from bacterial colonies

For the identification of the bacterial species bound to the neutralizing anti-
RBD antibodies, the DNA from 200 ul of the grown bacteria was isolated
using ethanol precipitation. The isolated DNA was subsequently amplified
by the 16S rDNA specific primers LPW57 and LPW58 (as used in (Woo et
al., 2000)). In brief, bacterial DNA was amplified with Tag-polymerase
(0.005 u/pl), 3.12 mM MgCl2, 1 X GenTherm buffer, 0.25 mM dNTP mix and
LPW57 and LPW 58 (1uM) for 35 amplification cycles in a thermocycler. The
DNA product was verified by gel electrophoresis and purified with the
NuceloSpin Gel and PCR Clean-up Kit. The concentration of the purified PCR
product was adjusted to 5 ng/ul in 15 pl and send to Sanger sequencing by
Eurofins Genomics. Sequence identity was determined with the Nucleotide
Basic Local Alignment Search Tool (BLAST) provided by NCBI.
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Table 4. Reagents for bacterial culture sequencing

Reagent Source Identifier

LPW57 TIB Molbiol 5'-AGTTT GATCCTGGCTCAG-3’
LPW58 TIB Molbiol 5’-AGGCCCGGGAACGTATTCAC-3’
Taqg-polymerase Rapidozym Cat. No. #GEN-003-1000

MgCl2 Rapidozym N/A

GenTherm buffer Rapidozym N/A

dNTP mix Thermo Scientific Cat. No. #R0192

NuceloSpin Gel and | Macherey-Nagel Cat. No. #740609.50

PCR Clean-up Kit

3.4 Preparation of oral swabs for 16 S rRNA sequencing

Swabs were prepared for 16 S rRNA sequencing with an adapted protocol
of the Quick-DNA™ Fecal/Soil Microbe Miniprep Kit. Swabs were obtained
from clinics on —80 °C and kept frozen until further use. The swab stick was
either already stored in buffer or Bead Bashing™ buffer was added to cover
the swab brush. Up to 750 uL of the buffer solutions where transferred to a
BashingBead™ Lysis Tube and rigorously mixed at 13,000 rpm at 37 °C.
Following the kits protocol the supernatant was harvested after
centrifugation at 13,000 x g for 5 min and once more filtered by a Zymo-
Spin™ III-F Filter. The DNA containing solution was then treated with
Genomic Lysis Buffer and the containing DNA was put on a DNA binding
Zymo-Spin™ IICR Column repeatedly until the entire sample volume was
loaded. The bound DNA was washed with DNA Pre-Wash Buffer and g-DNA
Wash Buffer. The washed DNA was eluted in 50 yL DNA Elution buffer and
once more further purified by filtration through the Zymo-Spin™ III-HRC
Filter. 2.5 uL of each of the prepared samples was directly loaded to the

amplicon PCR of the Illumina Nextera NGS protocol described in 3.5.
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Table 5. Reagents for 16S rRNA preparation of swab samples

Reagent Source Identifier
Quick-DNA™ Fecal/Soil | Zymo Research Cat. No. # D6010
Microbe Miniprep Kit

3.5 16S sequencing of fecal bacteria

The 16 S rRNA was performed as described in the “"16S Metagenomic
Sequencing Library Preparation” for the Illumina MiSeq System. In brief,
the V3/V4 region was amplified directly from the sorted samples or from a
1:10 dilution from bulk fecal material, which was suspended in PBS (10
Mg/ul). To guarantee an amplification of bacterial DNA, the reaction was
performed for 35 instead of 25 cycles. After the amplicon PCR the genomic
DNA was removed by AmPure XP Beads with a 1:1.25 ratio of sample to
beads (v/v). Next the purity and the size of the amplicons were determined
on a 1.5 % agarose gel and, if suitable, subjected to the index PCR using
the Nextera XT Index Kit v2 Set C/D. Once the indices were added to the
amplicons by PCR, the samples were cleaned again with AmPure XP Beads
in a 1: 0.8 ratio of sample to beads (v/v). Samples were then analyzed by
capillary gel electrophoresis with a Fragment Analyzer 5200 and evaluated
concerning correct size and purity with the NGS standard sensitivity
fragment analysis kit. Of all suitable samples a pool of 2 nM was generated
and loaded to the Illumina MiSeq 2500 system.

Raw data were processed and de-multiplexed using MiSeq Reporter
Software. Forward and reverse reads were combined using PANDAseq 2.11
with a minimum overlap of 25 bases (Masella et al., 2012) and classified
using “classifier.jar” 2.13 from the Ribosomal Database Project with a
confidence cutoff of 50% (Cole et al., 2014; Wang et al., 2007). The copy
number adjusted counts were agglomerated to bacterial genera, rarefied to
the smallest size and alpha diversity were estimated using phyloSeq 1.34
(McMurdie and Holmes, 2013). Principle coordinate analysis were

performed using Bray—-Curtis dissimilarity distance using vegan 2.5-7.
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The linear discriminant analysis were performed using LEfSe, based on copy
number adjusted counts normalized to 1M reads.

Non-metric Multidimensional Scaling was performed using Bray-Curtis
dissimilarity distance using phyloSeq 1.38 based on relative abundancies.
Random forest analysis was performed using microbial 0.0.20 based on raw
read values
(https://cran.r-project.org/web/packages/microbial/index.html).

Raw sequence data were deposited at the NCBI Sequence Read Archive
(SRA) under the accession number PRJINA738291.

Table 6. 16S rRNA sequencing reagents

Reagent Source Identifier

KAPA HiFi HotStart ReadyMix Roche Cat. No. #7958927001
Nextera XT Index Kit v2 Set C | Illumina Cat. No. #FC-131-2003
AmPure XP Beads Beckman Coulter Cat. No. #A63881
Fragment Analyzer 5200 Agilent Cat. No. #M5310AA

NGS Fragment Kit Agilent Cat. No. #DNF-473-0500
MiSeq Reagent Kit v3 Illumina Cat. No. #MS-102-3003

3.6 Enzyme-linked immunosorbent assay

To determine the SARS-Cov-2-specific antibody titers, 96-well plates were
coated overnight with either 1 pg/ml recombinant SARS-CoV-2 (2019-
nCoV) Spike Protein (RBD, His Tag) or recombinant SARS-CoV-2
Nucleocapsid His Protein or SARS-CoV-2 Spike RBM (receptor binding
motif), 480-496 aa. Plates were washed, blocked and the administration of
sera and fecal supernatants were done as previously described (Ferreira-
Gomes et al., 2021). To detect RBD-specific IgA, a biotinylated anti-human
IgA antibody was applied, followed by an incubation for 1 h at 37°C. After
washing 6 times with PBST, avidin-HRP was added and after 1 hour
incubation at RT and 5 times washing with PBST, Tetramethylbenzidine
(TMB) Substrate was added. The reaction was stopped by addition of 2N
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H2S04. Optical densities were measured on Spectramax (Molecular

devices).

Table 7. Reagents for ELISA

Reagent Source Identifier

Goat Anti-Human Ig-UNLB Southern Biotech Cat. No. #2010-01
Goat Anti-Human IgA-UNLB Southern Biotech Cat. No. #2050-01
PBST In house N/A

PBS/BSA In house N/A

IgAl Genway Cat. No. #E04696
IgM Sigma Cat. No. #18260

IgA2 Genway Cat. No. #50D1F7
IgG Janssen Biotech

anti-human IgG-AP ICN/Cappel Cat No. #59289
anti-human IgM-AP Sigma Cat. No.#A3437-.25ML
anti-human IgA-AP Sigma Cat. No. #A2043
anti-human IgA1-AP | Southern Biotech Cat. No. #9130-04
(B3506B4)

anti-human IgA2-AP | SouthernBiotech Cat. No. #9140-04
(A9604D2)

pNPP Sigma Cat. No. #N2770
NaOH Carl Roth Cat. No #6771.1
SARS-CoV-2 (2019-nCoV) | Sino biological Cat. No. #40592-VvV08B-
Spike Protein (RBD, His Tag) 100

SARS-CoV-2 Nucleocapsid His | RnD Systems Cat. No. #10474-CV
Protein, CF (;)

SARS-CoV-2 Spike RBM, 480- | Eurogentec Cat. No: #As-656-19
496 aa

anti-human IgA antibody Southern Biotech Cat. No. #2050-08
avidin-HRP Invitrogen Cat. No. #88-7324-88
TMB Substrate Invitrogen Cat. No. #88-7324-88
H2S04 Carl Roth Cat. No. # 9316.1
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3.7 Purification of fecal IgA antibodies

Human IgA was purified from fecal supernatants with Peptide M/ Agarose
as described by the manufacturer. Peptide M/ Agarose was used to prepare
a column which was equilibrated with 20 mM sodium phosphate buffer (pH
7). Subsequently the 0.2 uM filtered fecal supernatant was applied on the
column at least three times. The fecal IgA was eluted from the column after
a washing step with 20 mM sodium phosphate buffer, with 0.1 M Glycin-
HCI. The elution was neutralized with 1 M Tris/HCl| and concentrated via
dialysis. Finally, the IgA concentration was determined with a NanoDrop
2000C or ELISA.

Table 8. Reagents for the purification of IgA antibodies

Reagent Source Identifier

Peptide M/Agarose InvivoGen Cat. No. #gel-pdm-2
Gycin/HCI In house N/A

Tris/HCI In House N/A

NanoDrop 2000C Thermo Scientific Cat. No. # ND-2000

3.8 Flow cytometric assay for analysis of anti-Spike protein

responses

HEK293T cells were transfected with a plasmid expressing wild-type SARS-
CoV-2 S protein. Next day, the proportion of transfected cells was
determined by staining with anti-SARS-CoV-2 Spike Glycoprotein S1
antibody for 30 min, wash cells once with PBS/ 0.2 % BSA and subsequent
staining with anti-human IgG PE/ Dazzle™ 594. Further transfected cells
were collected and incubated with sera or fecal supernatants for 30 min,
washed twice with PBS/BSA and stained with anti-human IgM Brilliant Violet
650, anti-human IgG PE/ Dazzle™ 594, anti-human IgA1l Alexa Fluor 647,
anti-human IgA2 Alexa Fluor 488. Cells were washed with PBS/ 0.2 % BSA
and either measured directly, dead cell exclusion by DAPI or stained for
dead cells with Zombie Violet™ in PBS for 5 min at room temperature and
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fixed in 4 % paraformaldehyde solution overnight at 4°C. Samples were
acquired on a FACSCanto or a MACS Quant 16 and analyzed using FlowJ]o

v10 analysis software.

Table 9. Reagents for anti-Spike protein responses

Reagent Source Identifier
anti-SARS-CoV-2 Spike | Abcam Cat. No. #ab273073
Glycoprotein S1 (CR3022)

Zombie Violet™ Biolegend Cat. No. #423113
FACSCanto BD Biosciences N/A

MACS Quant 16 Miltenyi Cat. No. # 130-109-803

3.9 Flow cytometric assay for analysis of ACE2-RBD

interaction

HEK293T cells were transfected with a plasmid expressing human ACE2
protein. Next day, the proportion of transfected cells was determined by
staining with biotinylated RBD for 30 min. The cells were washed once with
PBS/ 0.2 % BSA and subsequently stained with streptavidin-FITC. Further
transfected cells were collected and incubated with biological samples for
30 min, washed twice with PBS/BSA and incubated with biotinylated RBD
for 30 min, washed once with PBS/ 0.2 % BSA and subsequently stained
with streptavidin-FITC. Cells were washed with PBS/ 0.2 % BSA measured
directly. Dead cell exclusion was done using DAPI. Samples were acquired
on a FACSCanto and analyzed using Flow]o™ v10 Software (BD Life

Sciences) analysis software.
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Table 10. Reagents for FACS analysis of ACE2-RBD interaction

Reagent Source Identifier
SARS-CoV-2 (2019-nCoV) | Sino biologicals Cat. No. : #40592-VO8H-B
Spike RBD-His

Recombinant

Protein,Biotinylated

eBioscience™ Thermo Fisher Cat. No. #11-4317-87

Streptavidin FITC

Conjugate

DAPI In house N/A

FACSCanto BD Biosciences https://www.bdbiosciences.
com/en-

ca/products/instruments/flo
w-cytometers/clinical-cell-

analyzers/facscanto

FlowJo™ BD Life Sciences https://www.flowjo.com/sol
utions/flowjo
HEK 293 T cells In house N/A

3.10 Isolation of small intestinal lamina propria cells

Isolation of lamina propria cells from the small intestine was performed as
described before (Weigmann et al., 2007) with small modifications. In brief,
the intestine was isolated and SI Peyer’s Patches and fat were removed.
The tissue was opened and thoroughly washed in cold PBS to remove feces
and mucus. Small intestinal tissue was then weighed and cut in pieces of 1
cm size and transferred to a pre-digestion solution consisting of Gibco™
Roswell Park Memorial Institute (RPMI) 1640 GlutaMAX™ Medium
supplemented with 10% FCS/PS/ME, containing 5 mM EDTA and incubated
for 20 min at 37°C. After intensively shaking the samples, the intraepithelial
lymphocytes (IEL) and epithelial cell (EC) containing supernatant was
discarded, fresh pre-digestion solution was added and the procedure was

repeated.

34



Materials and Methods

The remaining tissue was minced with scissors and scalpel followed by
digestion with Dispase II and Collagenase D (1 mg/ml) for 20 minutes at
37°C at 220 rpm in a shaking incubator. Samples were vortexed intensively
and the cell-containing supernatant was collected. Solid tissue remains were
digested again followed by homogenization with a 19G needle. The cell
suspension was passed through a 70 pM filter and washed once more.

Animal procedures were performed according to the German animal
protection laws and approved by the "“Landesamt fur Gesundheit und

Soziales”.

Table 11. Cell suspension reagents

Reagent Source Identifier

Gibco™ RPMI 1640, GlutaMAX™ Thermo Fisher | Cat. No. #61870010
EDTA Roth Cat. No. #8040.1
Collagenase D Merck Cat. No. #COLLD-RO
DNase I Merck Cat. No. #10104159001
Dispase® II Merck Cat. No. #D4693

3.11 Mice immunization

Grown bacteria were collected, washed three times with PBS and heat-
inactivated at 65 C for 1 hr. Heat inactivated bacteria were resuspended
with final OD600 equals 1.0. C57Bl/6 mice were injected with 200 pl of
heat-killed bacteria i.p. From oral gavage, live bacteria stocks were grown,
washed with PBS several times, OD600 was adjusted to 1, 200 pl of live
bacteria was gavaged every second day. All animal procedures were

performed in accordance with Russian regulations of animal protection.

3.12 In vitro cell culture

Murine IgA-secreting cells from the small intestinal lamina propria were
sorted according to Sca-1 and Ly6C expression. After washing the sorted

fraction at 1500 rpm, cells were re-suspended in RPMI medium
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supplemented with 10% FCS/PS/ME and counted via Neubauer chamber.
Up to 300.000 cells were subsequently cultured in 200 pl of 10% FCS/PS/ME
in the presence of BAFF (50 ng/ml) and IL-6 (20 ng/ml).

3.13 Flow Cytometry

A maximum of 10° viable cells were washed and re-suspended in 50 pl
PBS/BSA containing an anti Fcy-Receptor antibody (12 pg/ml) to prevent
unspecific binding. After 10 minutes incubation on ice, the samples were
washed and re-suspended in 50 ul PBS/BSA and surface molecule specific,
fluorochrome coupled antibodies (Table 12) were added in concentrations
determined by titration as optimal. To exclude dead cells a fixable viability
dye was added and the cells were kept at 4°C in the dark for 15 minutes of
incubation. The cells were washed and re-suspended in an appropriate
amount of PBS/BSA and measured with a BD FACSCanto II.

Table 12. Antibodies used for immunofluorescence surface staining

Reagent Source Identifier

Fixable Viability Dye eFluor™ 780 Thermo Fisher | Cat. No. #65-0865-18
CD45-FITC (30-F11) Thermo Fisher | Cat. No. #11-0451-85
CD45-PerCP-Cy5 (30-F11) Biolegend Cat. No. #103130
IgA-Dylight650 Bethyl Cat. No. #A90-103D5
Ly-6C-Pe-Cy7 (HK1.4) Thermo Fisher | Cat. No. #25-5932-82
Sca-1 APC (D7) Thermo Fisher | Cat. No. # 17-5981-82
Anti-FcyR (2.4G2/75) In house N/A

3.14 Human Donors

The recruitment of study subjects was conducted in accordance with the
Ethics Committee of the Charité (EA4/014/20, EA1/068/17, EA1/200/16,
EA 1/144/13 with EA 1/075/19, EA 2/066/20) and was in compliance with

the Declaration of Helsinki.
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4 Results

4.1 Ly6C* IgA* B cells express the surface protein Sca-1

The population of IgA-producing B cells in the SI LP of mice is
heterogeneous and characterized by the differential expression of surface
molecules such as Ly6C. In order to more closely examine the differences
between Ly6C+ and Ly6C- IgA-producing B cells, a transcriptomic profile
was determined using bulk RNA sequencing. A total of 81 genes significantly
differed (p<0.05) between the two groups (Figure 1). Among them, 42
genes (approximately 52%) encode for immunoglobulin proteins, of which
expression was uniquely increased in Ly6C™* cells suggesting that these cells
produce higher amounts of IgA antibodies (Figure 1 B). Additional to the
immunoglobulin  coding genes, Ly6C* IgA-secreting cells contained
increased transcripts of genes Ly6i and Ly6a encoding the surface proteins
Ly6l and Ly6A-2/6E-1, the latter also known as “Stem cell antigen 1" (Sca-
1) a molecule reported to be expressed by BM, splenic and PP PCs (Figure
1 A) (Wilmore et al., 2017).

Strikingly, five of the six genes highly expressed (p< 0.01) in Ly6C cells
were involved in DNA replication. “Cell division control protein 6 homolog”
(Cdc6) affects the initiation of DNA replication, "DNA replication licensing
factor Minichromosome maintenance protein complex (MCM) 3, 5 and 7”
are components of the MCM2-7 complex that builds a helicase and “Histone
chaperone ASF1B” is involved in DNA replication-dependent nucleosome
assembly. The gene H2-DmbZ2 encodes the MHC class II H2-M beta 2 chain
and is therefore involved in antigen presentation.

To validate the results obtained by RNA sequencing, we next determined
the presence of the surface proteins MHCII and Sca-1 on SI LP IgA secreting
cells (Figure 2). We observed no significant differences in MHCII surface
expression between Ly6C* and Ly6C" cells (Figure 2 A). However, the
majority of Ly6C* cells were Sca-1 positive, whereas the fraction of Sca-1*

cells in the Ly6C" population was decreased (Figure 2 B).
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Figure 1. Transcriptome profile of Ly6C* plasma cells differs from Ly6C" subset.
(A) Volcano plots depicting the gene expression in Ly6C* and Ly6C™ IgA producing cells
from the small intestinal lamina propria. Immunoglobulin encoding genes are shown
separately in (B). Significantly different expressed genes are shown in red (p<0.5) and in
(A) labeled with their corresponding name (p<0.01). (C) Heatmap of the normalized
counts of genes, shown as red in (A). Each column represents a single replicate. The color
code depicts percentage of the maximum score per gene.
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Figure 2. The majority of Ly6C* cells express the surface protein Sca-1. (A)
Representative flow cytometry plot and quantified frequencies of MHCII* cells among IgA*
Ly6C (blue) and IgA*Ly6C™* (red) cells from the SI LP. Each dot represents one mouse. ns,
not significant as calculated by Mann-Whitney test. (B) Representative flow cytometry plot
and quantified frequencies of Sca-1* cells among IgA*Ly6C* (red) cells from the SI LP is
increased compared to Ly6C cells (blue). *, p<0.05, **, p<0.01, *** p<0.001, as
calculated by unpaired t-test with Welch’s correction, ns, not significant. Data are
representative of one experiment.

Collectively, these data show that Ly6C* plasma cells express increased
transcripts of genes encoding immunoglobulin proteins, whereas plasma
cells lacking Ly6C expression are characterized by high levels of transcripts
associated with DNA replication, leading to the suggestion that Ly6C™ cells
might resemble a matured subset of plasma cells.

Furthermore, the expression of the surface protein Sca-1 is increased in
Ly6C* IgA* cells and thereby identifies a subset of Sca-1* plasma cells, in
addition to the established markers Ly6C, CD11b and Ly6G.
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4.2 Robust Sca-1 expression by PCs can be acquired

As the expression of Ly6C is present in PCs which contain decreased
amounts of replication associated transcripts and its expression is absent
on the surface of IgA-secreting cells in the PPs but present in the LP, we
hypothesized that the expression of Sca-1 is also inducible. In order to test
this, IgA* cells from the SI LP were isolated based on their Ly6C and Sca-1
expression, specifically Ly6CSca-1-, Ly6C*Sca-1, Ly6CSca-1* and
Ly6C*Sca-1* and were cultured in the presence of BAFF and IL-6 for five

days in vitro (Figure 3).

Ly6CSca-1- Ly6C*Sca-1 Ly6CSca-1* Ly6C*Sca-1*

=0 0 40 0.64 0.63

Sca-1

do

d5

117

Ly6C
Figure 3. IgA* secreting B cells acquire Sca-1 expression in vitro. IgA-producing
cells from the SI LP expressing Ly6C (Ly6C*Sca-17), Sca-1 (Ly6C Sca-1"), both (Ly6C*Sca-
1*) or no marker (Ly6C Sca-1") were cultured for five days (lower panel) in the presence

of BAFF and IL-6. Representative flow cytometry plots represent consistent data from two
independent experiments.

Among the Ly6CSca-1" cells 9.36% acquired uniquely Ly6C expression,
whereas 26% started expressing Sca-1 only. The Ly6C*Sca-1- cells
maintained their Ly6C expression while additionally gaining Sca-1 (13.5%)
production or losing Ly6C while gaining Sca-1 expression (7.38%). Notably,
Sca-1 expression on single positive Ly6CSca-1* cells remained mostly

stable (73.6%) and 8.41% additionally acquired Ly6C expression.
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Double positive Ly6C*Sca-1* cells more efficiently kept their Sca-1
expression but downregulated the production of Ly6C.

These data highlight the plasticity of IgA-secreting PCs in the SI LP. As the
expression of Sca-1 is acquired independently of previous acquisition of
Ly6C and thereafter stays unchanged, it potentially characterizes a matured

cell population.

4.3 Anti-RBD specific IgA antibodies are present in fecal
supernatants of healthy individuals and severe COVID-19

patients

Several lines of evidence indicate that IgA antibodies secreted by intestinal
PCs, induced by microbial antigens can cross-react with self-structures as
well as viral surface molecules. In order to investigate whether commensal-
derived antigens are the source of SARS-CoV-2 cross-reactive antibodies,
we assessed the reactivity of IgA from fecal supernatants of 9 severe
COVID-19 cases from the Charité intensive care unit and 12 aged-matched,
healthy, uninfected individuals (severe COVID-19: 68 years £ 19.5; healthy
donors: 60 years £ 8.5). The presence of fecal IgA specific to SARS-CoV-2
RBD was determined by incubating fecal supernatants with immobilized
RBD. Four out of nine hospitalized COVID-19 patients had fecal IgA
antibodies specific to SARS-CoV-2 RBD, whereas two out of 12 uninfected
individuals harbored RBD specific IgA in their fecal supernatants (Figure 4
A, B). As the presence of cross-reactive antibodies decreases with age and
age in general is a major risk factor for a severe disease course, the
existence of fecal anti-RBD IgA antibodies in young (29 years £ 13)
unexposed individuals was additionally investigated (Figure 4 C). Nine out
of 19 young healthy donors displayed RBD specific fecal IgA, thereby
showing a significant increase of this fraction compared to older healthy

donors and severe COVID-19 cases (Figure 4 D).

41



Results

B
healthy donors (60 yrs+8,5) severe COVID-19 (68 yrs+ 19,5)
anti-RBD fecal IgA anti-RBD fecal IgA
4= 4
- HC-023 & HC-035 -s- Cov-011
- -= HC-020 -4 HC-019 - = Cow-012
— -+ HC-021 ¥ HC-017 = 4 -+ Cov-007
= —+ HC-024 ¢ HC-041 2 -+ Cov-002
52 - HC-025 - HC-043 5 - Cov-008
2 © HC-022 —~ HC-031 Z -0 Cov-009
e M — o N e — 511 — — — — - & Cowv-004
-A- Cov-005
0 Oy T——v—r—rrrrrr ¥ Cov-001
1 10 100 1000 1 10 100 1000
dilution dilution
D
c healthy donors (29 yrs+13) "
anti-RBD fecal IgA - HC-014 -* HC-016 I—I
4 -+ HC-003 —+ HC-035 __ 500+ * ns
-+ HC-004 -+ HC-005 ] »
2 5 = HC-036 - HC-017 =2 I o
5 - HC-001 -e HC-010 <
< 300+ . ° -
> - HC-002 -w HC-012 =) See
g = HC-006 -e HC-012 2 200+ .
I | -+ HC-009 -# HC-013 o —.
' * HC-019 -= HC-015 S 1004 T e <
$e LA
" -+ HC-008 L f —eo—
1 0 . 100 1000 young old severe
diier HC  HC COVID-19

Figure 4. Presence of cross-reactive fecal anti-RBD IgA antibodies in healthy
individuals declines with age. Levels of RBD-specific IgA from fecal supernatants of
age-matched healthy (A) and severe COVID-19 (B) individuals as determined by ELISA.
(C) Levels of RBD-specific IgA from fecal supernatants of young, healthy individuals. (D)
Area under the curve (AUC) values of the measurements depicted in A-C. *, p<0.05, **,
p<0.01, *** p<0.001, as calculated by Kruskal-Wallis test with Dunn’s multiple
comparisons; ns, not significant.

In order to determine their neutralizing capacity, IgA was isolated from fecal
supernatants of severe COVID-19 cases and healthy individuals harboring
anti-RBD-specific IgA antibodies. Therefore, human ACE2-expressing
HEK293T cells were incubated with biotinylated RBD, which was
subsequently detected with fluorescent streptavidin. The reduction of this
signal in presence of purified fecal IgA was measured and the inhibition of
binding of the RBD protein to the ACE2 receptor was calculated (Figure 5 A,
B). Mucosal IgA from five healthy individuals but from only one severe
COVID-19 patient was able to decrease the ACE2-RBD binding. None of the
tested antibodies could inhibit the interaction completely, even when used
with minimal dilution of 1:1 suggesting that the amount of RBD-specific
neutralizing antibodies, or their affinity is low in the feces of healthy donors.
Further, the majority of tested IgA did not inhibit the binding of RBD to
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ACE2, indicating additionally the presence of non-neutralizing, RBD-specific

IgA antibodies.

A B

RBD-Strep-FITC \/\‘{(
100=
=

purified fecal IgA

< S
ACE2 / @ 5 °7
- o
M 2 o
8 =
pe g n.s.
2 404
hd °
- o 204 ° .
Q® Q ' .
293T cell o _Ay T I
\/ HC COVID-19
fecal IgA
o anti-RBD IgA2
-~ HC-014 —¢ Cov-005
0.4+ = HC-002 -® Cov-012 501 =
-+ HC-006 % Cov-004 40 .
» 0.34 — HC-011 -+ Cow-008 2 "
5 - HC-010 ~¥ Cov-002 3 3
2 024 - HC-011 B ¢
[=
= —~+ HC-012 5 20
o (]
B 014 -~ HC-016 8 10 J_‘f'
& HC-019
04 -e- HC-015 o] %00a® oo
1 10 100 1000 HC COVID-19

dilution

Figure 5. Purified fecal IgA from healthy individuals inhibits ACE2-RBD interaction
by binding to RBD. (A) Scheme of the experimental setup for the in vitro neutralizing
assay. The binding capacity of fluorescent labelled RBD to human ACE2 expressed by 293T
cells was determined. (B) Inhibition of binding from RBD to ACE2 by IgA purified from fecal
supernatants of healthy individuals and severe COVID-19 patients. (C) Levels and AUC
values of anti-RBD IgA2 isolated from fecal supernatants of healthy and severe COVID-19
individuals. *, p<0.05, **, p<0.01, ***, p<0.001, as calculated by unpaired t-test; ns,
not significant.

To further characterize the nature of RBD-specific fecal IgA, the subclasses
of the antibodies was determined (Figure 5 C). Healthy donors harbored
anti-RBD IgA2 in their feces, while severe COVID-19 patients lacked these
antibodies. Thus, the previously described non-RBD-specific IgA2
antibodies in severe COVID-19 are present in serum and feces (Ferreira-
Gomes et al., 2021).

These data point out that healthy individuals harbor RBD specific IgA
antibodies in their feces which decrease with age, and a fraction of these
antibodies is able to inhibit an ACE2-RBD interaction, suggesting

neutralizing capacity.
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4.4 Mucosal IgA-bound commensal bacteria differ between
anti-RBD IgA* and IgA™ healthy individuals

To understand why healthy individuals contain RBD-specific IgA antibodies
in their feces, the properties of the microbiota was further analyzed as it is
a crucial factor for the induction of mucosal IgA production. Commensal
microbes play an important role in shaping the host IgA response and are
additionally targeted by it (Atarashi et al., 2015). Therefore, healthy
individuals were divided into two groups based on the presence of mucosal
anti-RBD IgA (HC RBD-IgA* and HC RBD-IgA"). The coating of fecal bacteria
by IgA1 and IgA2 was quantified by flow cytometry showing no difference
in the percentage of IgA1- and IgA2-coated bacteria between RBD-IgA* and
RBD-IgA™ healthy donors (Figure 6 A). Next, the bacteria bound by IgAl
and IgA2 were isolated by fluorescence-activated cell sorting (FACS) and
the taxonomic composition was determined by 16S rRNA gene sequencing.
To identify differently occurring bacterial taxa from RBD-IgA* and RBD-IgA-
healthy individuals, a Linear discriminant (LDA) combined with effect size
(LefSE) analysis was performed. Bacteria bound by IgA from RBD-IgA*
donors were enriched for Parabacteroides, Sporobacter, Bilophila, and
Vagococcus, while in RBD-IgA™ donors the IgA-coated fraction was enriched
for Pseudomonas, Dorea, Soonwooa, Lachnospira and Bacillus genera
(Figure 6 B).

These data show, that the IgA-coated bacteria fraction differs between
healthy individuals harboring or lacking anti-RBD IgA antibodies, suggesting
that the presence of mucosal RBD-specific antibodies may be associated

with the recognition of distinct commensal microbiota.
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Figure 6. IgA-coated fecal bacteria differ between HC RBD-IgA* and HC RBD-IgA-
individuals. (A) Representative FACS plots of fecal microbiota coating with IgA1 and IgA2
from HC RBD-IgA* and HC RBD IgA™ individuals (left). Quantification of IgA1- and IgA2-
coated bacteria (right). (B) LefSE analysis depicting differently abundant bacterial genera
in HC RBD-IgA* versus HC RBD-IgA™ donors. ns, not significant as calculated by unpaired
t-test.

4.5 Anti-RBD neutralizing antibodies bind to fecal microbiota

of healthy individuals

The occurrence of RBD-specific IgA in the feces of healthy individuals and
its connection to the particular IgA response towards the microbiota led to
the suggestion that intestinal microbes express surface structures partially
resembling the SARS-CoV-2 RBD motif of the Spike protein, resulting in
cross-reactive antibodies. In order to test this, anti-RBD neutralizing
antibodies were used to detect bacteria presenting RBD-like structures
using polyclonal anti-serum derived from rabbit immunization (rabbit anti-
RBD) and 15 monoclonal antibodies derived from hospitalized COVID-19
patients. The monoclonal antibodies were cloned from peripheral blood
antibody-secreting (2 out of 15) and SARS-CoV-2 Spike-specific memory B
cells (13 out of 15) that were previously selected based on strong RBD
binding and a high SARS-CoV-2 neutralizing capacity (Kreye et al., 2020).
Fecal microbiota from anti-RBD IgA-positive and -negative healthy donors
was incubated with the respective antibodies and binding was determined
using fluorescently labeled anti-rabbit IgG and anti-human IgG secondary

antibodies (Figure 7 A, B). Both, rabbit- and human-derived antibodies
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bound to distinct fecal bacteria. Out of 15 antibodies cloned from
hospitalized COVID-19 patients, two showed no microbiota reactivity (HK
CV07-287, HL CV07-250), and nine recognized bacteria irrespective of pre-
existing RBD-specific mucosal antibodies (Table 13). Two clonally related
antibodies, CV07-200 and CV07-283, differed in their binding pattern
(Figure 7 C). Additionally, the simultaneous staining with rabbit and human
antibodies revealed similar as well as varying recognition of bacteria (Figure
7 D).

Therefore it can be stated, that the majority of the examined anti-RBD

neutralizing antibodies bind to commensal bacteria of healthy individuals.

Table 13. Frequencies of fecal bacteria bound by neutralizing antibodies

done RBD-IgA* RBD-IgA"
HC-001 | HC-003 | HC-011 | HC-009 | HC-043
HK CV38-113 0 1.65 0.72 1.14 2.09
HK CV07-287 0 0 0 0 0
HL CV07-270 2.1 6.59 5.46 5.31 5.11
HK CV-X2-106 0 1.06 0 0 0
HL CV07-283 0.74 0.89 0 0 0
HL CV07-262 | 0.64 0.64 0 0 0
HL CV07-250 0 0 0 0 0
HL CV07-222 | 0.55 1.37 0 0 0
HK CV-X1-126 | 1.04 0.86 2.36 1.95 2
HL CV07-200 1.68 1.51 0 0 0.32
HL CV07-315 0.85 1.03 2.14 1.04 1.56
HK CV38-221 1.9 0.86 0 0 2.5
HK CV38-139 1 1.42 2.94 1.75 2.94
HK CV05-163 | 2.15 5.15 3.46 2.66 1.61
HL CV07-255 1.87 2.76 0 1.28 0.44
Rab. anti-RBD | 1.01 3.82 0.17 0.9 0.32
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Figure 7. RBD-specific neutralizing antibodies bind to fecal bacteria from healthy
individuals. (A) Flow cytometric plots of anti-RBD neutralizing antibodies derived from
rabbit immunization and isolated from severe COVID-19 patients. (B) Binding to fecal
bacteria of healthy donors harboring (HC RBD-IgA*) or lacking (HC RBD-IgA") RBD specific
IgA in their feces. (C) Recognition pattern of fecal bacteria from various healthy donors
from clonally related human anti-RBD antibodies HL CV07-283 and HL CV07-200. (D)
Simultaneous staining of fecal microbiota with rabbit and human anti-RBD neutralizing

antibodies.
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4.6 RBD-specific neutralizing antibodies recognize various

fecal bacteria of healthy individuals
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Figure 8. Anti-RBD neutralizing antibodies bind various fecal bacteria. (A) Scheme
of the strategy used to identify commensal bacteria bound by RBD-specific neutralizing
antibodies. FAC-sorted bacteria were identified by 16S rRNA gene sequencing and cultured.
(B) Relative abundances of fecal bacteria taxa of different healthy donors bound by rabbit
anti-RBD, HK CV05-163, HK CV05-255 and HL CV07-270.

To identify which bacterial species induce cross-reactive antibodies, we
sorted the bacteria recognized by the neutralizing antibodies. Therefore,
fecal material from three healthy donors (HC-001, HC-003 and HC-016)
were stained with four antibodies separately (rabbit anti-RBD, HK CVO05-
163, HK CV05-255 and HL CV07-270) and the 16S rRNA gene was
sequenced (Figure 8). Despite the individual differences in the microbiota
composition, we enriched Bacteroides, Escherichia/ Shigella and Dialister
with the antibodies in all donors, revealing a certain specificity for distinct
bacterial taxa (Figure 8 B). Streptococcus was identified in all donors by all
antibodies except for the human monoclonal antibody HL CV07-270.

Thus, antibodies specific for RBD bind to similar bacterial species of healthy
donors positive for fecal anti-RBD antibodies.

Using FACS we isolated bacteria bound by anti-RBD-specific antibodies. The
sorted bacteria grew on various selective media such as BHI, PYG and blood
agar under anaerobic conditions. Single colonies were sent for NGS and the

sequence identity was determined with BLAST.
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Among the isolated bacteria were several strains belonging to the genera
Streptococcus, Bacillus, Bifidobacterium, Enterococcus and Escherichia. The
human antibody HL CV07-315 also uniquely bound to Acidaminococcus
intestinalis and Veillonella parvula (Table 14.). One of the isolated species
from fecal material was Streptococcus salivarius a commensal of the oral
microflora with probiotic properties (Burton et al., 2006).

Together, these results show that RBD-specific antibodies do not only
neutralize SARS-CoV-2 but also recognize various fecal commensals from

healthy individuals.
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Table 14. Bacterial strains isolated with neutralizing antibodies

HK
Rabbit HL CV07- HK CV- HL CV07- | HL CVO07- HL CV07-
Bacterial strain CV05-
anti-RBD 270 X1-126 200 315 255
163
Streptococcus
o X X X X
salivarius
Sterptococcus
X X
australis/ Rubneri
Streptococcus
o X X X
Parasanguinis
Escherichia Coli X X X X X
Bacillus safensis X X X
Bacillus cereus X X
Escherichia
N X X X
fergusonii
Bifidobacterium
X X
pseudocatenulatum
Bifidobacterium X
longum
Enterococcus Hirae X X
Enterococcus
X X
faecalis
Acidaminococcus X
intestinalis
Veillonella parvula X
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4.7 Isolated bacterial species from healthy individuals bind to

anti-RBD neutralizing antibodies

To verify whether the isolated strains display RBD-like structures on their
surface, we stained them with anti-RBD neutralizing antibodies (Figure 9).
Bacillus sp. and E. Fergusonii bound the neutralizing antibodies. The
commercially available probiotic Streptococcus salivarius strain K12 was
recognized by the rabbit-derived antibody. Bifidobacterium
pseudocatenulatum bound the human anti-RBD antibodies. Only a fraction
of the bacteria could be stained with the anti-RBD antibodies which might
be explained by different growth states of the bacteria thereby resulting in
a heterogeneous distribution of the RBD-like surface molecules within the
population.

In summary, it could be validated that the isolated bacteria species express

a structure on their surface similar to RBD.
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Figure 9. Isolated bacterial strains are recognized by anti-RBD neutralizing
antibodies. (A) Flow cytometry plots of Bacillus sp., E. Fergusonii and S. Salivarius K12
stained with rabbit and human (HL CV07-315, HK CV38-139) anti-RBD antibodies. (B)
Flow cytometry plots of Bifidobacterium pseudocatenulatum stained with human
neutralizing antibodies HL Cv07-200 and HL CV07-283.
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4.8 Salivary IgA from healthy donors recognize specific

bacterial strains

As SARS-CoV-2 enters the host via the respiratory route and Streptococcus
salivarius is a commensal of the oral microflora, we determined the
reactivity of salivary IgA antibodies towards the identified bacterial species.
Therefore,  Streptococcus  salivarius K12 and  Bifidobacterium
pseudocatenulatum were incubated with saliva from healthy individuals
previously identified to harbor (HC RBD-IgA™*) or lack (HC RBD-IgA-) anti-
RBD IgA in their fecal supernatants. Additionally, we used Bacillus subtilis
as a hegative control, because it was not among the isolated RBD-
resembling bacteria.

Salivary IgA2 antibodies recognized Streptococcus salivarius and, to a lower
extent, Bifidobacterium pseudocatenulatum (Figure 10 A). The mean
fluorescence intensities (MFI) were significantly higher in individuals who
were positive for fecal anti-RBD IgA, whereas the IgA1 antibodies did not
differ in their binding ability between the groups (Figure 10 B). Bacillus
subtilis was bound by less IgA antibodies independent of isotype and no
differences could be observed between HC RBD-IgA* and HC RBD-IgA-
individuals.

Thus, the isolated bacterial species which are bound by anti-RBD
neutralizing antibodies are recognized to a greater extent by salivary IgA2

from healthy individuals harboring fecal anti-RBD IgA.
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Figure 10. Salivary IgA antibodies from HC RBD-IgA* donors bind to isolated
bacterial strains. (A) Representative Flow cytometry plots and MFI histograms of S.
Salivarius, B. Pseudocatenulatum and B. Subtilis incubated with saliva of healthy
individuals and stained with fluorochrome labelled anti-human IgA1 and IgA2 antibodies.
(B) MFI values of S. Salivarius, B. Pseudocatenulatum and B. Subtilis incubated with saliva
from HC RBD-IgA* and HC RBD-IgA™ individuals. *, p<0.05, as calculated by unpaired t-
test; n.s., not significant.
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4.9 Streptococcus salivarius and Bifidobacterium pseudo-

catenulatum induce RBD specific antibodies in mice

In order to assess whether the isolated bacteria species can induce
antibodies reactive to RBD, C57BL/6 mice were once intraperitoneally
injected with heat-killed bacteria and the serum was analyzed 14 days post-
injection. Streptococcus salivarius but not Bifidobacterium pseudo-
catenulatum was able to induce anti-RBD IgG in the serum of mice (Figure
11 A). Taking into account that these bacteria are part of the oral and
intestinal microflora, we also fed mice via oral gavage with the two species
and determined the induction of anti-RBD IgA antibodies in their fecal
supernatants after 14 days and thereby the mucosal immune response. Oral
feeding of mice with S. salivarius or B. pseudo led to fecal IgA antibodies
reactive to RBD (Figure 11 B). Interestingly, only the fecal anti-RBD IgA
antibodies induced by S. salivarius blocked the ACE2-RBD binding (Figure
11 C), determined by the same assay as depicted in Figure 5.

In brief, administration of S. salivarius intraperitoneally or via the oral route

induces anti-RBD IgG and IgA antibodies respectively.
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Figure 11. S. salivarius and B. pseudo induce RBD-reactive antibodies. (A) Mice
were injected i.p. with heat-killed S. salivarius or B. pseudo and the anti-RBD IgG antibody
titers were measured in serum after 14 days. (B) anti-RBD IgA antibodies in fecal
supernatants of mice orally supplemented with S. salivarius und B. pseudo. (C) Inhibition
of RBD binding to ACE2 by fecal supernatants from B. Two-way ANOVA with Bonferroni's
correction was applied for (A). Kruskal-Wallis test with Dunn’s multiple comparisons was
used for (B). *, p<0.05, **, p<0.01, ***, p<0.001, n.s., not significant.
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4.10 Oral microbiota composition of severe COVID-19 cases is

dysbiotic

Streptococcus salivarius is a commensal bacteria residing in the human oral
cavity and induced fecal anti-RBD IgA antibodies in mice by oral gavage.
SARS-CoV-2 infects the human host mainly through the respiratory route,
and thus it was hypothesized that the absence of S. salivarius could affect
the COVID-19 disease course. To identify potential differences in the oral
microbiota, we performed 16S rRNA gene sequencing of saliva samples and
buccal swaps of healthy individuals, patients with a flu-like illness and mild
and severe COVID-19 patients, hospitalized in the intensive care unit. A
principal coordinate analysis (PCoA) based on Bray-Curtis dissimilarity
revealed that the oral microbiota of severe COVID-19 patients differed from
healthy individuals, mild COVID-19 cases and patients with flu-like illness
(Figure 12 A). This was also reflected by a trend of decreased microbiota

diversity depicted as Shannon and Simpson index (Figure 12 B).
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Figure 12. Oral microbiota composition of severe COVID-19 patients is dysbiotic.
(A) PCoA of the oral microbiota from healthy individuals, flu-like illness, as well as mild
and severe COVID-19 patients. (B) Species richness calculated as Chaol index and
microbiota diversity calculated as Shannon and Simpson index of the oral microbiota of
healthy individuals, flu-like iliness, as well as mild and severe COVID-19 patients. . Kruskal-
Wallis test with Dunn’s multiple comparisons was used to determine no significant
differences.
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In order to reveal which bacterial species are differently abundant in the
oral microbiota of hospitalized COVID-19 patients a LefSE measurement
was performed. Several genera were enriched in severe COVID-19 in
comparison with healthy donors, flu-like illness and mild COVID-19
patients, among them Pseudomonas, Enterococcus and Staphylococcus
(Figure 13 A).

To directly quantify differences between the investigated groups, the
relative abundance of various bacterial genera of the oral cavity was
determined. Interestingly, Streptococcus, the genera inducing cross-
reactive antibodies specific to RBD, was significantly reduced in the oral
cavity of patients severely suffering from COVID-19. This was not observed
for the Bifidobacterium genus, even though Bifidobacterium
pseudocatenulatum induced as well fecal anti-RBD specific antibodies
(Figure 13 B). The oropharynx of hospitalized COVID-19 patients was
therefore characterized by increased abundancies of Enterococci and
Staphylococci genera. Of note, hospitalized patients were only partly
treated with antibiotics, therefore these changes in the oral microbiota
composition cannot be explained by usage of antibiotics at the intensive
care unit.

In summary, these data suggest that the oral microbiota of severe COVID-
19 cases differs from mild cases, healthy individuals and patients with flu-
like symptoms and is characterized by a decrease in the genus
Streptococcus and an increase in the genera Enterococcus and

Staphylococcus.
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Figure 13 Severe COVID-19 induces changes in the oral microbiota. (A) LDA scores

of genera as calculated by LefSE measurements of the oral microbiota from healthy

individuals, flu-like illness patients and mild and severe COVID-19 patients. (B) Relative

abundance of selected genera of the oral microbiota from healthy individuals, flu-like iliness

patients and mild and severe COVID-19 patients. Kruskal-Wallis test with Dunn’s multiple
comparisons was used. *, p<0.05, **, p<0.01, *** p<0.001, ns, not significant.
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4.11 Alterations in the fecal microbiota of hospitalized COVID-
19 patients

In order to determine whether the differences in the oral microbiota are
also present in the fecal microbiota composition, we analyzed and compared
the fecal microbiota composition of severe COVID-19 patients and healthy
individuals by 16S rRNA gene sequencing.

Fecal microbiota of severe COVID-19 patients did not differ from healthy
donors, shown by PCoA based on Bray-Curtis dissimilarity distance (Figure
14 A). The bacterial composition of six severe COVID-19 donors built a

distinct cluster, hinting towards heterogeneity inside the cohort.
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Figure 14 Fecal microbiota diversity is reduced in severe COVID-19 patients. (A)
PCoA based on Bray-Curtis dissimilarity distance of the fecal microbiota from healthy
individuals and severe COVID-19 patients. (B) Bacterial richness (Chaol index) and
diversity (Shannon and Simpson index) of fecal microbiota from healthy donors and
hospitalized COVID-19 patients. **, p<0.01, as calculated by unpaired t-test; n.s., not
significant.
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LefSE analysis of the fecal bacterial composition resulted in several genera
differently abundant in severe COVID-19 patients. In accordance with the
observations from oral microbiota, Enterococcus, Staphylococcus and
Pseudomonas genera were enriched in hospitalized COVID-19 patients,
whereas Streptococcus and Bifidobacterium were more abundant in healthy
donors, based on LDA scores (Figure 15 A).

The identification of altered abundances of bacterial genera in the feces was
similar to the results obtained from the oropharynx. Streptococcus was
significantly increased in healthy individuals in contrast to Bifidobacterium.
Enterococcus was enriched and -opposed to the oral microbiota-
Staphylococcus was not increased in severe COVID-19 patients (Figure 15
B).

Taken together, these data indicate that severe COVID-19 alters the fecal
microbiota, resulting in decreased bacterial diversity and decreased

abundance of Streptococcus and outgrowth of Enterococcus.
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Figure 15 Fecal microbiota in hospitalized COVID-19 patients is altered compared

duals. (A) Linear discriminant analysis (LDA) scores from LefSE analysis

ivi

to healthy ind

of fecal bacterial genera from healthy individuals and severe COVID-19 patients. (B)
Abundance of selected genera of the fecal microbiota from healthy donors and hospitalized
COVID-19 patients. *, p<0.05, **, p<0.01, *** p<0.001, as calculated by unpaired t-

test; n.s., not significant.
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In addition to viral infections, immune responses towards the fecal
microbiota impact on chronic inflammatory diseases affecting peripheral
sites outside the gastrointestinal tract as observed in RA, MS and AS (Maeda
and Takeda, 2017; Schepici et al., 2019; Zhang et al., 2019b).

On this account, we next wanted to understand the alterations of the fecal

microbiota composition associated with AS.

4.12 Immunoglobulin-coating of fecal bacteria is not altered in
AS

To understand the interaction of the fecal microbiota with the mucosal
immune system, the coating of fecal bacteria with intestinal-derived IgA1l,
IgA2 and IgG was determined. Interestingly, no differences in the coating
of the total microbiota neither with IgAl, IgA2 nor IgG was observed

between HC individuals and AS patients (Figure 16).
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Figure 16. Coating of fecal bacteria by immunoglobulins is not altered in AS.
Representative flow cytometry plots and quantification of (A) IgAl-, (B) IgA2- and (C)
IgG-coated fecal bacteria in healthy individuals (HC) and AS patients. ns, not significant as
calculated by unpaired t-test with Welch’s correction.
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4.13 AS patients show decreased frequency of SytoBC*DAPI-

bacteria in feces

It was previously reported that AS patients have an increased abundance
of Bacteroidetes in the terminal ileum compared to healthy individuals,
whereas the fecal microbiota composition was decreased in Bacteroidetes
and increased in Actinobacteria species (Costello et al., 2015; Wen et al.,
2017). In order to understand which bacteria actively influence the disease
state, we investigated the living fraction of the fecal bacteria. To this end,
we used the DNA dyes propidium iodide (PI) and SytoBC allowing us to
simultaneously discriminate between live, injured and dead bacterial cells
(Ben-Amor et al., 2005). The combination of both dyes enabled us to
differentiate between “live” or intact bacteria, which are positive for SytoBC
and negative for DAPI (SytoBC*DAPI") and “dead” or compromised bacteria
which are penetrated by both fluorophores (SytoBC*DAPI*).

Fecal samples from patients suffering from AS were markedly decreased in
frequencies of live, SytoBC*DAPI- bacteria compared to healthy individuals
(Figure 17 A).

To verify the viability of the two identified compartments, the SytoBC*DAPI-
and SytoBC*DAPI* bacterial populations of HCs and AS patients were sorted
into PYG medium and kept under anaerobic conditions for two days before
the optical density (OD) was assessed. SytoBC*DAPI- bacterial cells from
HC and AS fecal samples proliferated in contrast to their SytoBC*DAPI*
counterparts (Figure 17 B).

Thus, these chronic inflammations of the CNS are associated with decreased
proportions of fecal SytoBC*DAPI- bacteria, reflecting a decrease in the live

bacteria compartment.
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Figure 17. Live fraction of fecal bacteria is decreased in AS patients. (A)
Representative flow cytometry plots of fecal samples from HC and AS patients stained with
DAPI and SytoBC. The SytoBC*DAPI- population is defined as live bacteria. (B) Gates
depicting the live and dead bacteria fraction and OD values at 660nm from the respective
sorted cells after a two days culture in PYG medium. Values represent three healthy donor
samples and two AS patient samples. *, p<0.05, **, p<0.01, *** p<0.001, ns, not
significant as calculated by Kruskal-Wallis test with Dunn’s multiple comparisons (A) and
Mann-Whitney test (B).
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4.14 Distinct microbiota populations reveal novel disease-

associated bacteria

In order to identify the bacterial taxa comprising the live and dead
compartment, the SytoBC*DAPI- and SytoBC*DAPI* population were sorted
and analyzed by 16S rRNA gene sequencing. The fecal microbiota
composition between healthy individuals and AS patients did not differ as
revealed by a Non-metric Multidimensional Scaling (NMDS) based on Bray-
Curtis distance but the analysis of the live and dead bacterial compartment
resulted in a slightly increased separation of the HC and AS groups
compared to the bulk fecal samples (Figure 18 A, C, E). The alpha diversity
of the SytoBC*DAPI* compartment from AS patients was decreased as
calculated by Shannon and Simpson index, which was neither observed in
the unsorted sample nor the SytoBC*DAPI- population (Figure 18 B, D, F).
A random forest analysis resulted in mean decrease accuracy (MDA) values
depicting bacterial taxa predictive for AS or healthy status (Figure 19 A).
Analysis of the naive fecal sample resulted in 14 genera identified to be
differently present in AS and HC of which only three were shared with the
dead bacterial fraction and two with the live compartment (Figure 19 B).
Interestingly, only the genus Devosia was predictive for AS in all three
bacterial compartments and its relative abundance was significantly
increased in AS naive fecal samples and the SytoBC*DAPI- and
SytoBC*DAPI* fraction (Figure 19 C).

Therefore, the analysis of the live and dead fecal microbial compartment
reveals novel disease-associated bacteria which could not be identified by

16S rRNA gene sequencing of the total fecal sample.
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Figure 18. Fecal microbiota composition of AS patients does not differ from
healthy individuals independent of bacterial fraction. NMDS plots of the naive fecal
sample (A) and the dead (C) and live (E) fraction of AS patients and healthy individuals
based on Bray-Curtis distance. Bacterial richness (Chaol index) and diversity (Shannon
and Simpson index) of the naive fecal microbiota (B), the dead (D) and live (F) from HC
and AS patients. *, p<0.05, **, p<0.01, ***, p<0.001, ns, not significant as calculated

by Mann-Whitney test.
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Figure 19. Disease-associated bacteria from sorted fractions differ from bulk
sample. (A) MDA scores of bacterial taxa from the unsorted, the dead and the live
compartment calculated by Random forest. Depicted with a red asterix is the genus
Devosia. (B) Venn plots of taxa identified by RF across distinct compartments. (C) Relative
abundance of the genus Devosia in the naive, dead and live bacterial fraction of healthy
individuals and AS patients. ***, p<0.001, **** p<0.0001 as calculated by Mann-
Whitney test.

The relative abundances of the bacterial taxa with high MDA values in the
SytoBC*DAPI" and SytoBC*DAPI* compartments were compared between
AS patients and healthy individuals (Figure 20). Indeed, the discriminant
taxa Anaerobacterium, Vampirovibrio and Phocaeicola were increased in the
SytoBC*DAPI* population of healthy donors compared to AS patients,
whereas in the SytoBC*DAPI- population they were equally abundant
(Figure 20 A). Differences for the genera Azotobacter, Pseudocitrobacter,
Escherichia/Shigella and Bifidobacterium were observed in the live but not
the dead bacteria compartment as predicted by MDA scores (Figure 20 B).
Bifidobacterium was the sole genus increased in AS patients live fecal

bacteria.
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The bacterial taxa Mesorhizobium, Eoetvesia, Aquamicrobium and
Holdemanella were decreased in healthy individuals in both SytoBC*DAPI-
and SytoBC+*DAPI* populations (Figure 20 C).

Thus, the composition of live and dead fecal bacteria of AS patients differs
in their abundance of distinct bacterial taxa, thereby revealing novel

disease-associated bacteria.
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Figure 20. Different abundant bacteria in HC and AS SytoBC*DAPI- and
SytoBC*DAPI* fractions. Relative abundancies of selected taxa identified by RF as
discriminant for HC or AS in the dead fraction (A), the live fraction (B) or in both (C). *,
p<0.05, **, p<0.01, *** p<0.001, ns, not significant as calculated by Mann-Whitney test.
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5 Discussion

Ly6C* IgA* PCs are characterized by increased expression of Sca-1

Small intestinal LP IgA-secreting PCs build a heterogeneous population
distinct in cytokine production and expression of surface molecules like
Ly6C. Even though it was previously shown, that Ly6C* PCs are absent in T
cell-deficient mice and develop independent of ILFs and PPs, it has not been
clarified how their transcriptomic profile and their developmental stage
differs from PCs lacking Ly6C expression (Winsauer et al., 2015).
Therefore, the transcriptome of murine SI Ly6C* PCs was compared to
Ly6C- PCs. Notably, Ly6C* PCs were characterized by an increased
expression of immunoglobulin heavy and light chain genes as well as the
surface protein Sca-1, whereas the expression of genes associated with
DNA replication and the MHC class II H2-M beta 2 chain gene were increased
in PCs lacking Ly6C. Consistent with the upregulated Ig secretion and
progressive loss of MHCII expression during PC development (Kallies et al.,
2004), this data indicate, that Ly6C* PCs represent a more matured or aged
subpopulation of IgA secreting cells, which can be further differentiated by
the expression of Sca-1. Antibody-secreting CD138* cells in the BM, the
spleen and the PPs display Sca-1 on their surface, thus it is possible that
Sca-1* IgA* PCs residing in the LP can acquire Sca-1 expression already in
the PPs (Wilmore et al., 2017). However, IgA-secreting PCs from the LP
obtained Sca-1 in vitro independent of Ly6C expression, suggesting that it
represents a surface antigen of matured PCs, which can be acquired upon
survival and activation signals such as IL-6 and BAFF, additionally to the
known inducers of Sca-1 expression on B cells, namely IFN-y and TNF
(Malek et al., 1989).
Interestingly, it has been recently reported that age-associated B cells
accumulating in the meningeal dura mater express Sca-1. These cells are
significantly decreased in seven to 12 -week-old mice compared to seven
to 25-months-old mice (Brioschi et al., 2021). Whether this age-associated
increase of Sca-1* PCs is also present in the SI LP and what their
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contribution in controlling the microbiota composition is, should be in the
focus of future studies.

Unpublished previous work in our group has revealed that Ly6C is absent
on B cells from PPs and that Ly6C* PCs accumulate over time in the SI LP
of young mice (data not shown). Recently, newly generated IgA-secreting
plasma blasts were found in the liver and were described to express Ly6C
originating from PPs (Moro-Sibilot et al., 2016). This indicates that the
expression of Ly6C is initiated after egress from the PPs and maintained by
PCs that encountered intestinal antigens. Stimulation of splenic B cells with
LPS induces Ly6C expression that is diminished once CD40 is
simultaneously engaged (Wrammert et al., 2002) but other microbial
stimuli and potentially signals provided by T cells (Winsauer et al., 2015) -
besides BAFF and IL-6-which might lead to the induction of Ly6C expression
still need to be determined. Additionally, it should be clarified, which
potential function Ly6C exerts on PCs, as the data obtained in this work

mostly suggest the role of a marker to characterize different PC subsets.

Fecal IgA antibodies cross-reactive to the RBD of SARS-CoV-2 are present

in unexposed individuals

The presence of SARS-CoV-2-reactive antibodies in unexposed individuals
has been attributed to previous infections with common cold coronaviruses
but the origin of these systemic cross-reactive antibodies has not been
proven. Here, we report the existence of secretory IgA antibodies at
mucosal surfaces of healthy, uninfected individuals that bind to the RBD of
the SARS-CoV-2 S-protein.

Unexposed donors harbor S-protein-binding IgG antibodies in their sera.
Even though it has been assumed that these antibodies were derived from
previous immune responses towards seasonally spreading human
coronaviruses, they could also be detected in individuals without recent
virus infection as determined by reverse transcription-quantitative PCR (Ng
et al., 2020). All of the healthy donors investigated in our work were

seronegative for RBD-specific antibodies but a fraction still displayed
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intestinal IgA targeting RBD indicating a separation of the systemic and
mucosal immune response. Interestingly, the prevalence of cross-reactive
antibodies peaks in children and adolescents (6-16 years) and declines with
age (Ng et al., 2020). Likewise, the presence of RBD-binding IgG antibodies
correlates with younger age (Selva et al., 2021) consistent with the absence
of mucosal cross-reactive IgA binding to RBD in aged individuals observed
in this work. As age is a major risk factor for the development of severe
COVID-19 (Zhou et al., 2020b), the neutralizing capacity of these cross-

reactive antibodies should be determined.

Besides antibodies, pre-existing cross-reactive CD4* T cells have been
detected in healthy donors, which are reactive to the spike protein of SARS-
CoV-2 as well as endemic coronaviruses (Braun et al., 2020). However, in
COVID-19 patients these cross-reactive T cells are absent among the SARS-
CoV-2-specific CD4* T cell compartment, suggesting that these pre-existing
low-avidity T cells do not confer protection against SARS-CoV-2 infection
and potentially are another risk factor during COVID-19 in older individuals
(Bacher et al., 2020). The questions arise whether cross-reactive T cells
reside at mucosal tissues and if they are involved in the initiation of the
immune response leading to cross-reactive secretory IgA, which seems
likely concerning the contribution of T cells in the generation of IgA, e.g. in
the PPs.

Streptococcus salivarius induces RBD-specific antibodies

Streptococcus salivarius, a member of the intestinal and oral microbiota was
among the identified bacteria pointing towards a putative role for the
induction of neutralizing anti-RBD antibodies. Sera derived from COVID-19
infected patients bind to S. salivarius and Western blot analysis of the
bacterial lysate with subsequent mass-spectroscopy, cloning and
overexpression in E. coli revealed an uncharacterized protein RSSL-01370
as an antibody target (data not shown). Furthermore, oral administration

of S. salivarius in vivo in mice induced fecal RBD-binding IgA antibodies,
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that inhibit RBD-ACE2 interactions. Epitope-mapping of IgA antibodies
induced by S. salivarius against peptides derived from the S-Protein of
SARS-CoV-2 revealed binding to a peptide sequence corresponding to the
receptor binding motif (RBM) of RBD (data not shown). Hence, the
commensal bacteria S. salivarius of the oropharyngeal microbiota induces
cross-reactive antibodies that recognize structures in the RBD of the SARS-
CoV-2 S-protein.

Such bacteria-induced antibodies additionally targeting viral proteins have
also been reported for HIV-1. Specifically the HIV-1 envelope proteins gp41
and gp120 are bound by antibodies cross-reacting with intestinal bacteria
(Jeffries et al., 2016; Trama et al., 2014). Interestingly, immunization of
humans with a vaccine containing gp120 and gp41 components has resulted
in HIV-1 reactive, but not neutralizing antibodies (Williams et al., 2015). In
line with that, it should be determined whether the identified, RBD-like
protein from S. salivarius alone is capable of inducing an immune response

resulting in RBD binding and potentially neutralizing antibodies.

The oral and fecal microbiota composition of severe COVID-19 patients is

altered

Especially in the context of vaccination strategies against SARS-CoV-2 this
elaboration is of high relevance as mainly systemic neutralizing IgG
antibodies are induced upon vaccination (Goel et al., 2021; Ramasamy et
al., 2021; Sahin et al., 2020). In order to efficiently prevent an infection
with SARS-CoV-2, neutralizing antibodies at the nasal and oral mucosal
surfaces may be necessary. After immunization with two doses of mRNA-
based vaccines, salivary IgG antibodies binding to RBD can be detected
while no or only a moderate IgA response has been reported (Azzi et al.,
2022; Becker et al., 2021). Despite fecal IgA binding to RBD, we detected
salivary IgA antibodies reactive to S. salivarius in unexposed healthy
donors. Thus, our ongoing study investigates if an oral supplementation of

S. salivarius in combination with a SARS-CoV-2 vaccine results in
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neutralizing secretory IgA antibodies at relevant sites for virus entry,
namely the oral cavity.

Consequently, the composition of the oral microbiota may serve as a risk
factor for the development of severe COVID-19. The microbiota potentially
affects the protection against virus infection by modulating the expression
of the ACE2 receptor (Geva-Zatorsky et al., 2017), inducing type I IFN
responses in the lung (Bradley et al., 2019) and initiating TGF-B mediated
IgA CSR (Beller et al., 2020; Ferreira-Gomes et al., 2021).

We observed that the oral microbiota of hospitalized COVID-19 cases was
decreased in Streptococcus species irrespective of antibiotic treatment
compared to healthy individuals, mild COVID-19 cases and patients with
flu-like symptoms. This could reflect that a diminished abundance of
salivary Streptococcus species renders individuals more susceptible to a
severe COVID-19 disease course or that the severe disease results in this
alteration of the microbial composition. Both scenarios are possible and may
exist concomitantly. It should not be neglected that differences in the oral
microbiota can also arise from the invasive ventilation of patients at the
intensive care unit as it has been previously reported (Llorens-Rico et al.,
2021). However, the abundance of Streptococcus was not affected by the

type of oxygen support, thereby reflecting a disease-specific phenomenon.

Additionally to alterations in the oral microbiota, changes in the fecal
microbiota of severe COVID-19 patients were detected. Previous studies
have shown that hospitalized COVID-19 cases display changes in their
microbiota composition (Yeoh et al., 2021; Zuo et al., 2020) but no bacterial
signature has been proposed, probably to heterogeneity of the patient
cohorts and different medical therapies. In general, it has been observed
that acute COVID-19 is associated with opportunistic pathogens, whereas
immunomodulatory bacteria are depleted (Zuo et al., 2020). Our findings
of an increase in Enterococci and Staphylococci and depletion of Veillonella
and Streptococci species in severe COVID-19 cases are compatible with that

view.
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It should be kept in mind that the described differences in bacterial taxa are
based on relative abundances. Therefore, it cannot be excluded, that the
observed alterations could represent a decrease in Streptococci species as
well as an increase in other species. In order to more accurately analyze
the differences in microbiota composition, the actual bacterial cell number
should be determined, as the usage of relative abundance might lead to
different results (Vandeputte et al., 2017).

Decreased frequency of live bacteria in feces from AS patients compared to

healthy individuals

Alterations in the intestinal microbiota are also present in patients suffering
from AS, an inflammatory disease of the spine and sacroiliac joints. Bacteria
like Prevotella corpri and Bacteroides species have been described among
various reports to be altered in the fecal microbiota of AS patients but these
findings are not consistent with other studies (Klingberg et al., 2019; Wen
et al., 2017; Yin et al., 2020; Zhang et al., 2019a; Zhou et al., 2020a). It
was proposed that the presentation of microbial antigens on HLA-B27 can
lead to autoimmune reactions via the principle of molecular mimicry;
however, the detailed mechanisms explaining the impact of the microbiota
on disease development and progression remain to be determined (Ramos
et al., 2002; Schwimmbeck and Oldstone, 1988). In order to identify
intestinal microbes actively involved in AS, the compartment of live and
dead or compromised fecal bacteria of AS patients and healthy individuals
was investigated, thereby providing more detailed information than solely
analyzing native fecal samples. The observed reduction of SytoBC*DAPI-
(live) bacteria in patients with AS and MS could be explained by the overall
inflammatory milieu, resulting in increased mucosal immune responses. The
coating of fecal bacteria with IgA and IgG is a parameter indirectly reflecting
intestinal inflammation as it is increased in IBD and correlates with disease
activity (Lin et al., 2018). In AS the bacterial coating with IgA and IgG is

similar to healthy feces, thus arguing at least against differences in
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immunoglobulin-mediated immune responses leading to a decrease in live
bacteria.

Another reason for the increase in compromised or dead bacteria in fecal
samples from AS patients could be the prevalence of strictly anaerobe
bacteria, which rapidly die once exposed to oxygen. Even though this is
contrary to the notion, that inflammatory dysbiosis is characterized by an
outgrowth of facultative anaerobic bacteria (Rigottier-Gois, 2013).
However, the taxon significantly enriched in all fractions of AS fecal
microbiota is Devosia, a genus of gram-negative, aerobic bacteria
(Nakagawa et al., 1996). Further, the genus Anaerobacterium is increased
in the dead bacteria compartment of healthy individuals, additionally
arguing against the hypothesis, that the decrease in live fecal bacteria is a
result of higher abundance of anaerobic microbes in AS patients. In line
with that, the aerobic genus Mesorhizobium (Laranjo et al., 2014) is
increased in the live and dead bacteria fraction of AS patients. In order to
completely rule out an influence of strictly anaerobe bacteria on these
findings, a more detailed, systematical analysis should be performed.

Even though the biological reasons resulting in the increased fraction of
dead fecal bacteria in AS patients were not yet clarified, the discovered
differences in flow cytometry profiles could be used for AS diagnosis.
Additional work needs to be done to verify this predictive potential, which
is of great relevance as the diagnosis delay of AS can be approximately 10

years (Dincer et al., 2008).

Compartmentalization in live and dead bacteria reveals novel disease-

associated bacterial taxa

To determine the influence of certain bacterial species in the intestinal
microbiota on a disease state, their abundance serves as an important
factor. Nevertheless, the presence of gut microorganisms alone does not
implicate their functional activity, which provides additional information
about their actual effect on the disease (Schirmer et al., 2018). Consistent

with that, it is favorable to differentiate between live and dead bacteria
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concerning the major source of potentially disease mediating metabolites
and antigens. The compartmentalization of fecal bacteria in SytoBC*DAPI*
dead and SytoBC*DAPI- live bacteria revealed novel disease-associated
bacteria taxa like Anaerobacterium, Mesorhizobium, Eoetvoesia,
Holdemanella and Azotobacter, which would have been unidentified by
analyzing the native feces. In which way the species comprising these
genera influence AS onset and progression or whether their prevalence is a
cause of the disease, remains to be determined. Further, it needs to clarified
how the composition of the live and dead compartment is changing over
time as at some point the dead bacteria was a living component of the
microbiota. If the death rate of a certain microbe constantly exceeds its
growth rate, it will be excluded from the bacterial community and thus be
undetectable.

Some of the differentially abundant bacteria like Devosia, Mesorhizobium
and Eoetvoesia are known to be present in soil or wastewater (Felfoldi et
al., 2014; Jarvis et al., 1997; Talwar et al., 2020) and are not primarily
associated with the human intestinal microbiota, which might hint towards
a potential contamination.

Devosia was the only taxon commonly increased in AS fecal samples
compared to healthy donors. The genus comprises gram-negative bacteria,
predominantly present in toxin-contaminated soil habitats and
characterized by genes encoding for peptide permeases (Talwar et al.,
2020). How Devosia species may impact AS is completely speculative but it
is worth mentioning that a strain has been isolated from cerebrospinal fluid
(CSF) (Nicholson et al., 2015), suggesting that it could play a role in

immune responses outside the intestine.
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optical density
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