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Abstract

Infections of the lower respiratory tract represent the fifth most common cause of
death worldwide. This study describes a mechanism that influences the course of
pneumococcal pneumonia based on genetic determinants as well as environmental
factors. Previous experiments have shown that animals deficient in IL-33 or
its receptor ST2 exhibit an enhanced bacterial defense against Streptococcus
pneumoniae.

Initially, associations between the susceptibility to human pneumococcal pneu-
monia and single nucleotide polymorphisms (SNPs) in the genes coding for IL-33
and ST2 were demonstrated. Furthermore, IL-33-deficient animals were shown to
produce increased amounts of IL-22, and experiments using I1337/- 1122/ animals as
well as recombinant IL-22 revealed that enhanced IL-22 production was responsible
for the increased resistance of 11337/~ mice to Streptococcus pneumoniae. Classical
type 2 immune responses driven by type 2 innate lymphoid cells (ILC2s) or
IL-4/IL-13 signaling cascades were not involved in the IL-33-dependent regulation,
while ST2-negative ILCs, most likely representing ILC3s, were identified as the main
differential producers of IL-22.

Additionally, an association between bacterial defense and animal housing condi-
tions was revealed. The IL-33-dependent negative regulation of pneumococcal
pneumonia could only be reproduced in facilities with specific individual hygiene
conditions. This effect was accompanied by differences in the composition of the
intestinal microbiota of the animals, where increased abundance of Lactobacillus
spp. correlated with a protective phenotype in 11337/~ mice. Finally, microbiota
depletion and co-housing experiments resulted in equilibration of bacterial burden,
while a fecal microbiota transplant was able to rescue the observed phenotype
in microbiota-depleted animals. Taken together it was demonstrated, that the
intestinal microbiota influences pneumococcal pneumonia.

The results presented in this study enhance our understanding of the bidirectional
communication between microbiota and the immune system and demonstrate that
genetic as well as environmental factors influence the defense against Streptococcus

pneumoniae.






Zusammenfassung

Infektionen der unteren Atemwege stellen die fiinfthdufigste Todesursache weltweit
dar. In dieser Arbeit wird ein Mechanismus beschrieben, der den Verlauf einer
Pneumokokken-Pneumonie in Abhéngigkeit von genetischen Determinanten sowie
Umwelteinfliissen beeinflusst. Vorangegangene Experimente haben gezeigt, dass
Tiere mit Defizienz in IL-33 oder in seinem Rezeptor ST2 eine verbesserte bakterielle
Abwehr gegen Streptococcus pneumoniae aufweisen.

In dieser Arbeit konnten zundchst Zusammenhénge zwischen single nucleotide
polymorphisms (SNPs) in den Genen kodierend fiir IL-33 und ST2 und einer Anfil-
ligkeit fiir humane Pneumokokkenpneumonie aufgezeigt werden. Dariiber hinaus
produzierten Tiere mit IL-33-Defizienz erhohte Mengen an IL-22. Experimente
unter Verwendung von 1I1337/-1122"/--Tieren sowie rekombinantem IL-22 zeigten ein-
deutig, dass die gesteigerte IL-22-Produktion fiir die erhéhte Resistenz von I133"/"-
Madusen gegeniiber Streptococcus pneumoniae verantwortlich war. Klassische Typ-2-
Immunantworten, getrieben von type 2 innate lymphoid cells (ILC2s) oder IL-4/IL-13
Signalkaskaden, waren nicht in die IL-33-abhéngige Regulation involviert, wahrend
ST2-negative ILCs (sehr wahrscheinlich ILC3s) als differenzielle Hauptproduzenten
von IL-22 identifiziert werden konnten.

Zusétzlich wurde eine Assoziation zwischen der bakteriellen Abwehr und den Hal-
tungsbedingungen der Tiere nachgewiesen. Die IL-33-abhidngige negative Regula-
tion der Pneumokokkenpneumonie konnte nur in Einrichtungen mit spezifischen
individuellen Hygienebedingungen reproduziert werden. Dieser Effekt ging mit Un-
terschieden in der Zusammensetzung der intestinalen Mikrobiota der Tiere einher,
wobei eine erh6hte Frequenz von Lactobacillus spp. mit dem protektiven Phianotyp
der 1133/--Miuse korrelierte. Weiterhin konnte durch Mikrobiotadepletion und
co-housing ein Angleichen der bakteriellen Last zwischen WT- und 1133”--Tieren
nachgewiesen werden, wéhrend eine Transplantation fikaler Mikrobiota zu einer
Wiederherstellung des Phianotyps gefiihrt hat.

Die in dieser Arbeit prasentierten Ergebnisse erweitern unser Verstindnis der
bidirektionalen Kommunikation zwischen Mikrobiota und Immunsystem und
zeigen auf, dass sowohl genetische als auch Umweltfaktoren den Verlauf einer

Pneumokokkenpneumonie beeinflussen.






Introduction

1.1 Streptococcus pneumoniae and pneumococcal pneu-

monia

1.1.1 Epidemiology, treatment and prevention of pneumococcal

pneumonia

Streptococcus pneumoniae (S. pneumoniae) is an extracellular, facultative anaerobe,
Gram-positive bacterium colonizing the nasopharynx. Itis capable of infiltrating the
lower respiratory tract in an opportunistic manner which can lead to pneumonia. S.
pneumoniae can also cause sepsis, meningitis, or middle ear infections®. Lower res-
piratory tract infections (LRTIs) were responsible for more than 2.49 million deaths
in 2019, according to the 2019 Global Burden of Death study?. These data show that
LRTIs are the main cause of death due to infectious diseases globally, exceeding
mortality from HIV (864,000 deaths) and tuberculosis (1.18 million deaths)3. The
incidence of pneumonia-induced deaths correlates with sociodemographic status,
poor healthcare and therefore strongly affects countries of the global south®. The
disease pneumonia can be broadly categorized into community-acquired pneu-
monia (CAP) and hospital-acquired pneumonia (HAP). S. pneumoniae is the most
common cause of CAP, which is associated with a high morbidity and mortality
rate3. Since the introduction of antibiotic therapy, pneumonia-associated deaths
dropped significantly®, but intensive care unit mortality still stays constantly high
at around 10 %°.



Introduction

Pneumococci asymptomatically colonize the upper respiratory tract of 40 — 70%
of healthy children below 5 years of age” and 5 — 20% of adults®. Individuals can
transmit the pathogen via direct or indirect contact, droplets, and, under specific
conditions, aerosols?. Hosts with well-functioning immune systems are usually
capable of clearing S. pneumoniae infections before they cause serious disease.
Therefore, the most susceptible populations are those with compromised immune
functions, such as young children, the elderly or immunocompromised individu-
als!®1!, The distribution of serotypes shows high variation depending on age and
geographical location”. Serotype 3 is one of the most prevalent clinical isolates asso-
ciated with a thicker capsule, greater virulence and higher mortality rate compared
to other strains!2. Although several antibiotics usually show high efficacy rates
against severe pneumococcal pneumonia, the prevalence of antibiotic-resistant
variants increases in many parts of the world®. Alternatively, vaccinations can pre-
vent disease independently of antibiotic resistances. There are two types of vaccines
available to date, the pneumococcal polysaccharide vaccine (PPSV) 23, covering 23
serotypes and pneumococcal conjugate vaccines (PCVs) which are authorized in
several serotype combinations (PCV13, PCV15, PCV20) 1413,
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1.1.2 Biology and virulence factors

S. pneumoniae represents one of the most relevant human pathogens and 100 dif-
ferent serotypes have been described to date'®!”. Serotypes are distinguished by
their polysaccharide capsule, which represent one of their main virulence factors.
Others include pneumolysin (PLY) and several pneumococcal surface proteins®. De-
pending on the capsule, S. pneumoniae is able to prevent phagocytosis by immune
cells, to evade opsonization by complement factors and to resist immobilization by
neutrophil extracellular traps (NETs) '8. PLY is a toxin produced by S. pneumoniae,
which assembles in multimers and forms transmembrane pores in host cells. It
causes cell death by deregulating plasma membrane integrity and cellular home-
ostasis!® which enables the pathogen to pass the epithelial barrier and to enter
the bloodstream?’. Moreover, PLY can activate the classical complement system
and induce production of proinflammatory cytokines in immune cells?!. Further
virulence factors include PsaA, which confers resistance to oxidative stress and PspA,

which prevents binding of C3 complement onto the pneumococcal surface??.
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1.2 Innate immunity in the respiratory tract

1.2.1 Pattern recognition receptors

For the efficient mounting of an immune response, reliable recognition of a
pathogen is of importance. Nearly all cells utilize pattern recognition receptors
(PRRs) to detect so-called pathogen-associated molecular patterns (PAMPs) and
damage-associated molecular patterns (DAMPs). The group of PRRs contains
Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), NOD-like receptors (NLRs),
C-type lectin recptors (CLRs) and cytosolic DNA-sensors?3. TLRs and CLRs are
membrane bound, NLRs, RLRs and cytosolic DNA-sensors are located in the cyto-
plasm. PRRs are found on epithelial** and endothelial cells* as well as on alveolar
macrophages (AMs) and dendritic cells (DCs)?%. Upon activation, most PRRs in-
duce inflammation by triggering the myeloid differentiation primary response 88
(MyD88)-dependent production of e.g., tumor necrosis factor (TNF), interleukin
(IL)-1p precursor, IL-6, interferon (IFN)-fp, C-X-C motif ligand (CXCL)1 and C-C
motif ligand (CCL)2 via nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) and interferon regulated factor (IRF)3/7%.

TLRs can either be present on the cell surface or on endosomal membranes. TLR1
and TLR2 bind microbial lipoproteins, TLR3 double-stranded (ds) ribonucleic acid
(RNA), TLR4 lipopolysaccharide (LPS), TLR5 flagellin, TLR9 CpG-rich desoxyri-
bonucleic acid (DNA) and TLR13 ribosomal RNA2331, Activation of TLRs lead to
expression of pro-inflammatory cytokines, chemokines and antimicrobial peptides
(AMPs) 2,

NLRs constitute a diverse family of cytosolic PRRs, but the functions of many re-
main elusive. Among this family, nucleotide-binding oligomerization (NOD)133-35
and NOD2% have been well-characterized®’. Binding of y-D-glutamyl-meso-
diaminopimelic acid (iE-DAP) and muramyl dipeptide (MDP), found in bacte-
rial peptidoglycan activates NF-kB transcription and expression of effector cy-
tokines®*39, Some NLRs including NLR family pyrin domain containing (NLRP)14°,
NLRP3*! and NLRC4*? are involved in the formation of inflammasomes which

induce a specific form of programmed cell death called pyroptosis****. Once ac-
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tivated, these NLRs bind to apoptosis-associated speck-like protein containing a
CARD (ASC) and subsequently activate caspase-1, leading to cleavage and activation
of IL-1p.

RLRs detect viral RNA which leads to activation of IRF3/7-dependent expression of
type I IFNs as well as NF-kB-dependent production of inflammatory cytokines*.
Another group consisting of cytosolic DNA sensors contains a multitude of different
functional proteins. One of them, absent in melanoma 2 (AIM2), was described
in 1997 as interferon-inducible gene“®. It recognizes dsDNA and forms, together
with the adaptor molecule ASC, an AIM2 inflammasome. Another well-described
representative of cytosolic DNA sensors is cyclic GMP-AMP synthase (cGAS). After
sensing dsDNA it binds to and activates its adaptor molecule stimulator of inter-
feron genes (STING), subsequetly leading to type I interferon expression*’.
Immune cells can also be stimulated by the detection of DAMPs, which are en-
dogenous molecules released upon necrotic cell death and tissue damage. Once
released, they bind to either a range of PRRs including TLR2, TLR4, NLRP3, RIG-1
and Mincle or to specific receptors only detecting DAMPs*%9, Typical DAMPs in-
clude adenosine triphosphate (ATP) and uric acid derivates which are detected by
P2X/Y receptors and IL-33 which binds to supression of tumorigenicity 2 (ST2) 5053,

1.2.2 Innate antibacterial immune response in the respiratory

tract

If a pathogen invades the lower parts of the respiratory tract, the first line of defense
consists of mucociliary clearance, mediated by goblet cell derived mucus®* and cili-
ated cells®®. After overcoming this barrier and reaching the alveolar space, AMs are
among the first immune cells to interact with the pathogen. AMs are mononuclear
phagocytes that originate from the yolk sac or fetal liver during development and are

continuously replenished by self-renewal >®

or by circulating bone marrow-derived
macrophages (BMMs)*’. Their primary role is to maintain homeostatic conditions
within the alveoli®®. Under steady state conditions, AMs clear microparticles or

cell debris derived from apoptotic cells without inducing local inflammation %>,
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In order to adapt to their environment, AMs are able to switch their activation sta-
tus between classically activated (M 1-like) and an alternatively activated (M2-like)
phenotype®. The M2-like activation state is associated to steady state, while AMs
acquire the M1-like activation state upon encountering PAMPs®!. Once classically
activated, AMs produce several proinflammatory mediators like TNE IL-1p, IFN-
a/p, CXCL1/2, CCL2 and IL-23 to stimulate alveolar epithelial cells and to recruit
and stimulate other leucocytes to the site of infection®62%*, However, the paradigm
of two clear-cut activation states has been questioned ® and the M1/M2 terminology
rather describes a nuanced spectrum of plasticity and should be used cautiously.
Beneath the previously described activation and recruitment of other cells, AMs are
also capable of mounting direct effector mechanisms such as production of reactive
oxygen species (ROS) and reactive nitrogen species (RNS) as well as proteases and
peptides®°8 to eliminate invading bacteria, fungi and viruses®*%%-7"1,

In addition to AMs, alveolar epithelial cells (AECs) play an important role in main-
taining equilibrium and sensing danger’?. The flat-shaped type I alveolar epithelial
cells (AEC1s) make up 90% of the alveolar surface and are responsible for gas ex-
change between alveoli and capillaries. They differentiate from type II alveolar
epithelial cells (AEC2s), which are cubic shaped and produce surfactant proteins,
facilitating uptake and clearance of debris and pathogens by phagocytes ®~"8. AECs
are also capable of PRR-dependent sensing of invading pathogens and of produc-
ing antimicrobial peptides and enzymes, including lysozyme, lactoferrin, a- and
p-defensin, cathelicidins and complement factors, which all function to limit the
spread of infection at early stages?*.

Residing in the interstitium of the lower respiratory tract, DCs constantly screen the
alveolar environment for foreign molecules. DCs play an importantrole in activating
the adaptive immune system by presenting antigens of encountered and phagocy-
tized pathogens on major histocompatibility complex (MHC) molecules %, More
relevant for the innate immune defense, DCs can also sense PAMPs via PRRs to
produce inflammatory cytokines such as IL-1f, IL-6, IL-12 and IL-23, initiating
subsequent activation and recruitment of other immune cells318°,

The next tier of an immune response is characterized by the influx of polymor-
phonuclear neutrophils (PMNs). Attracted by e.g., AM- and AEC- derived CXCL1,
CXCL2 and CXCL5%-8 PMNs infiltrate the site of infection shortly after detection of
infection and initiate three main effector mechanisms: phagocytosis, degranulation

of effector molecules and NET formation®-%, Degranulated vacuoles contain ROS,

6
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RNS and AMPs such as elastase, cathepsin G and proteinase 388, All these effector
molecules also have the potential to harm the host®. Therefore, PMN-mediated
inflammation needs to be terminated after pathogen removal by a process called
efferocytosis, in which apoptotic PMNs are engulfed by surrounding macrophages®.
Despite the danger of an excessive immune response and tissue damage, PMNs
represent a crucial pillar in the defense of bacterial pathogens and dysfunction can
lead to critical disease progression®.

Shortly after the influx of PMNs, inflammatory monocytes (IMs) arrive at the site
of infection attracted by CCL2 and CCL7°'-%, Exiting the blood stream, IMs can
differentiate either to phagocytic macrophages or to antigen-presenting DCs %,
thereby adapting to the individual situation when they arrive. IMs also produce
inflammatory mediators including TNE nitric oxide, IL-12 and IL-1p to directly or
indirectly contribute to the elimination of invading pathogens®-1%,

Lastly, innate lymphoid cells (ILCs) are a type of lymphocyte able to react in an
innate response, independently of adaptive activation°'-1%, The Family of ILCs
includes cytotoxic natural killer cells (NK cells) and helper-like ILCs. Resembling
the T cell nomenclature, helper-like ILCs are categorized in three groups: type 1,
type 2 and type 3 ILCs (ILC1s, ILC2s, ILC3s).

The cytotoxic NK cells are characterized by the transcription factors EOMES and
T-bet and are capable of producing high amounts of IFN-y, TNF and in some cases
IL-22 to further activate nearby AMs, PMNs and AECs, respectively %1%, One of
their major products are granzymes, which are serine proteases capable of inducing
apoptosis in targeted infected or cancer cells'?’.

The helper-like ILC1s differ from NK cells by the lack of expression of the transcrip-
tion factor EOMES and the ability to directly neutralize cells. Upon stimulation by
IL-12 and IL-18, ILC1s produce the proinflammatory cytokine IFN-y 198,

ILC2s are the major ILC population in the murine lung and depend on the tran-
scription factor GATA-31%, Epithelial derived alarm signals like thymic stromal
lymphoprotein (TSLP), IL-25 and IL-33 stimulate them to produce their signature
cytokines IL-4, IL-5 and IL-13, mainly to repel parasitic and fungal pathogens. An-
other function of ILC2s is the production of amphiregulin (AREG) which induces
repair processes after damage of the epithelial barrier 1112,

ILC3s are characterized by presence of the transcription factor RAR-related orphan
receptor gamma (RORyt) and become activated by IL-23 and IL-1p to produce

IL-17A and IL-22 to defend against extracellular bacteria and fungi and help to

7
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maintain epithelial integrity!!3114, ILC3s are the predominant ILC population in the
human lung, comprising about 60% of the total ILCs'!°. In contrast, they make up
only 20-30% of the ILC population in murine lungs1°.

ILCs show high functional plasticity and have the capacity to differentiate into other
subsets depending on the environmental stimuli!'’. Below many examples, Huang
et al. showed that stimulation of ILC2s by IL-25 drove them to an inflammatory state,
characterized by the ILC3-associated transcription factor RORyt and the expression
of IL-17A 118,

Another tissue resident lymphoid population involved in innate immune responses
are yOT cells, which can either act adaptively via their Y6T cell receptor or in an
innate manner via cytokine receptors and PRRs including TLR2 or Dectin-111%120,
When activated, they are capable of producing IL-17A and IL-22, which further
increases PMN influx and stimulates production of AMPs by epithelial cells, respec-
tively 217124, The T cell lineage comprises a multitude of distinct subsets, including
cytotoxic T lymphocytes (CTLs), T helper cells (Tj, cells), and regulatory T cells (Treg
cells), each contributing to the nuanced orchestration of immune responses. As
lymphoid cells usually act in an adaptive manner, their detailed functions will not
be extensively discussed in this work, which focuses on the early innate immune
response in pneumococcal pneumonia. However, T, have been described to reg-
ulate the local inflammation in response to IL-33. Alvarez et al. showed in 2019
that IL-33 acting via its receptor ST2 increased forkhead box p3 (FOXP3) dependent
suppressive characteristics of T,g on the inflammatory environment, while lack of
that signal drove the differentiation to a proinflammatory phenotype characterized
by RORyt!2%,
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1.2.3 Recognition and elimination of S. pneumoniae by the pul-

monary immune system

PRR signaling is fundamental in detecting S. pneumoniae. TLR2 recognizes
lipoteichonic acid and lipoproteins'?%2”,  In vivo studies showed that TLR2
deficiency in S. pneumoniae-infected mice led to an impairment of IL-1f, IL-6 and
CXCL1 production and to decreased PMN numbers!?8. It is not certain whether
TLR4 directly detects S. pneumoniae'?. Some studies indicated PLY as ligand of
TLR4, showing that high dosages of PLY led to an TLR4-dependent production
of TNE CXCLI1 and CXCL2'%, However, the question of whether PLY functions
as a direct ligand or if PLY-induced cell damage triggers the release of DAMPs,
subsequently activating TLR4, remains a subject of ongoing debate '3!. TLR9 detects
pneumococcal unmethylated CpG motifs, and TIr9/- mice showed impaired
pneumococcal defense manifesting in higher bacterial burden but without any
differences in cytokine production %2,

While the absence of individual TLRs tends to result in relatively mild phenotypes,
the deficiency in the adaptor molecule MyD@88 led to severe impairment against

133 134 and pneumonia %,

pneumococcal infections in models of meningitis'*°, sepsis
This discrepancy can be explained by the redundancy of TLR function compen-
sating the lack of single TLRs, while MyD@88 is activated downstream of all TLRs
triggered by S. pneumoniae (Fig. 1.1). Another possible factor contributing to this

effect, is that MyD88 is also a central adaptor molecule of e.g., IL-1R, IL-18R and ST2.
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S. pneumoniae
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Figure 1.1: The detection of S. pneumoniae by functionally relevant PRRs. Pneu-
mococci are recognized in the lung by a series of PRRs expressed in e.g., AMs, DCs,
and AECs, which trigger intracellular signaling cascades leading to the production
of e.g., proinflammatory cytokines and IFNs. For more details, see main text. Cas-
pase (Casp), cluster of differentiation (CD). Figure edited from Koppe er al.?".

The NLR NOD2 has been found to play a role in detecting S. pneumoniae by activat-
ing NF-kB pathways '*¢. This activation led to increased production of CCL2, which,
in turn, promoted greater monocyte influx and enhanced resistance against the
infection¥’. Another member of the NLR family involved in immunity against S.
pneumoniaeis the inflammasome NLRP3. Murine in vivomodels demonstrated that
PLY triggers IL-1p production by macrophages and DCs '3 in a TLR4-independent
but NLRP3-dependent manner. Nlrp3/- mice were less resistant against S. pneu-
moniae infection and showed decreased lung barrier function'®. AIM2, detects
pneumococcal dsDNA, which leaked from phagosomes perforated by PLY. Subse-
quently, the inflammasome causes caspase-1 activation leading to IL-1f) and IL-18
production 14!, As a member of the CLR family, mincle recognizes S. pneumoniae
via the glycopeptide glucosyl-diacylglycerol but plays a limited role in pneumo-
coccal infection #2143, Finally, cGAS and its adaptor molecule STING recognize

10
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pneumococcal DNA fragments which led to IRF3/7-dependent production of type I
IFNs by infected macrophages?”!4* (Fig. 1.1).

If S. pneumoniae overcomes the barrier of mucociliary clearance'*

and op-
sonization by complement!*® to reach distal airways and the alveolar space, a
complex interplay between tissue and immune compartment is initiated. One of
the first responders are AMs phagocytosing S. pneumoniae, via sensing by TLR2,
mannose and scavenger receptors 4”48 Another group of first line responders
includes AECs, which sense invading S. pneumoniae by PRRs and mount direct or
indirect immune responses. AECs are main producers of granulocyte-macrophage
colony-stimulating factor (GM-CSF) and CXCL5 in S. pneumoniae infections,
increasing the recruitment of PMNs to the alveolar space 49153, With the arrival of
PMNs, degranulation of defensin- and lysozyme-containing ganules, phagocytosis
and formation of NETs lead to an early control of bacterial burden'>*1%°. However,
ROS production by PMNs plays a minor role in neutralizing S. pneumoniae®881%,
and NET formation can be evaded by endonuclease A acitivity!®’. If these measures
fail to bring the infection under control, the next line of defense arrives with IMs
24 to 48 hours post infection!'®®. When entering the tissue, IMs have the capacity
to either fuel the inflammatory immune response by differentiating into M1-like
macrophages or initiate repair and suppress further inflammation by differentiating
into M2-like macrophages. In vivo experiments demonstrated that overexpression
of the macrophage attracting chemokine CCL2 in AEC2s increased bacterial
resistance against S. pneumoniae'®.

Tissue resident lymphoid cells have been described to be involved in defense
against S. pneumoniae. 70T cells promote PMN influx in an IL-17A dependent
manner%%1%! and ILC3s are potent producers of IL-22, leading to improved
antibacterial defense in murine pneumococcal infection'%#163, Additionally, NK
cells increase the phagocytic activity of macrophages by boosting IFN-v secre-
tion!%4, In 2017, Saluzzo et al. published a mechanism observed in newborn mice,
where IL-33 was released from alveolar epithelial cells with the first breath after
birth, activating ILC2s via ST2. Subsequently, I1L.-13 was released and alveolar
macrophages shifted to an M2-like phenotype, thereby delaying the response to S.
pneumoniae infection %,

Augmenting the cellular response, humoral immunity also protects against S.

pneumoniae, including the complement factor C3'%¢, surfactant proteins A and
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D% and the B cell derived IgA'%”. All of these soluble factors opsonize the surface
of the pathogen, flagging them for phagocytosis and immobilizing them for a better
mucociliary clearance.

1.2.4 1IL-22 and its role in antibacterial defense

IL-22 belongs to the large IL-10 family of cytokines, which is divided into three
subfamilies. The first subfamily consists only of IL-10, which targets both innate
and adaptive immune cells, playing a crucial role in mitigating excessive immune
responses by exerting immunosuppressive effects. It is also crucial in the resolution
phase of an infection and contributes to microbiota homeostasis %1%, The second
group comprises the IL-20 subfamily of cytokines, including IL-19, IL-20, IL-22,
IL-24 and IL-26. This group of cytokines mainly stimulates tissue epithelial and
stromal cells to induce innate defense against pathogens as well as maintenance
of tissue integrity and proliferation'”°. The IL-28 subfamily is composed of IL-28A,
IL-28B and IL-29 also known as IFN-A2, IFN-A3 and IFN-A1, respectively. These
cytokines represent the type III IFNs and have partly overlapping functions with
type I IFNs, stimulating tissue epithelial cells to defend against viral infections'"!.
IL-22 was discovered simultaneously by two research groups, naming it IL-10-related
T cell-derived inducible factor (IL-TIF) and IL-221"%173_ Activation of intracellular
signaling is initiated by binding first to the IL-22R1 subunit and subsequent recruit-
ment of the IL-10R2 subunit!'?*. Activation of the ligand-receptor complex leads to
binding of just another kinase (JAK)1 and tyrosine kinase (TYK)2 and subsequent
downstream phosphorylation of signal transducer and activator of transcription
(STAT) proteins, especially STAT3!7176 The production of IL-22 is induced by IL-
23122177 "TL-1p 120178 11-7179 and aryl hydrocarbon receptor (AhR) '8, while the
soluble IL-22 binding protein (IL-22BP) is capable of neutralizing IL-22181,

IL-22 is mainly secreted by afpT cells, y0T cells, natural killer T cells (NKT cells)
and ILC3s17>182-184 Egpecially at mucosal sites, ILC3s comprise a major source of

IL-221%, Numerous cytokines within the IL-1 family play a role in controlling the
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production of IL-22 by ILC3s. In particular, IL-1f and IL-18 exert a direct influence
on ILCs, promoting an increase in IL-22 production 818 while IL-36y acts on
CD103*CD11b* ¢DCs to induce IL-23 release, thereby indirectly promoting IL-22
production. Mice deficient in IL-36y were more susceptible to C. rodentium infec-
tion due to a lack of IL-22 expression !¥’. Contrary to the described mechanisms,
TSLP can suppress the expression of IL-22, which compromises host defense against
C. rodentium'®.

The IL-22 receptor (IL-22R) is mainly expressed in epithelial cells and its activa-
tion executes functions in tissue regeneration after epithelial damage by inducing
survival and inhibiting apopotosis!!®. Besides the described regenerative func-
tion, IL-22 can also directly induce production of AMPs including the Reg family
of antimicrobial peptides and p-defensins?>18%, Next to the direct antibacterial
activity of AMPs, IL-22 can induce the production of other molecules contributing
to host defense such as claudin-2 and fucosyltransferase 299191, Release of IL-22

triggers immune responses against pathogens including Klebsiella pneumoniae'®?,

170189 and Candida albicans'®3. Recent investigations have

Citrobacter rhodentium
also found an involvement of IL-22 signaling in defending against S. pneumoniae.
In these studies, 11227/~ mice showed a higher bacterial burden upon pneumococcal
infection due to decreased hepatic C3 production, leading to a reduced opsonic
capacity. Primary IL-22 producers in this study were y3T cells, followed by ILC3s 1%,
Van Maele et al. on the other hand, reported that ILC3s were main producers of

IL-22 during pneumococcal pneumonia 62,
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1.3 Regulation of IL-33/ST2 signaling

1.3.1 The alarmin IL-33 and its receptor ST2

First identified in 2005, IL-33 was described as a member of the IL-1 family®!.
It is located in the nucleus and plays a key role in innate and adaptive im-
munity, maintaining tissue homeostasis and contributing to environmental
stress responses %, It is constitutively expressed by fibroblasts, endothelial and
epithelial cells!®1%, However, using a 1133Citrin reporter mouse, Hardman et
al. found that AEC2s represent the main source of IL-33 in the lungs of naive mice 7.

Tissue damage
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Figure 1.2: Extracellular release of IL-33 and activation by inflammatory pro-
teases. Following tissue damage or necrotic cell death, full-length IL-33 is released
from cells and cleaved by mast cell- and PMN-derived proteases. The mature form
has a 10- to 30-fold increased bioactivity and activates cells harboring the IL-33
receptor ST2.
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The murine /133 gene consists of 7 exons coding for a 31 kDa protein of 266 amino
acids with two domains. The N-terminal domain contains a chromatin-binding
motif!?® mediating the nuclear localization of IL-33. At the C-terminus, an IL-1-like
cytokine domain is responsible for binding to the only known IL-33 receptor ST21%.
Unlike other IL-1-family cytokines like IL-1p and IL-18, IL-33 does not need cleavage
by caspase-1 to be released from the cell or to activate ST22°°. However, extracellular
PMN- or mast cell-derived proteases (e.g., cathepsin G, elastase, chymase and
tryptase) are capable of cleaving full-length IL-33 to a length of 19 kDa, thereby
increasing its bioactivity 10-30 fold2°?%? (Fig. 1.2).

The reason for the nuclear localization of IL-33 is not well studied. In vitro models
overexpressing 1133 demonstrated interaction with the N-terminal domain of NF-
kB p65, delaying gene expression of downstream genes?®. Other overexpression
models showed that IL-33 can increase IL-13 expression by binding to regions of the
I1131locus®®. On the other hand, high-throughput proteomic analyses of endothelial
cells completely lacking IL-33 or being exposed to IL-33 only lacking the N-terminus
revealed that not nuclear, but extracellular IL-33 regulates protein expression?%.
The available evidence suggests that nuclear IL-33 may exert roles in regulating
transcription, but these roles seem to be context-dependent and possibly specific
to certain types of cells and conditions.

Depending on the environment and inflammatory state, a finely tuned regulation of
IL-33 activity needs to be maintained. In an apoptotic environment, caspase-3 and
caspase-7 cleave and inactivate IL-33 at Asp175 within the C-terminal domain2°%-2%,
Other mechanisms regulating the activity of IL-33 include oxidation of cysteins,
formation of disulfide bridges to inactivate the protein®"’, and neutralization of IL-
33 by its decoy receptor soluble ST2 (sST2), which is an alternative splicing variant
of ST2 208,209 .

The receptor ST2 was described before the discovery of its ligand IL.-33 as an or-
phan receptor selectively expressed by T helper 2 cells (T}, cells) and mast cells
mediating allergic immunity?'®?!!. Additional research has unveiled other cell types
that respond to IL-33 by expressing ST2, including basophils?!? 213,
Tregs>'*, DCs?!® and ILC2s'®. Not only hematopoietic cells, but also endothelial

cells, epithelial cells, fibroblasts, astrocytes and neurons have been reported to

, eosinophils

express ST2216219 Interaction of IL-33 with the extracellular domain of ST2 initi-
ates the binding of IL-1 receptor accessory protein (IL-1RAcP), leading to further
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recruitment of the adaptor molecule MyD88 to the cytoplasmatic Toll-like/IL-1
receptor (TIR) domain. This induces a signaling cascade involving IRAK1, IRAK4 as
well as TNF receptor associated factor (TRAF)6, leading to activation of NF-kB and
mitogen-activated protein kinases (MAPKs)>!. This signaling cascade results in the
expression of genes inducing cell proliferation, survival signals and type 2 cytokines
including IL-4, IL-5, IL-13 and the autocrine growth factor AREG, dependent on the
cell type being activated by IL-33%2%%21, Mechanisms inhibiting IL-33/ST2 signaling
include phosphorylation and ubiquitylation of the receptor, leading to internaliza-
tion and degradation, or the inhibition of binding to IL-1RAcP by blockage of the
TIR domain through single Ig IL-1 receptor-related molecule (SIGIRR) ?#%%*, While
the protein is called ST2, the gene name IL1RLI will be used throughout this work.
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Figure 1.3: Molecular characteristics of IL-33/ST2 interaction. Located in the
nucleus, full-length IL-33 is thought to be released to the extracellular space upon
cellular damage and necroptotic cell death. In contrast, apoptotic death leads to
deactivation of IL-33, facilitated by caspase-3- or caspase-7-driven cleavage. Upon
release, full-length I1.-33 is cleaved by serine proteases produced by PMNs and
mast cells, generating forms with increased bioactivity. The receptor for IL-33,
known as ST2, is generated in two variations: a short soluble variant sST2 and a
longer membrane-bound variant ST2. While ST2 is consistently present on the cell
surface, sST2 can be induced in response to tissue damage, where it binds IL-33
to limit its accessibility. Conversely, both full-length and processed versions of
IL-33 bind ST2, associating with IL-1RAcP on target cells. This interaction triggers
typical NF-kB and MAPK signaling pathways, culminating in cellular activation
and proliferation.

1.3.2 The role of IL-33/ST2 signaling in regulating the immune

response

Upon its release into the extracellular space, IL-33 functions as an alarm signal and

communicates through its receptor ST2. Extracellular IL-33 primarily stimulates
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type 2 immune reactions, playing a significant role in conditions such as allergies,
rheumatic diseases, and the immune response against parasites?*?2°, For instance,
the interaction between ST2 and IL-33 is protective in infections caused by Trichuris

muris*?®, Toxoplasma gondii**’

, and Nippostrongylus brasiliensis'®. It has also been
demonstrated that IL-33 significantly amplifies innate immune responses at both
mucosal and systemic levels, rather than adaptive immune responses??®. This is a
plausible observation, as ST2 is found in a broad spectrum of innate immune cells,
while its presence is more restricted in certain subsets of adaptive immune cells®**.
Type 2 immune responses are characterized by the release of classical type 2 cy-
tokines such as IL-4, IL-5, and IL-13, along with the promotion of tissue eosinophilia
and an increase in goblet cell abundance. Dysregulation of these responses can
contribute to the development of allergic diseases??°. Type 2 immunity also plays a
pivotal role in orchestrating and regulating the process of tissue repair and numer-
ous studies strongly support the crucial role of ST2/IL-33 signaling in this process®*.
Activation of ST2 by IL-33 leads to the production of type 2 cytokines and other

51,210’ mast cells 231,232,

mediators from various immune cell types, including Ty, cells
basophils?!?, eosinophils#*#4, DCs?* and ILC2s199111:236-238 Eyrthermore, several
studies indicate that IL-33 can activate downstream processes, to shift macrophage
polarization towards an M2-like phenotype, triggering type 2 responses 19239242 [n
recent years, a series of studies have compellingly demonstrated that IL-33 can also
exert influence on type 1 immunity and is involved in the regulation of bacterial
and viral infections?*3-2%, In this context, IL-12-induced transient expression of ST2
on CTL, T helper 1 cells (T}, cells) and NK cells enabled IL-33-dependent induction
of IFN-y production, contributing to the defense against pathogens?43244246-248
Additionally, through the positive regulation of CXCR2 expression, which is crucial
for PMN recruitment to the site of infection, IL-33 has been described to contribute
to improved bacterial elimination in certain models?*°. Furthermore, it has been
demonstrated that IL-33 enhances the iNOS-dependent antimicrobial capacity of
macrophages in Staphylococcus aureus-infected skin?*?. However, there are also
studies that provide evidence of a detrimental effect of the IL.-33/ST2 axis on immune
reactions. In 2010, Oboki et al. showed that the absence of IL-33 improved mouse
survival during LPS-induced sepsis??. Furthermore, it has been documented that
mice lacking ST2 exhibit greater resistance to subsequent Pseudomonas aeruginosa
pneumonia following cecal ligation puncture-induced sepsis®®. In two elegant

studies, research groups around Sylvia Knapp et al. demonstrated that IL-33 in-
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duced IL-13 release by ILC2s and basophils to imprint alveolar macrophages to an
M2-like phenotype 16251,
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1.4 Microbiota and immunity

1.4.1 The microbiota of the gut and the respiratory tract

Mucosal surfaces, such as those found in the gastrointestinal and respiratory tracts,
naturally harbor around 100 trillion bacteria, along with lesser amounts of fungi,
archaea, and viruses. By far the largest abundance of microbiota resides in the
gut.?>22%3 The microbiota plays a critical role in health and disease®*?5°, Most
of the initial knowledge gained from the interplay between hosts and microbes
and how it impacts the immune system, has primarily been generated by investi-
gations involving germ-free and antibiotic-treated mice®>%2%8, Recently, with the
emergence of cost-effective high-throughput sequencing and a multitude of fecal
microbiota transplant (FMT) studies in human and mice, a more in-depth under-
standing of the interplay between microbiota and immune system was achieved ™.
Microbial communities establish a symbiotic relationship with the host, wherein
these microorganisms thrive in a stable, nutrient-rich environment to yield mutual
benefits?®. In turn, they carry out crucial functions for the host, including the fer-
mentation of dietary components to produce nutrients, vitamins and metabolites%!,
protection against infection through colonization resistance '*” and modulation of
hormone secretion®%?. This symbiotic interaction also plays a fundamental role
in the development and training of the immune system. In fact, emerging evi-
dence highlights the importance of the constant recognition of microbes and their
products in fine-tuning the immune system for optimal balance?%. The healthy
microbiota offers both local and systemic signals to regulate innate and adaptive im-
mune responses, thereby facilitating the induction of protective responses against
various pathogens 264265,

Microbial abundance in the respiratory tract diminishes as proximity to the alveolar
space increases. The composition in the upper respiratory tract is mainly composed
of Proteobacteria, Firmicutes, Actinobacteria and Proteobacteria in the nasophar-
Yrx266-269

such as Candida spp. are present in the upper respiratory tract?”>. Going deeper

and oropharynx?7%-?72, Additionally, viruses, bacteriophages and fungi

down the respiratory tract, abundance decreases but the composition often mirrors
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that of the oropharyngeal microbiota®”2?", This observation can be explained by
microaspiration of microbes?’>, though similarity between upper and lower respira-
tory tract colonization varies in individuals®"*2®, This goes in line with reports that
the rate of microaspiration of oropharyngeal fluids during sleep varies in healthy
individuals?’’. Though it is likely that the microbes found in the lower airways
represent a transient state of constantly aspirated microbes, it is still under debate
if they may also represent a permanently colonizing community?’.

The microbiota of the upper respiratory tract is established at birth with a high
abundance of microbes, maturating in diversity but decreasing over time, leading to
a lower abundance of species®’*”®, Diversity and abundance of the airway micro-
biota are influenced by breastfeeding, type of birth delivery (natural vs. C-section)

and duration of gestation 266-269.280.281

. In older individuals, microbial diversity con-
tinues to decrease, while oropharyngeal abundance increases, potentially resulting
in an elevated abundance of pathogens#2%3, The maturation of microbiota, which
fluctuates between periods of increase and decrease as individuals age, demon-
strates an inverse correlation with susceptibility to CAP. As a result, the risk of getting
CAP is most pronounced in newborns and the elderly?’.

The gut microbiota of newborns shows lower diversity and undergoes a process of
maturation characterized by the expansion of diversity and continuous improve-
ment of function during the first few years of life?34286, Similar to the upper respira-
tory tract, the development of gut microbiota during early life is significantly influ-
enced by factors such as the method of delivery and the choice between breastfeed-
ing and formula feeding?®*?%’, In the elderly, diversity of the intestinal microbiota
decreases again, leading to instability in its composition. These alterations appear
to be linked to concurrent health conditions, nutritional status, and immunosenes-
cence, the decline in immune system function associated with aging?#-289,
Immune stimulation triggered by the microbiota is facilitated in several ways. One
mechanism is the constant recognition of PAMPs by immune cells, modulating
their activation and function?®. Furthermore, microbiota-derived compounds, in-
cluding substances such as bile acids and short-chain fatty acids (SCFAs), have the
capacity to maintain health of the host organism by facilitating nutrition and energy,
as well as by regulating the host’s immune response. These mediators consist of
products directly generated by commensal bacteria, or indirectly by metabolizing
dietary compounds?®!. Primary bile acids, including chenodeoxycholic acids, exert
bactericidal properties by inducing production of host AMPs?*2. Secondary bile
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acids originated from the gut microbiota and symbiotic products like propionate
also act againstv e.g., the colonization of S. enterica®®® or the bacterial pathobiont C.
difficile®®* . SCFAs arising from the gut microbiota also influence conditions such as
obesity, Parkinson’s disease, and disorders that disrupt the integrity of the intestinal
barrier®®-2%, Moreover, SCFAs promote maintenance of intestinal equilibrium

through IL-10-associated immune modulation?%°.

1.4.2 Influence of the respiratory microbiota on pneumococcal

infections

The upper respiratory tract is colonized by a multitude of symbiotic and opportunis-
tic microorganisms?’2. Colonization of S. pneumoniae has been described to be
present in up to 50% of infants, but decreases in adulthood3%, while its hypo- or
nasopharyngeal presence is associated with increased risk for pneumonia3%1-3%3,
Pneumococcal colonization increases again in the elderly, which may be causative
to the higher prevalence of pneumonia observed in the older population3®. This
effect was observed in humans and is supported by mouse studies showing that
the control of pneumococcal colonization is impaired in aged mice3®. A study by
Pettigrew et al. demonstrated in 2012, that colonization by Dolosigranulum spp.
and Corynebacterium spp. was associated to lower incidence of S. pneumoniae infec-
tions, while aberrant trajectories of microbiota development after birth led to higher
abundance of respiratory tract infections?%°2%93%_ Colonization of S. epidermis in
children is also negatively correlated with carriage of S. pneumoniae. Proposed
mechanisms behind these effects include the release of anti-pneumococcal metabo-

307 and bacteriocins inhibiting S. pneumoniae growth3%,

lites such as free fatty acids
It is of high importance to recognize that not individual species, but the overall
composition of a commensal microbial ecosystem is contributing to protection

against infections3®,
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1.4.3 Antimicrobial immunity regulated by the gut-lung axis

Disruption of a healthy microbiota leads to impairment of antimicrobial im-
munity*!*3!!,  Germ-free (GF) or microbiota-depleted mice show diminished
pulmonary immunity against bacterial and viral pathogens3!?318, Of special note,
Schuijt et al. showed that the gut microbiota positively influences phagocytic
capacity of alveolar macrophages and resistance of mice to S. pneumoniae
infection. Moreover, their findings demonstrated that FMT in mice with depleted
gut microbiota successfully restored pneumococcal defense. This restoration
was marked by the normalization of TNF and IL-10 levels, comparable to those
observed in untreated control mice3!®. A balanced microbiota influences immune
cells by producing e.g., SCFAs and ligands for PRRs, including TLRs and NLRs.
These compounds can reach circulation and thereby stimulate immune cells in
distal body sites3!#319, It was reported that microbiota depletion by antibiotics led
to impaired expression of inflammasome components, leading to compromised
immune reactions of CD4"* T cells, CD8" T cells and B cells to influenza infection.
Administration of TLR ligands either intrarectally or intranasally rescued immune
responses®3. In another study, pretreatment of GF mice with LPS before K. pneu-
moniae infection resulted in an increased PMN mobilization into the lungs and an
ameliorated antibacterial defense compared to untreated controls. Peptidoglycans
derived from the gut microbiota stimulated PMNs in the bone marrow of mice to
increase NOD1-dependent antimicrobial capacity, thereby improving resistance to
S. pneumoniae®'?. In another study, upper airway and gut derived peptidoglycans
stimulated killing capacity of AMs in a NOD2, IL-17A and GM-CSF dependent
manner3!”, Further studies contributed to the understanding of SCFAs modulating
pulmonary immune functions by reporting of a G-protein-coupled receptor 43

320

(GPR43) dependent increase of antimicrobial activity by PMNs and AMs
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Figure 1.4: Soluble products derived from the gut microbiota influence defense
mechanisms in the lung. Soluble molecules such as SCFAs, bile acids and TLR/NLR
ligands produced by the intestinal microbiota enter circulation to reach the alveolar
space. Once arrived, they can activate AMs and recruit PMNs, increase inflamma-
some activity and stimulate the production of IL-22, IL-17A and GM-CSE

The intestinal microbiota also influences type 3 immune responses driven by IL-17A
and IL-22. Ivanov et al. showed that intestinal segmented filamentous bacteria
(SFB) are associated with IL-17A and IL-22 production by lung T helper 17 cells (T},
cells) 3?1322 and Gray et al. described a mechanism where the intestinal microbiota
in newborn mice activates ILC3s to translocate to the lung and to produce IL-22,
improving defense against S. pneumoniae®*. SFB are also involved in the protection
against S. aureus infections3!. However, not only direct pathogen defense, but also
disease tolerance is influenced by the microbiota. Schieber et al. demonstrated that
intestinal colonization of an E. coli strain led to decreased muscle wasting upon
lung infection by B. thailandensis®**. This variety in different immune mechanisms
regulated by the microbiota illustrates the importance of a healthy and diverse

microbiota and demonstrates that dysregulation leads to impaired antimicrobial
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resistance. However, it should be noted that variety in healthy microbiotas also con-
tributes to differences in immune responses. Mice bred under special pathogen-free
facility (SPF) conditions differ significantly in their microbiota from wild mice3®*.
These alterations in the microbiota influence immune responses against pathogens
by e.g., boosting plasma levels of IL-1p, TNE IL-6 and IFN-y 326327, Furthermore,
baseline cytokine production in the lung of laboratory mice differs between various
commercial vendors and is associated with alterations in the lung microbiome3,
These observations may explain difficulties in applying animal studies to human
clinical trials and highlight the importance of understanding the mechanistic inter-

play between microbiota and the immune system.

1.5 Preceding research findings leading to the current

study

Former students in the Opitz laboratory initiated unpublished experiments to
explore the potential involvement of DAMPs in pneumococcal pneumonia. These
data show that ATP uric acid and IL-33 were released from macrophages, lung

epithelial cells and mouse lungs upon S. pneumoniae infection (Fig. 1.5 A - C).
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Figure 1.5: DAMP levels are increased upon S. pneumoniae infection and abro-
gation of ATP- and uric acid signaling does not influence antibacterial defense.
Murine BMMs, AECs and murine lung tissue (mLu) were left untreated or infected
with 108 CFU of S. pneumoniae for 16-24 h. Concentration of (A) Uric acid, (B) ATP
and (C) IL-33 were measured in the supernatants. Data are shown as mean + SEM
of 2-8 independent experiments carried out in duplicates or triplicates; Wilcoxon
rank sum test; ns = p > 0.05, * =p < 0.05, * = p < 0.01. (D, E) WT mice were
left untreated (PBS) or treated with different DAMP inhibitors (see main text) and
WT, P2rx7"/- and P2rx6”/- mice were infected with S. pneumoniae and bacterial
loads in BALF were measured. Lines represent median and dashed lines the lower
detection limit. Data adapted from dissertation A. Rabes3%°,

To understand the influence of these DAMPs on the course of infection, several
in vivo experiments were conducted. Mice were either treated with different
enzymes degrading ATP or uric acid (apyrase, uricase) or with nucleotide receptor
antagonists (suramin, pyridoxalphosphate-6-azophenyl-2’4’-disulfonic acid
(PPADS)). Additionally mice lacking receptors for ATP (P2rx7/-, P2ry6/") or
IL-33 (I1337°) and its receptor ST2 (111 rl1’/") were subsequently infected with S.
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pneumoniae. Abrogation of ATP and uric acid signaling did not show any effect
on the course of pneumococcal infection (Fig. 1.5 D, E), while lack of IL-33 or its
receptor resulted in significantly decreased bacterial burden 48 hours post infection
as compared to controls (Fig. 1.6 A, B, D, E). Also, 11337~ and 111711~ mice exhibited
less hypothermia (Fig. 1.6 C, F) and weight loss (data not shown).
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Figure 1.6: IL-33 and ST2 signaling exerts detrimental effects on pneumococ-
cal pneumonia. WT and II33/- mice were infected intranasally with 5x10°
CFU/mouse of S. pneumoniae and bacterial loads in (A) BALF and (B) blood were
determined 48 h post infection and temperature was measured at the indicated
time points (C). (D —F) WT and /- were infected and bacterial loads in (D) BALF
and (E) blood were determined 48 h post infection and temperature was measured
(F). (A, B, D, E) Data are shown as individual data points. Lines represent median
and dashed line the lower detection limit. (C, F) Data points represent mean values
of n = 8-19. Wilcoxon rank sum test or Kruskal-Wallis followed by Dunn’s posthoc
test were used if more than two groups were compared. * =p < 0.05, ** = p < 0.01,
#*% — p < 0.001. Data adapted from dissertation A. Rabes3%°.
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To further elucidate the mechanism behind the detrimental effects of IL-33 and ST2
signaling on pneumococcal pneumonia, I/337- bone marrow chimeric mice were
generated and infected. Interestingly, only if IL-33 was lacking in recipient animals,
a positive effect on antibacterial defense compared to wild type (WT) controls was
observable. In contrast, IL-33 deficiency in donor animals did not show any impact
on the amount of bacteria measured in the bronchoalveolar lavage fluid (BALF) of
infected animals, mirroring the WT phenotype. Furthermore, body temperature in
11337 recipient mice did not decrease as much as in mice lacking IL-33 in donor
cells (Fig. 1.7 A, B). Interpreting this data, mechanistically relevant IL-33 rather
derives from tissue cells than from hematopoietic cells, going in line with reports
documented in the literature.

Fluorescence Activated Cell Sorting (FACS) measurements were conducted to exam-
ine infection associated innate immune cell populations (AMs, PMNs and IMs) in
BALF of S. pneumoniae-infected WT and 11337/~ mice, but no differences in absolute
numbers and frequency were observed (Fig. 1.7 C, D).

Although it was demonstrated that IL-33 negatively regulates the immunity against
S. pneumoniae, the precise interplay of downstream mechanisms following the
activation of ST2 and the specific cell types involved in this process remain elusive.
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Figure 1.7: Lack of IL-33 in tissue cells results in decreased bacterial burden and
abundance of AMs, PMNs and IMs is not influenced by IL-33. (A, B) Bone marrow
chimeric mice were infected and bacterial loads in BALF were determined 48 h
post infection, and temperature was measured. (C, D) Mice were infected and
bronchoalveolar lavage was analyzed by flow cytometry 18 h post infection. Gating
strategies: AMs (CD45" CD11c* Siglec-F*); PMNs (CD45%* CD11b* Ly6G*); IMs
(CD45" CD11b* Ly6C*™). (A) Lines represent median and dashed line the lower
detection limit. (B) Data points represent mean values of n = 12-13. (C, D) Bars
represent mean + SD. Wilcoxon rank-sum test or Kruskal-Wallis followed by Dunn’s
posthoc test were used if more than two groups were compared. Data adapted
from dissertation L. Maschirow33°,

1.6 Objective of this work

Preliminary unpublished work of previous members of the Opitz laboratory show
that IL-33 negatively regulates the defense against S. pneumoniae. The objective of
this work is to elucidate the mechanism underlying the detrimental effects of IL-33

on the course pneumococcal pneumonia.
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2.1 Bacteria

For the murine in vivo model of pneumococcal pneumonia, serotype 3 of S. pneu-
moniae strain PN36 (NCTC7978) was used. Bacteria were plated on Columbia agar
plates (5 % sheep blood), harvested after 9 hours of incubation at 37 °C + 5 % CO,
and single colonies were picked and transferred into THY-medium to yield an ODgy,
=0.03 - 0.04. Subsequently, the liquid culture was incubated at 37 °C for 2 — 3 hours
to reach exponential growth with an ODg,, = 0.3 — 0.4, when they were pelleted at
2700 g for 10 min at 4 °C and resuspended in phosphat buffered saline (PBS). The
resuspension volume was determined by the assumption that an ODgy, = 0.1 equals
the amount of 1x108 CFU/ml. As a control of infection dose the final bacterial dilu-
tions were plated on blood agar plates and incubated over night at 37°C and 5%
CO,. The bacterial strain PN36 was kindly provided by Prof. Sven Hammerschimdt

(Ernst-Moritz-Arndt-Universitit Greifswald, Germany).

2.2 Mice

All animal experiments were approved by institutional (Charité — Universitdtsmedi-
zin Berlin) and governmental animal welfare committees (LAGeSo Berlin; approval
IDs G0227/16, G0080/18 and T0014/12). I1337- mice??® were kindly provided by
Dr. Yasuhide Furuta (RIKEN Center for Developmental Biology, Kobe, Japan).
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11227~ mice®' were crossed with II337- mice to generate a double knockout
line 11337/°11227-. NmurIi®*<*? [d21/1 mice and Id2"1 littermate controls were
described in Jarick et al. 20223 and Il4ra’~ mice were described in Barner er al.
1998333, All mice were bred in the animal facilities of the "Forschungseinrichtungen
fiir experimentelle Medizin (FEM), Charité — Universitdtsmedizin Berlin" and
Bundesinstitut fiir Risikoforschung (BfR) and have a C57BL/6] background.

2.3 Murine pneumonia model

An established mouse model of transnasal infection with S. pneumoniae®* was

used to understand the role of the IL-33/ST2-axis in pneumococcal pneumonia

2.3.1 Transnasal infection of mice and preparation

Mice were anesthetized with an intraperitoneal (i.p.) injection of 80 mg/kg ketamine
and 25 mg/kg xylazine and transnasally inoculated with 5x10° CFU S. pneumoniae
in 20 ul PBS per mouse. Sham-infected mice received 20 pl PBS. Following infection,
temperature and weight were measured every 12 hours to monitor the clinical course
of disease. For analysis, mice received an i.p. injection of 160 mg/kg ketamine and
75 mg/kg xylazine and were sacrified 12, 18, 36 or 48 hours post infection (h.p.i.)
by final blood withdrawal. Blood was centrifuged (1500 g, 10 min, 4 °C), serum was
collected and lungs were perfused with 5 ml of PBS. All organs of interest were either

snap frozen in liquid nitrogen or processed immediately.
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2.3.2 Intranasal and intraperitoneal treatment of animals

The treatment of animals with recombinant IL-22 (rIL-22) (R&D Systems) was ad-
ministered intranasally (1 ug in 10 ul PBS) at the time of infection (0 h.p.i.), and
intraperitoneally at 24 h.p.i. (1 ugin 100 pl PBS). The same volumes of PBS were

used for control animals.

2.3.3 Bronchoalveolar lavage of lungs

To analyze the influx of immune cells and the release of immunoregulatory medi-
ators a bronchoalveolar lavage (BAL) was performed by flushing the lungs twice
with 800 pl PBS containing protease inhibitors (one tablet per 10 ml). Both fractions
were centrifuged (350 g, 10 min, 4 °C) and BALF was collected. The pelleted cells

were combined and used for subsequent analyses (see 2.4.1).

2.3.4 Determination of bacterial load

The bacterial load was determined in BALF, blood and spleen of the sacrificed
animals. Shortly after preparation, dilutions up to 10°-fold were prepared from the
first BALF, blood and spleen (passed through a 70 um cell strainer into 10ml PBS),
plated on blood agar plates and incubated at 37 °C + 5 % CO, over night. Colony

forming units (CFU) were counted on the following day.
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2.3.5 Digestion of murine lungs in preparation for RNA sequencing

After infection and preparation described in 2.3.1, lungs were perfused with 5 ml
PBS followed by 2 ml dispase (5000U/ml, Corning) through the right heart ventricle.
700 pl dispase was applied intratracheally, followed by 500 ul lukewarm 1 % low melt
agarose. After solidification of the agarose, lungs were removed and transferred into
a petri dish containing 2 ml digestion medium (PBS + 5 % fetal calf serum (FCS) +
2 pg/ml Actinomycin D + 2 mg/ml collagenase + 0.5 mg/ml DNase) and trachea
and other contaminating tissues were removed. To break down the tissue and
increase its surface, lungs were mechanically shredded with tweezers and incubated
for 30 min at 37 °C at 125 revolutions per minute (rpm) in a shaker. Afterwards,
digested tissue was further dissolved by gently drawing up and down with an 18-
gauge cannula. The homogenate was then discharged onto a 70 pm cell strainer and
squeezed into a 50 ml Falcon tube with the plunger of a 5 ml syringe. The petri dish
was washed with 10 ml of cold PBS (+ 2 % FCS) and filtered through the same cell
strainer. Lung homogenates of each group were combined or not, centrifuged (300 g,
5min, 4 °C) and resuspended in 2 ml red blood cell (RBC) lysis buffer (Gibco) for 2
min on ice. Reaction was stopped by adding 10 ml of PBS (+ 2 % FCS), centrifuged
(300 g, 5min, 4°C), resuspended in 2 ml PBS (+ 2 % FCS) and passed through a
70 um cell strainer with additional 8 ml of PBS (+ 2 % FCS). Cells were counted
using a hemocytometer, adjusted to 1x108 cells/ml and dead cells were removed
with a magnetic bead based dead cell removal kit according to the manufacturer’s
instructions (EasySep STEMCELL Technologies).

2.3.6 Gut microbiota depletion

To study the effects of antibiotic treatment on the gut microbiota of mice, 8- to
9-week-old mice were housed in sterile cages and treated orally with a combination
of imipenem (250 mg/L; Fresenius Kabi), metronidazole (1 g/L; Braun), vancomycin
(500 mg/L; HIKMA Pharma), ciprofloxacin (200 mg/L; Fresenius Kabi) and ampi-
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cillin (1 g/L; Ratiopharm) in the drinking water ad libitum for a period of 6 weeks
(ABX mice). The antibiotic-containing water was refreshed every 3 days. Fecal
samples were collected weekly for analysis of fungal outgrowth and depletion of gut
microbiota. Any mice that showed fungal outgrowth were excluded from the study.
Control mice were housed in the same animal facilities and rooms and were studied
concurrently with the antibiotic-treated mice (ABX mice). Antibiotic treatment and

monitoring was performed by our collaboration partners at AG Heimesaat.

2.3.7 Murine fecal microbiota transplantation

Microbiota depleted ABX mice (see 2.3.6) were transplanted with fecal samples
derived from WT or 11337~ mice originated from two different vivaria. Samples
were collected, pooled by genotype and vivarium, resuspended in sterile PBS, and
filtered using a 70 uM cell strainer. In sterile condition, 300 pl of fecal transplant
sample was given once a day orally over the course of three days to WT and 11337
mice. Mice were infected with 5x10° CFU/mouse S. pneumoniae five to eight days
after transplantation (see 2.3.1). Antibiotic treatment, monitoring and FMT were
executed by Alexandra Bittroff-Leben, Ulrike Fiebiger and Soraya Mousavi (AG
Heimesaat).

2.4 Immunological methods

2.4.1 Flow cytometry

To analyze the recruitment of immune cells into the alveoli, pooled BALF cells (see
2.3.3) were centrifuged (300 g, 5 min, 4 °C) and resuspended in 50 pl surface master
mix. After 20 min incubation at 4 °C, cells were centrifuged (300 g, 5 min, 4 °C) and

incubated in 1 ml RBC lysis buffer for 2 min on ice. Reaction was stopped by adding
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10 ml of PBS, cells were centrifuged (300 g, 5 min, 4 °C) and resuspended in 2 ml PBS
(+ 2 % FCS). Cells were immediately used for analysis or fixed with FOXP3 Fix/Perm
Kit (Biolegend).

For intracellular staining, lungs were prepared as described in 2.4.3, left unstimu-
lated or stimulated with 50 ng/ml Phorbol-12-myristat-13-acetat (PMA), 1 pg/ml
Ionomycin and 1 pg/ml Brefeldin A (all Sigma-Aldrich) for 5h at 37°C + 5 % CO,.
After incubation, cells were centrifuged (300 g, 5 min, 4 °C), resuspended in 50 pl sur-
face master mix and incubated at 4 °C for 20 min and centrifuged (300 g, 5 min, 4 °C).
Pellet was then resuspended in 100 ul FOXP3 Fix/Perm solution or 2% paraformalde-
hyde (PFA) and incubated for 30 min (FoxP3 Fix/Perm kit) or 1 h (2% PFA) in the dark.
Following, cells were washed twice with 100 ul Perm Buffer and centrifuged (350 g,
8 min, 4 °C), resuspended in 50 pl intracellular master mix diluted in Perm Buffer
and incubated for 60 min at room temperature in the dark. Then cells were washed
with 150 pul Perm Buffer, centrifuged (350 g, 8 min, 4 °C) and resuspended in Perm
Buffer. Before measurement at the flow cytometer, 50 ul of CountBright counting
beads (Life Technologies) were added to each sample to determine absolute cell

numbers.

2.4.2 Measurement of innate cells in the alveolar space

The cell pellets obtained from both lavages (see 2.3.3) were pooled in 1 ml PBS and
analyzed with a FACSCanto II (BD Biosciences). The relative and absolute numbers
of AMs (CD45* CD11b" Siglec-F*), recruited PMNs (CD45" CD11b* Ly6G™) and IMs
(CD45* Ly6G™ CD11b* Ly6C**) were determined.
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2.4.3 Measurement of lymphoid cells in the lung

To determine basal and infection-associated levels of lymphoid cells, lungs were
perfused, isolated, cut into small pieces and incubated in 5 ml RPMI 1640 (+ 5%
FCS containing collagenase (2 mg/ml) and DNase (0.5 mg/ml) for 40 min at 37 °C
while shaking. Digested lung tissue was passed through a 70 pm cell strainer and
centrifuged (300 g, 5 min, 4 °C). Then cells were resuspended in 1 ml RBC lysis buffer,
incubated for 2 min on ice, PBS-washed and centrifuged (300 g, 5 min, 4 °C). The
pellet was solved in 0.5 ml FACS-buffer (PBS + 2 % FCS) and subsequently stained
for flow cytometry as described in 2.4.1. Lymphoid populations were characterized
as follows: afT cells (CD45% CD3* TCRP™*), yoT cells (CD45* CD3" TCRy*), ILCs
(CD45" CD3" CD19" Ly6G™ FceRIa” CD5" NK1.1- CD127* CD90%), ILC2s (CD45* L/D
CD3" CD19 Ly6G™ FceRIa CD5 NK1.1- CD127* CD90* GATA3™).

2.4.4 FACS sorting of ILCs

Following the digestion (see 2.3.5) during the Single-cell RNA sequenc-
ing (scRNAseq) experiment, half of the cell suspension was sorted for
CD45* CD90" CD127* Lin ILCs and spiked back into the whole lung single
cell solution. Sorting of the cell suspension was conducted by using a FACS
AriaTM 1I sort flow cytometer cell sorter (BD Biosciences). After sorting, pro-
tocol was continued with scRNAseq library preparation (see 2.5.1). For the
bulk RNA sequencing experiment, digested lung cells were sorted for ILC2s
(CD45" L/DCD3" CD19 Ly6G" FceRla - CD5" NK1.1- CD127*" CD90" ST2*) and

further processed as described in 2.5.2.
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2.4.5 ELISA

The protein levels of various cytokines, chemokines and soluble receptors in
BALF have been treated with commercially available sandwich enzyme-linked im-
munosorbent assay (ELISA) kits (eBioscience, R&D Systems) or with a self-compiled
multiplex assay (ProcartaPlex™, Thermo Fisher) (see 2.7). The protocols for ELISA
kits and the multiplex assay were each performed according to the manufacturer’s
instructions. To determine the optical density a spectrophotometer (FilterMax™ F5
Multimode Microplate Reader, Molecular Devices) was used for the ELISA measure-
ments and a Bio-Plex 200 (Bio-Rad) for the multiplex assay. Protein concentrations
were calculated using a corresponding standard curve. BALF samples of WT and
11337- mice were measured with a 36-panel ProcartaPlex™ containing the analytes
GM-CSE IFN-a, IFN-v, IL-1p, IL-12p70, IL-13, IL-18, IL-2, IL-5, IL-6, TNF-a, CXCLS5,
G-CSE IL-1q, IL-28, LIE M-CSE IL-10, IL-15, IL-17A, 1L-22, 1L-23, IL-27, IL-31, 1L-4,
CCL2, CXCL1, CXCL10, CCL11, CCL7, CCL3, CCL4, CXCL2 and CCL5.

2.5 Molecular biology

2.5.1 Single cell RNA sequencing

After digestion to single cells (see 2.3.5) and enrichment of ILCs (see 2.4.4), cells
were resuspended in an appropriate volume of PBS (Gibco), passed through a 40 pym
cell strainer, counted utilizing a Neubauer counting chamber, adjusted to a con-
centration of 1x10° cells per ml and loaded into the Chromium Controller (10x).
The following steps were conducted by Gitta Heinz (AG Mashreghi). Single Cell 5’
reagent kit v2 was used for reverse transcription, cDNA amplification and library
construction, followed by the detailed protocol provided by 10x Genomics. The
generated libraries were sequenced on a NovaSeq 6000 S4 flowcell type with 200
cycles with 30.000 cells per lane and 4 lanes in total, targeting 2.500 million reads per

lane. The raw sequencing data was subjected to de-multiplexing and quality-check
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using the Cell Ranger pipeline. The process involved converting BCL files from each
library to FASTQ reads with the 10x barcodes and TotalSeq antibodies specified in
the respective sample sheet, using the bcl2fastq Conversion Software (Illumina).
The reads were aligned to the reference genome provided by 10x Genomics (Mouse
reference mm10), and a digital gene expression matrix was generated to record the
number of UMIs for each gene in every cell. Quality metrics were applied to the
count matrices, and thresholds were set for the number of genes (> 150 and < 4000)
and the percentage of mitochondrial reads (< 10 %). All steps until the generation
of the digital gene expression matrix were carried out by Frederik Heinrich (AG
Mashreghi).

2.5.2 Bulk RNA sequencing

To prepare mouse lungs for RNA bulk sequencing, infected lungs were digested
and FACS-sorted as described in 2.3.5 and 2.4.4. RNA was isolated using Direct-Zol
Microprep Kit (Zymo Research, Cat#R2061). The following steps were conducted by
the Max Delbriick Center For Molecular Medicine (MDC) next generation sequenc-
ing core facility. Library preparation were done with Takara SMARTer stranded Total
RNA-Seq Kit v3 — Pico. Input and library was sequenced on a NovaSeq 6000 SP
targeting 400 million reads. The following steps of preprocessing were done by Miha
Milek from the Core Unit Bioinformatics (CUBI) of Berlin Institute of Health (BIH).
Sequencing reads were mapped to the mm10 mouse genome sequences and further
processed to obtain a normalized count-matrix which was used to analyze the data
described in 2.6.
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2.5.3 Fecal DNA extraction and shotgun sequencing

Mouse fecal samples were collected before mice were infected and stored at -80 °C
until further use. For the DNA extraction a DNA Miniprep Kit from Zymo Research
(Cat#D4300) was used, purity and concentration of the DNA was measured using a
NanoDrop™ 2000 (Thermo-Fisher). Library prep and sequencing of the bacterial
DNA was performed by Eurofins Genomics (Ebersberg, Germany) using a [llumina
NovaSeq 6000, with 10 million reads and paired-end sequencing (2 x 150bp).

2.5.4 Shotgun Metagenome Data processing

After sequencing, preprocessing was conducted by Eurofins genomics. Poor quality
bases, adapters and primers were removed before proceeding to the removal of
host sequences. Taxonomic profiling was conducted by using the NCBI database of
bacterial, archaeal, fungal, protozoan and viral genomes. FASTQ files were generated
and a table containing normalized reads for each domain, phylum, class, order,
family, genus and species was prodivded. This table was then loaded into R and

used for subsequent frequency and correlation analysis.

2.5.5 Quantitative real time PCR to analyze feces samples

After DNA isolation described in 2.5.3, bacterial species in murine feces were quan-
tified by quantitative real-time polymerase chain reaction (QPCR). For this purpose,
a master mix was prepared for each reaction, consisting of 10 pl Power SYBR™
Green PCR Master Mix, 4 pl template DNA, and 0.5 pl of both, forward and re-
verse primers (10 uM each; SFBfwd 5’ -GACGCTGAGGCATGAGAGCAT-3’; SFBrev
5-GACGGCACGGATTGTTATTCA-3’; 16s rRNA primers for total bacterial DNA quan-
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tification). 200 ng of DNA was then loaded into a 96-well plate, 15 ul of the appro-
priate master mix was added to each well. The qPCR was performed using the 7300
Real-Time PCR System (Applied Biosystems), with following settings: 2 min at 50°C,
10 min at 95°C, 40 cycles: 15 sec at 95°C + 1 min at 60°C.

2.5.6 SNP analysis

Genomic DNA from patients hospitalized with pneumococcal pneumonia and
age and sex matched controls were either provided by the CAPNETZ competence
network®¥ or by the PolSenior program?3%, respectively. DNA Genotyping of
rs1420101, rs7044343, rs9500880 and rs1921622 was conducted by PCR utilizing
fluorescent-labeled hybridization FRET probes followed by melting curve analy-
sis in a LightCycler 480 (Roche Diagnostics). The following probes and primers
were used: r1s1420101: f-primer: TAgTTTggTgTCAgAgTTTCTgCAA, r-primer:
TgAAgTgACTTACTCAAggCCA, anchor probe: LC640 CCAATgAgTATTACTAAAGAT-
TAAgCTCTT PH, sensor probe: CAAAgCCTCTCATTAAACTTTgAA FL; rs7044343: {-
primer: AggAATgAATATTgggTgACACTATg, r-primer: TACCCAAGTTCAAgAggCACTg,
anchor probe: LC640 TCCTgTCTgCATgTAAAgCCACTC PH, sensor probe: ggT-
TACTTCTCAgggCATCA FL; rs9500880: f-primer: TTCAggAAATTAgAggTCTAATg-
TAA, r-primer: CTgCAgAgACATgCCAAAgACA, anchor probe: LC640 gACgAAAg-
CATTCTTAAATCTgATATTC PH, sensor probe: TGATTTCTAgTTCCACACTTATgA
FL; rs1921622: f-primer: CACCAggATAACTCTgCCAC, r-primer: TAAATTTgCAAAT-
gTTTCACCAAC, anchor probe: LC640 AgCCATAggCACTAgCTgAAATAC PH, sensor
probe: TAAAAATTgATgAATTTTgTTCTgg FL.

2.6 Data analysis, visualization and statistics

Data analysis was performed using R, version 4.2.1. Wilcoxon rank-sum test was

used for the comparison of two groups. If more than two groups were compared,
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Kruskal-Wallis Test, followed by a Dunn’s post-hoc test was utilized. SNP allele
frequencies were analyzed using Fisher’s exact test. To test for effect sizes in micro-
bial communities obtained from fecal samples, Cliff’s delta was calculated using

the effsize package in R*". ILC2 bulkseq data was analyzed mainly with DeSeq2
338

package**° in R. Differential genes were subjected to gene set enrichment analysis

339

(GSEA) using the fgsea package”*” in R. The standard pipeline of the Seurat package

) 340

(version 4.2.0)°* was used for data integration, variable feature finding, data scal-

ing, and PCA calculation based on highly variable genes. In case of batch effects,

341 was utilized for correction. The Seurat functions RunUMAP(),

Harmony package
FindNeighbours() and FindClusters() were employed to reduce dimensions and
find shared nearest neighbours (SNN) in the dataset. To calculate differential gene
expression, the Seurat function FindMarkers() was used. The flow cytometry results
were analyzed using FlowJo™ v10.7.2 Software (BD Life Sciences). Figures 1.2, 1.3,

1.4 and 4.1 were created with in BioRender.com.
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2.7 Materials

2.7.1 Reagents and media

Table 2.1: Reagents and Media

Reagents

Manufacturer

ACK Lysing Buffer
Ampuwa®RNAse-free water
Bacto™ Todd Hewitt Broth
Bacto™ Yeast extract

BD FACS™ Lysing Solution
Brefeldin A

BSA

Collagenase I1

Columbia Agar + 5% sheep blood
cOmplete™, Mini Protease Inhibitor
CountBright™ Absolute Counting
Beads

Dispase

DMEM

DMSO

DNAsel

Dynabeads® Biotin Binder
EDTA

Ethanol

FCS

Fixable Viability Dye eFluor® 780
Ionomycin

Isopropanol

Ketamine (Ketavet)

Low-melt Agarose

Gibco

Fresenius Kabi

BD Biosciences

BD Biosciences

BD Biosciences
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

BD Biosciences
Roche Diagnostics GmbH
Molecular ProbesTM

Corning

Gibco
Sigma-Aldrich
PanReac Applichem
Thermo Fisher Scientific
Roth

Merck

Capricorn Scientific
eBioscience
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Bio-Rad
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Table 2.1 Reagents and Media

Reagents Manufacturer
Methanol Merck

NacCl (0.9%) B. Braun

NaOH Roth

PBS Gibco
Phorbol-12-myristate-13-acetate Sigma-Aldrich
Power SYBR Green® PCR Master Mix | Applied Biosystems
rIL-22 R&D Systems
RPMI 1640 Gibco

Sulfuric acid (H2S04) Roth

Thilo-Tears® Gel (Augengel) Novartis Pharma GmbH
Tris-Base Roth

Tris-HCI Roth

Tween-20 Sigma-Aldrich
Xylazine (Rompun 2%) Bayer

B -Mercaptoethanol

Sigma-Aldrich
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2.7.2 Kits

Table 2.2: Kits

Kit

Manufacturer

BD Cytofix/Cytoperm™ Kit
Direct-zol RNA Microprep
EasySep™ Dead Cell Removal Kit
FOXP3 Fix/Perm Buffer Set

Next GEM Single Cell 5’ Kit v2
ZymoBIOMICS DNA Miniprep Kit

BD Biosciences

Zymo Research
STEMCELL Technologies
Biolegend

10x Genomics

Zymo Research

2.7.3 Instruments and consumables

Table 2.3: Instruments and consumables

Instrument/consumable Manufacturer
7300 Real-Time PCR System Applied Biosystems
BD FACSAriaTM 11 BD Biosciences
Bio-Plex®200 Systems Bio-Rad
Chromium Controller 10x Genomics

DiscarditTM II syringe
EASYstrainerTM (40 um, 70 pm)
ELISA-Multiplates (96-well)
FACSCanto 1T

FACS-Tubes

BD Biosciences
Greiner Bio-One
Corning

BD Biosciences
Sarstedt
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Table 2.3 Instruments and consumables

Instrument/consumable Manufacturer
Falcon® Conical Tubes (15ml, 50 ml) | Falcon
FilterMax™ F5 Microplate Reader Molecular Devices

Heraeus Biofuge Fresco

Heraeus Function Line Typ B20
Heraeus Megafuge 1.0R

Heraeus Typ BB 6220 CO2 incubator
Heraeus Typ HS 18 safety bench
Heraeus Typ HS 9 safety bench
HerasafeTM KS safety bench
Inoculation loops (1 nl and 10 nl)
LightCycler 480

Mastercycler Gradient
Microcentrifuge 5417R
Mikrowaage CPA224S-OCE
Multipette® Plus

NanoDrop 2000
Neubauer-counting chamber
Omnifix®-F syringe (1 ml and 2 ml)
Petri dishes (100 x 15 mm)

Pipet tips tips (Safe-Seal Tips®)
Pipet tips, unsterile

Pipetboy

Pipets (10 pul, 100 pl, 200 pl, 1 ml)
Precision scale EG300-3M

Rectal Probe for Mice RET-3
Safe-lock tubes (0.5 ml, 1.5 ml, 2 ml)
Sterican® Injection canula

SW23 shaking waterbath
Thermometer BAT-12

Tuttnauer Systec 2540 EL Autoclave

Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Thermo Scientific
Sarstedt

Roche Diagnostics
Eppendorf
Eppendorf

Sartorius AG
Eppendorf

Thermo Scientific
LO-Laboroptik GmbH
B. Braun

Falcon

Biozym

Sarstedt

Integra Biosciences AG
Eppendorf

Kern

Bioseb

Eppendorf

B. Braun

Julabo GmbH
Physitemp Instruments
Systec GmbH
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2.7.4 Antibodies

Table 2.4: Antibodies used for flow cytometry

Target Fluorochrome | Clone Manufacturer
B220 PE RA3-6B2 BD Biosciencess
B220 APC-Cy7 RA3-6B2 Biolegend

B220 Biotin RA3-6B2 Biolegend
CCR6 A647 140706 BD Biosciences
CCR6 BV786 140706 BD Biosciences
CD11b Bv421 M1/70 Biolegend
CDl11c APC-Cy7 N418 Biolegend
CDl1l1c APC N418 eBioscience
CD127 PerCP-Cy5.5 A7R34 Biolegend
CD127 PE-eFluor610 A7R34 eBioscience
CD19 Biotin 6D5 Biolegend
CD25 A488 PC61 Biolegend
CD326 PE G8.8 Biolegend
CD3e PE-Cy7 145-2C11 eBioscience
CD3e FITC 145-2C11 BD Biosciences
CD3e BUV737 17A2 BD Biosciences
CD4 BV510 RM4-5 Biolegend
CDh44 eFlour450 IM7 eBioscience
CD45 A488 30-F11 Biolegend
CD45 AF700 30-F11 Biolegend

CD5 Biotin 53-7.3 Biolegend
CD8a PerCP 53-6.7 BD Bioscience
CD90.2 PE-Cy7 53-2.1 eBioscience
F4/80 APC-Cy7 BM8 Biolegend
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Table 2.4 Antibodies used for flow cytometry

Target Fluorochrome | Clone Manufacturer
FceRla APC-Cy7 Mar-1 Biolegend
FceRla Biotin Mar-1 Biolegend
FoxP3 APC FJK-16s eBioscience
GATA-3 PE TWAJ eBioscience
GATA-3 AF647 L50-823 BD Biosciences
Gr-1 APC-Cy7 RB6-8C5 Biolegend

Gr-1 Biotin RB6-8C5 Biolegend
IL-22 PerCP-Cy5.5 Poly5164 Biolegend
IL-23R PE 12B2B64 Biolegend

Ly6C PerCP HK1.4 Biolegend
Ly6G BV510 1A8 Biolegend
Nkp46 PE 29A1.4 Biolegend
NK1.1 PerCP-Cy5.5 PK136 eBioscience
NKI1.1 PE-Cy7 PK136 eBioscience
NK1.1 SB702 PK136 eBioscience
RORyt PE B2D eBioscience
RORyt BvV421 Q31-378 BD Biosciences
ROR~Yt BV650 Q31-378 BD Biosciences
Siglec-F PE E50-2440 BD Biosciences
Siglec-F Biotin S$17007L Biolegend

ST2 BUV395 U29-93 BD Biosciences
ST2 APC RMST2-2 eBioscience
T-bet A647 04-46 BD Biosciences
T-bet Bv421 4B10 eBioscience
TCRpP BV605 H57-597 BD Biosciences
TCRY0 FITC GL3 BD Biosciences
TCRyo PerCP-Cy5.5 GL3 Biolegend
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3.1 IL-33-dependent regulation of anti-pneumococcal

immunity is independent of ILC2s, IL-4 and IL-13

3.1.1 Single-cell RNA sequencing reveals Il1rl1 expression in ILC2s
and no major differences in innate leukocyte populations
between WT and 1133/~ animals

As described in the introduction, 1I337- mice show a significantly increased bac-
terial defense upon S. pneumoniae infection, as indicated by lower bacterial loads
in lungs and blood of 1133/~ compared to WT mice (Fig. 1.6). To characterize the
underlying processes, sCRNAseq was employed to analyze pulmonary cells from
mice infected with S. pneumoniae, aiming to unravel the cellular dynamics in-
volved. To enable the examination of rare ILCs, the whole lung was digested to
single cells (3 of lung) and pooled with a fraction that was ILC-enriched by FACS-
sorting CD45" lineage” CD90.2* CD127* cells (; of lung) (Fig. 3.1 A). The distinct
cellular populations were visualized by employing uniform manifold approximation
and projection (UMAP) (Fig. 3.1 C).

Next, typical marker genes reported in literature were used to annotate clusters (Fig.
3.1 B). Subsequent analyses identified ILC2s as the primary source of Il1rl1, the gene
coding for the IL-33 receptor (Fig. 3.1 D). The main source of 1/133 were AEC2s and

mesenthelial cells.
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Figure 3.1: Single-cell sequencing of whole lung enriched with FACS-sorted ILCs. (A) Mice
were infected with S. pneumoniae, sacrificed after 36 hours (n = 3-4 per group) and lungs
were first digested into single cells and then pooled within the experimental group. % of each
single-cell solution was FACS-sorted for ILCs (CD45" lineage” CD90.2* CD127%) and spiked
back into the whole lung solution, before being subjected to scRNAseq. (B) Stacked violin
plot displaying representative marker genes for each cell type. (C) Two-dimensional UMAP
embedding on 24,612 computationally identified and cells. (D, E) Normalized expression
levels of (D) Il1rl1 and (E) 1133 plotted in an UMAP embedding.
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Additionally, unbiased subclustering of AMs, PMNs and monocytes revealed no

notable differences in frequency (Fig. 3.2) or in infection-associated transcriptional

pathways (not shown) between IL-33-deficient and WT mice. This s in line with flow

cytometric measurements described in Maschirow, 2019%°, where no differences in

frequency or absolute numbers of AMs, PMNs and inflammatory monocytes were

observed (Fig. 1.7).
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Figure 3.2: Subsets of AMs, PMNs and monocytes show no differences in fre-
quency between WT and 1133/- mice. Mice were infected, sacrificed after 36
hours (n = 3-4 per group) and lungs were subjected to scRNAseq. (A, D, G) Dataset
was first subsetted on AMs, PMNs and monocytes and separated in two clusters by
unbiased clustering. (B, E, H) Cluster specific marker genes of depicted cell types
were visualized in a dotplot. Color strength correlates with average expression val-
ues, dot size increases with fraction of cells expressing a gene. (C, E I) Frequencies
of depicted cell types in WT and /33"~ mice are represented in a barplot.
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3.1.2 IL-33 induces expression of activation-associated gene sets
in ILC2s

The prominent expression of the IL-33 receptor Il1rl1 on ILC2s (Fig. 3.1 D) may
implicate that IL-33 acts through ILC2s to negatively regulate anti-pneumococcal
defense. In order to test this hypothesis, ILC2 numbers and proportions in the lungs
of infected WT and II337/- mice were analyzed by flow cytometry. In detail, mice
were infected with S. pneumoniaefor 18 hours and the whole lung was enzymatically
digested to single cells by collagenase and DNAse. Unexpectedly, no significant
differences in absolute numbers or in frequencies were detected (Fig. 3.3 B, C).

To gain insights into the transcriptional patterns of ILC2s, a bulk RNA sequenc-
ing was performed on CD45* Lin” CD90" CD127* ST2* FACS-sorted lung cells. A
downregulation of several genes, including Pi16, Ptx3, Prg4, as well as gene sets as-
sociated with activation of MYC genes (HALLMARK_MYC_TARGETS) were observed
in 1133/- mice compared to WT mice during S. pneumoniae infection (Fig. 3.3 D,
E). Upregulation of HALLMARK_OXIDATIVE_PHOSPHORYLATION in WT ILC2s
implies an induction of oxidative phosphorylation pathways by IL-33 activation.
Together, the present findings confirm an effect of IL-33 on ILC2s but most likely do
not explain the detrimental effect of IL-33 signaling on pneumococcal pneumonia.
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Figure 3.3: Lack of IL-33 influences gene expression but not abundance of
ILC2s in lungs of S. preumoniae-infected mice. (A) Gating strategy to quan-
tify ILC2s by flow cytometry. (B) Numbers and (C) frequencies of pulmonary
CD45* Lin" CD90* CD127" GATA3* ILC2s from lungs of mice 18 h.p.i.. (D, E) Lungs
were digested at 12 h.p.i. and FACS-sorted for ILC2s. RNA was isolated and quanti-
fied using bulk RNA-sequencing. (D) Volcano plot showing differentially expressed
genes (DEGs) in ILC2s of WT and 1133/~ animals. Significant DEGs with a log,
fold change threshold of & 2 and an adjusted p-value < 0.05 are indicated in red.
(E) Gene set enrichment analysis (GSEA) analysis utilizing HALLMARK collection,
normalized enrichment score (NES) and adjusted p-value (padj) are indicated. (B,
C) Bars represent mean + SD. Wilcoxon rank-sum test, ns = p > 0.05
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3.1.3 Depletion of ILC2s and abrogation of IL-4/IL-13 signaling

does not affect antibacterial defense against S. pneumoniae

In order to investigate the functional role of ILC2s in the regulation of antibacterial
defense against S. pneumoniae in the lungs, Nmur1i®®¢G [g20/1 mice (ILC2K0)

specifically lacking ILC2s were utilized >32342

. Nmurl is a gene specifically expressed
in ILC2s3*® and Id2 is an essential transcriptional regulator for the development
and maintenance of lymphoid cells®*. This cell-specific depletion model utilizes
a Cre/loxP system, specifically depleting ILC2s which is the only known cell type
co-expressing Nmurl and Id2. TLC2°*° mice and littermates were infected with
S. pneumoniae and bacterial burden was assessed 48 hours later. Differences in
bacterial loads were not detected, neither in BALF nor in blood (Fig. 3.4 A, B). This
result demonstrates that ILC2s are not involved in the IL-33-dependent regulation
of pneumococcal defense.

IL-33 is known to induce the production of type 2 inflammation-associated cy-
tokines such as IL-4 and IL-13 in a variety of immune cells®!. To test if these cytokines
exert regulatory effects on the early defense against S. pneumoniae, Il4ra’- mice
were analyzed. IL-4Ra is a crucial functional subunit of the receptor for IL-4 and
IL-133%, Similar to ILC2°*° mice, control of S. pneumoniae infection also remained
unaffected in Il4ra”’/- animals and bacterial burden did not differ compared to
controls after 48 hours of infection (Fig. 3.4 D, E). In line with the lack of effect on
bacterial burden, clinical parameters such as temperature (Fig 3.4 C, F) and relative
weight loss (data not shown) were not affected by the absence of either ILC2s or
IL-4Ra.

Hence, these findings demonstrate that, unlike IL.-33 and ST2, regulatory effects
on the early antibacterial defense against S. pneumoniae during pneumonia are
not dependent on ILC2s or the type 2 inflammation-associated cytokines IL-4 and
IL-13.
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Figure 3.4: ILC2s as well as IL-4 and IL-13 signaling do not regulate
early antibacterial defense during pneumococcal pneumonia. (A, B, C)
Nmur1i€re-¢GFP [g2/fimice (ILC2°K0) and controls were infected and bacterial loads
in BALF and blood were assessed 48 hours post infection or temperature was mea-
sured every 12 h. (D, E, F) Il4ra’- and control mice were infected and bacterial
loads in BALF and blood were assessed at 48 hours post infection or temperature
was measured every 12 h. (A, B, D, E) Lines represent median and dashed line the
lower detection limit. Wilcoxon rank-sum test, ns =p > 0.05. (C, F) Data are shown
as mean =+ SD.
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3.2 Protective effect of IL-33 deficiency in pneumococ-
cal infection is mediated by enhanced IL-22 pro-

duction

3.2.1 Inflammatory response of infected WT and 1133/~ animals
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Figure 3.5: IL-33 deficiency does not influence levels of several inflammatory
cytokines and chemokines in the lung. WT and 1133”/- mice were infected with S.
pneumoniae. After 18 hours, cytokine and chemokine levels in BALF were quanti-
fied by multiplex ELISA. Data are shown as individual data points, bars represent
mean + SD.

o

In the previous section, it was demonstrated that the impaired bacterial defense
observed in mice capable of producing IL-33 is not linked to the typical type 2
immune response driven by IL-4 and IL-13 signaling. To obtain further insight
into the mechanism underlying the different resistance of WT and IL-33-deficient
mice, a multiplex ELISA with BALF samples from WT and II337/- mice infected
for 18 hours was conducted. Notably, no apparent impact of IL-33 deficiency on
the levels of chemokines and various cytokines in BALF was observable (Fig. 3.5).
Typical cytokines downstream of IL-33 activation including IL-4, IL-5, IL-13, but
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also less common mediators described in literature such as CXCL1, CXCL2, CCL20
and TNF3*¢ were not affected by abrogation of IL-33 signaling.
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3.2.2 LackofIL-33 leads to an increase in IL-22 production, result-

ing in enhanced protection against pneumococcal infection
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Figure 3.6: Protective effect of IL-33 deficiency in pneumococcal infection is
driven by enhanced production of IL-22. (A) Mice were infected with S. pneu-
moniae, sacrificed after 18 hours and levels of IL-22 in BALF were measured by
ELISA. Wilcoxon rank-sum test; ** =p < 0.01. (B, C) WT mice were treated with 1 ug
rIL-22 or PBS as control and infected with S. pneumoniae. CFU were measured 48
h.p.i. in (B) BALF and (C) blood. (D, E, F) WT, 133/, II122"/- and II33/"1122"/- mice
were infected for 48 hours and bacterial loads were determined in (D) BALF and
(E) blood. (F) Temperature was measured. data are shown as mean % SD. (A) Bars
represent mean + SD, Wilcoxon rank-sum test. (B, C, D, E) lines represent median
and dashed line the lower detection limit, Kruskal-Wallis test followed by Dunn’s
posthoc test, ns = p > 0.05, * =p < 0.05, * =p < 0.01, **=p < 0.001, ***=p <
0.0001.
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IL-22 plays a crucial role in the immune defense against bacterial infections at

170347 Protein measurements of BALF

mucosal barriers, particularly in the lungs
samples revealed that IL-22 production was significantly higher in 11337/~ mice
compared to WT controls upon infection with S. pneumoniae (Fig. 3.6 A). To un-
derstand whether increased levels of IL-22, as seen in [1337/- animals, enhance
resistance of mice to pneumococcal pneumonia, WT mice were first treated with
rIL-22. 1 pg was each administered intranasally and intraperitoneally to elicit local
and potentially also systemic effects, respectively. Bacterial burden was decreased
in BALF and blood of rIL-22-treated mice (Fig. 3.6 B, C) indicating that IL-22 confers
a protective effect in context of the described model of pneumococcal pneumonia.
To directly examine if IL-22 is involved in the protective effect of IL-33 deficiency,
an 11337/-1122/- double knockout mouse was generated and bacterial loads after in-
fection were compared to 11337/, 1122/, and WT animals. Interestingly, the bacterial
loads in the lungs and blood of 1133”1122~ mice were largely similar to those in WT
mice and significantly higher than in 11337/~ mice (Fig. 3.6 D, E). Body temperature
of 113371122, [1227- and WT mice were comparable, while 11337/~ show by trend
less hypothermia during the course of infection (Fig. 3.6 F). These findings lead to
the conclusion that increased production of IL-22 is responsible for the enhanced

resistance of IL-33-deficient mice to pneumococcal lung infection.
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3.2.3 IL-22is differentially produced by ILCs
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Figure 3.7: IL-22 is differentially produced by ILCs. (A) Representative gating
strategy for analyzing IL-22* lymphoid cells by flow cytometry. (B, C, D) Frequen-
cies and absolute numbers of IL-22-producing lymphoid cells derived from lungs
of mice 18 hours after infection. Data are shown as individual data points, bars
represent mean + SD. Wilcoxon rank-sum test, * = p < 0.05, ns = p > 0.05.

To reveal the source of IL-22 during infection with S. pneumoniae and how IL-
22-producing cells were influenced by IL-33, pulmonary cells of infected WT and
11337- animals were analyzed by flow cytometry. After 18 hours of infection, lungs
were digested to single cells and stained. Cells were then gated for lymphocytes,
single cells, live CD45*, TCRp) or TCRY&. Double-negative cells were further gated
on lineage (CD3  CD19" Ly6G™ FceRla- CD5  NK1.1°) and CD127* for ILCs. (Fig.
3.7 A). Significantly higher proportions and numbers of IL-22-producing ILCs were
observed in the lungs of I1337- mice (Fig. 3.7 D). Further characterization of these
cells revealed that they were ST2", thus likely representing ILC3s. However, no
discernible differences in IL-22 production were observed in afy- and y6T cells,
which have also been described to be potential producers of IL-22 (Fig. 3.7 B, C).
Thus, IL-22 production of pulmonary ILCs, most likely ILC3s, is affected by IL-33

during S. pneumoniae infection.
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3.3 Protective effect of IL-33 deficiency in pneumococ-

cal infection depends on microbiota alterations

3.3.1 The resistance of II133/- mice to S. pneumoniae varies be-

tween animals of different vivaria
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Figure 3.8: 1133/~ mice from different vivaria vary in their susceptibility to S.
pneumoniae infection. (A) WT and /337 mice from several animal vivaria were
infected, sacrificed after 48 hours and bacterial loads in BALF were assessed. Data
are shown as individual data points. Lines represent median and dashed line the
lower detection limit. Wilcoxon rank-sum test. (B) Data from (A) were aggregated
by phenotype (R = 'resistant’, S = susceptible’, ctrl = intra-vivaria control). Lines
represent median and dashed line the lower detection limit. Kruskal-Wallis test
followed by Dunn’s posthoc test, ns =p > 0.05, * =p < 0.05, * =p < 0.01, **=p <
0.001, **** =p < 0.0001.

Due to organizational reasons, the process of breeding 1133/ and WT control an-
imals required multiple relocations from one vivarium to another within various
institutional breeding facilities located in Berlin. Surprisingly, during the investi-
gation of S. pneumoniae infection, the resistance of 11337/ mice to S. pneumoniae
varied depending on the facility the mice were bred. 11337/~ animals derived from
vivaria with lower hygienic standards, characterized by e.g., conventional caging
and unrestricted access for scientists rather than being limited only to responsible
animal caretakers, tended to exhibit increased resistance to pneumococcal infec-
tion when compared to WT animals from the same vivaria. Conversely, I133/- mice
originating from vivaria with higher hygienic restrictions tended to be more sus-
ceptible to the infection, behaving similarly to WT animals (Fig. 3.8 A). Of note,

the susceptibility of WT mice to pneumococcal infection did not appear to be sig-
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nificantly affected by the distinct housing environments, as demonstrated in Fig.
3.8 B. Based on these findings, it can be hypothesized that variations in microbial
composition among different facilities lead to alterations in the gut microbiota of
primarily 71337/~ mice, thereby influencing their defense against S. pneumoniae
infection. WT and I1337- genotypes were pooled and referred to as 'resistant’ and
'susceptible’ phenotype (Categorization is based on aggregated data in Fig. 3.8 B).
Although the hygienic status of the vivaria appeared to correlate with the pheno-
type of 1133/- animals during S. pneumoniae infection, the underlying mechanism
remains uncertain.

3.3.2 Microbiota changes modulate susceptibility to pneumococ-

cal infection

In recent years, the role of microbiota in modulating immune responses and
influencing susceptibility to infection has gained significant recognition in

the scientific community?78316:318318-351

To investigate whether differences in
microbiota composition were responsible for the variable resistance observed
in 11337~ mice during S. pneumoniae infection, a comprehensive analysis of
fecal samples obtained from WT and II337- mice housed in different vivaria was
conducted.

Initially, alpha diversities of microbiota samples from four groups (II33/® =
resistant’, [1337/-5 = ’susceptible’ and respective control groups WTR and WT<"S)

were assessed and found to be comparable (Fig. 3.9 A).
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Figure 3.9: Bacterial microbiota of 'resistant’ 1133/~ mice differs from ’susceptible’ 1133/,
WT and co-housed animals. (A) Alpha diversity of microbiota samples from II33”/- animals
with ‘resistant’ (11337/-R) and ‘susceptible’ (11337-5) phenotype and corresponding controls
(WT"R and WT°S) is shown. (B) Heatmap depicting effect sizes of bacterial species de-
rived from fecal samples of WTUIR | [133-/-R WTetS | 1]33-/-S and co-housed animals (WT<,
1133/-¢°), Cliff’s delta was applied to visualize differences in effect sizes compared to 1133 /R,
Species showing correlation with bacterial burden in lungs of mice infected with S. pneu-
moniae are depicted in red. (C, D) SFB and 16S rDNA was quantified in fecal samples
from WTCUIR| [133/-R WT"S and 11337/-S mice by qPCR. (A, C, D) Lines represent mean.
Kruskal-Wallis test followed by Dunn’s posthoc test, ns = p > 0.05 (E) Frequencies of de-
picted microbiota species and bacterial burden upon S. pneumoniae infection were plotted.
Linear regression and confidence intervals were calculated and visualized in red and gray,
respectively. Pearson correlation coefficient R and p-value was calculated.
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However, further taxonomic profiling revealed differences in the composition of
the microbiota of 'resistant’ 11337/ mice as compared to samples obtained from
'susceptible’ 11337~ mice and both WT controls. A statistical method calculating
the effect size (Cliff’s delta) of each species was applied to rank the most abundant
species in each group. More than 60 bacterial species were differentially detected
(Cliff’s delta & 0.5). Notably, the microbiota of 'resistant’ I. 1337 mice harbored higher
relative abundance of various Lactobacillus spp., while showing lower abundance of
Saccharicrinis fermentans and Peptococcus niger, in comparison to both WT groups
and ’susceptible’ 1133/ mice (Fig. 3.9 B). Furthermore, bacterial composition of the
microbiota was measured in feces of co-housed animals and effect sizes compared
to I133/® were calculated. As anticipated, the differences observed between WTU'R
and I133/® were lost and the bacterial composition equalized between co-housed
WT and 1133/~ animals (Fig. 3.9 B). Additionally, the 'resistant’ I133”/- mice displayed
variations in their gut virome, archaeal, and eukaryotic communities in comparison
to the other experimental groups (Fig. 3.10).

SFB were described to positively influence immune cells to produce IL-223%1, There-
fore, relative abundance of this species was investigated by qPCR. However, no
differences between WT and /337~ animals were observed, although the relative
abundance of SFB was higher by trend in resistant’ /133”7~ mice as compared to 'sus-
ceptible’ 11337/ mice (Fig. 3.9 C). To control for differences in the amount of input
DNA used for the assay, total 16s DNA was measured and did not differ between
groups (Fig. 3.9 D).

In order to identify candidate members of the gut microbiota responsible for in-
fluencing the animal’s susceptibility to pneumococcal infection, bacterial loads
after S. pneumoniae infection in individual animals were correlated with relative
abundance of specific gut commensals. Correlations were then matched to species
either differentially present or absent in 'resistant’ 1/337/~ mice visualized in Fig. 3.9
B. Species present in 'resistant’ 1133/ mice would be expected to be involved in
boosting IL-22 production, while species absent in 1/337- mice should suppress it.
Interestingly, only species positively correlating with CFUs and absent in 'resistant’
1133/-mice were detected, namely Saccharicrinis fermentans, Prevotella veroralis,
Prevotella ihumii and Magnetospirillum magneticum and marked in red showing
correlations of 0.28, 0.21, 0.27 and 0.39, respectively (Fig. 3.9 E).
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Figure 3.10: Non-bacterial microbiota of ’resistant’ 1133/ mice differs from
’susceptible’ 1133/~ , WT and co-housed animals. Fecal material was collected
and shotgun sequenced. Effect sizes (Cliff’s delta) were calculated to quantify
differences of 'resistant’, 'susceptible’ and co-housed animals compared to 11337/°R,
Species depicted represent the most abundant in 1133/°R (upper half) and WTetIR
(lower half). Dataset was filtered for (A) Archaea, (B) Viruses and (C) Eukaryota.

64



Results

To test if the microbiota differences were causally involved in the differential
resistance of WT and /337~ animals, mice originating from a vivarium breeding
11337~ mice with resistant’ phenotype were treated with an antibiotic cocktail
(imipenem, metronidazole, vancomycin, ciprofloxacin and ampicillin) for 8 weeks
to systemically deplete their microbiota. As shown in Fig. 3.11 A and B, the
difference in bacterial burden between WT and 1133/- mice after infection with S.
pneumoniae disappeared following microbiota depletion. Similarly, co-housing of
WT and II337/- mice for four weeks equalized the resistance of WT and 11337/ mice
to S. pneumoniae, as indicated by similar bacterial loads in their lungs (Fig 3.11
D, E). These data suggest that the microbiota differences observed between WT
and 'resistant’ I1337/- mice were responsible for their differential ability to control S.
pneumoniae infection.
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Figure 3.11: The influence of IL-33 on antibacterial defense depends on its mod-
ulatory effect on the microbiota. (A, B, C) WT and /337~ mice were microbiota-
depleted by oral treatment with antibiotics (ABX), subsequently infected with
1x10® CFU/mouse and sacrificed after 48 h. Bacterial loads in (A) BALF and (B)
blood were measured and IL-22 levels in (C) BALF were assessed. (D, E, F) WT and
11337 mice were co-housed for 4 weeks and infected for 48 h. Bacterial loads in
(D) BALF and (E) blood were measured and IL-22 levels in (F) BALF were assessed.
Data are shown as individual data points, lines represent median, dashed line the
lower detection limit and bars represent mean + SD. Wilcoxon rank-sum test, ns =

p > 0.05.

To further characterize the mechanism leading to the loss of the 'resistant’ pheno-

type, IL-22 levels were measured in BALF samples derived from antibiotic treated

and co-housed mice (Fig. 3.11 C, F). In both groups the difference in IL-22 vanished

to comparable levels. Considering that IL-22 is associated with increased bacterial

defense (see 3.2.2), these results show a direct correlation between microbiota, IL-22

levels and the resistance to pneumococcal pneumonia.
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3.3.3 Resistance of IL-33-deficient mice depends on the gut micro-

biota

The aforementioned results clearly asso-
ciate microbiota composition and bac-
terial defense in II33/- mice. To defi-
nitely demonstrate that gut microbiota
differences are responsible for the dif-
ferential defense against S. pneumoniae,
fecal material of WT and 133/~ mice
of two different vivaria (vivarium A and
B) was first collected. Then, WT and
1133/~ mice were microbiota-depleted
by antibiotic treatment and the col-
lected fecal material was transplanted
by oral gavage. After 5 days of reconsti-
tution time, animals were infected with
5x10° CFU/mouse and bacterial load
was assessed in BALF. While the pheno-
type of WT animals was not influenced
by the transfer of microbiota of WT mice
derived from two different vivaria, resis-
tance to S. pneumoniae in 1133/ ani-
mals was affected by type of 11337/ gut
microbiota (Fig. 3.12). These results
further confirm that the resistance of
133/~ animals to pneumococcal infec-
tion depends on the gut microbiota.
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Figure 3.12: Fecal microbiota transplan-
tation rescues resistant phenotype in
1133/~ mice. Fecal samples were collected
from two different vivaria (A and B) and
snap frozen at -80°C. Then, microbiota
in WT and /337~ mice was depleted by
antibiotic treatment and collected fecal mi-
crobiota was transplanted. WT mice received
WT microbiota and II33/° mice received
1133/- microbiota. After a reconstitution
time of 5 days, mice were infected with
5x105 CFU/mouse of S. pneumoniae and
bacterial load was assessed 48 hours later.
Data are shown as individual data points,
lines represent median, dashed line the lower
detection limit. Kruskal-Wallis test followed
by Dunn’s posthoc test, * = p < 0.05.
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3.4 SNPsin IL33and IL1RLI1 are associated with pneu-

mococcal pneumonia in humans

Itis yet unknown if the detrimental effect of IL-33 on the capacity to defend against S.
pneumoniae observed in mice is also existent in humans. To approach this question,
an analysis of single nucleotide polymorphismss (SNPs) previously associated with

352-357 was performed in 238

type 2 inflammation and altered sST2 or IL-33 levels
pneumococcal pneumonia patients and 238 age- and sex-matched controls. It was
found that SNP alleles in the gene ILIRLI previously linked to lower levels of the
decoy receptor sST239%3%3 'and, by trend a SNP allele associated with higher IL-33

levels3>*

, were observed to be more frequent in pneumonia patients as compared
to controls (Fig. 3.13 and Table 3.1). These findings are consistent with previous
observations made in the murine model of IL-33 deficiency described in this work
and demonstrate that potential changes in IL-33 and sST2 levels correlate with the

capacity to defend against S. pneumoniae.

IL1RLT IL1RLT IL1RLY 1L33
r$1420101 rs950880 rs1921622 rs7044343
100% | g 100% | po 100% | g 100% |arme 'S
75% I 75% .I 75% II 75% I
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Figure 3.13: SNPs in IL33 and IL1RL1 are associated with pneumococcal pneu-
monia. (A - D) Frequencies of SNP alleles of the genes for IL33 and IL1RLI were
assessed in 238 patients with community-acquired pneumococcal pneumonia
patients and 238 age- and sex- matched controls. Allele frequencies are visualized.
Fisher’s exact test; ** =p < 0.01, * = p < 0.05, ns = p > 0.05.
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Table 3.1: List of screened SNPs correlating with pneumococcal pneumonia.
Literature was screened for SNPs influencing IL-33 or ST2 levels. sST2 is a splice

variant of ST2 acting as soluble decoy receptor for IL-33.

SNP Gene | Effect on expression | SNP allele p value | Potential
frequency implication
rs1420101 | ILIRLI | T-allele: decreased CAPNETZ > | 0.0039 less sST2 in CAP
expression of sST2 control (**) patients
rs950880 | ILIRLI | A-allele: decreased | CAPNETZ > | 0.006 less sST2 in CAP
expression of sST2 control (**) patients
rs1921622 | ILIRLI | A-allele: decreased | CAPNETZ > | 0.0088 less sST2 in CAP
expression of sST2 control (**) patients
rs7044343 | IL33 C-allele: increased CAPNETZ > | 0.055 more [L-33 in
expression of IL-33 | control (n.s.) CAP patients
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In this thesis, a reciprocal mechanism between the immune system and the micro-
biota that influences susceptibility to pulmonary bacterial infection is described.
This mechanism is dependent on both genetic and environmental factors and has
an impact on the efficiency of the immune system to defend against S. pneumoniae.
Specifically, it was shown that IL-33 regulates the immune defense against S. pneu-
moniae through IL-22 production in pulmonary ILC3s. The regulation of defense
relies on the ability of IL-33 to influence the composition of the gut microbiota, and
this effect appears to be dependent on the environment, specifically on the housing
conditions of the animals. A multitude of microbial species were observed to differ
between WT and II33/- mice. One or several of these microbes only present in some
vivaria may be suppressed by IL-33, but can thrive in I133/- animals. It is plausible
to argue that metabolites produced by these microbes trigger IL-22 production in
pulmonary ILC3s, leading to improved antibacterial defense in 1I337/- mice. Alter-
natively it may also be possible that a microbe inhibiting IL-22 production in ILC3s
is more abundant in WT mice, leading to impaired antibacterial defense in WT as
compared to II33/- animals. In contrast to 11337/~ mice, animals deficient in ILC2s
or IL-4Ra did not show enhanced resistance to S. pneumoniae infection, indicating
that the IL-33-dependent regulation of antibacterial defense is independent of these

factors.
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4.1 Microbiota and anti-pneumococcal defense

4.1.1 How IL-33 shapes the intestinal microbiota

To ascertain if the intestinal microbiota influences the capacity of 1133/~ mice
to defend against S. pneumoniae infection, three experiments were conducted.
Microbiota depletion and co-housing leveled out differences in antibacterial de-
fense between WT and 1133/~ mice. Additionally, an FMT experiment in WT and
11337- mice was conducted to demonstrate that differences in the gut microbiota
were responsible for the differential resistance of I1337- animals to S. pneumoniae
infection. These results could be explained by a mechanism in which the presence
of IL-33 suppresses proliferation of a still unknown gut commensal responsible for
enhanced IL-22 production. In II337- animals, this unknown microorganism might
expand in the intestinal tract, thereby contributing to an increased IL-22-dependent
antibacterial defense in the lung. This unknown microbe might only be present in
some vivaria but not in all, thus explaining the variable phenotype of 1I337/- mice.

However, more detailed conclusions about the composition of a protective micro-
biota and which particular microorganisms are responsible for the observed effect
are still elusive. To investigate compositional differences between 'resistant’ and
'susceptible’ 11337- mice as well as of WT controls, and to identify potential can-
didate microbes responsible for the differences in infection susceptibility, fecal
microbiota samples derived from mice of several vivaria were analyzed. More than
60 bacterial species were found to differ between /337 and WT mice derived from
resistant’ vivaria, including Lactobacillus spp. and Prevotella spp. (Fig. 3.9 B). This
high number of potential candidates, made it impossible to experimentally test
which of these species were responsible for the differences in resistance against S.
pneumoniae infection. To further narrow down the list of potential microbial candi-
dates, a correlation analysis between relative abundance of such species and the
burden of S. pneumoniae in the lung for each individual mouse was conducted. The
rational for this approach was the assumption that if a microbiota species influences
antibacterial defense, a correlation to abundance of S. pneumoniae in the lungs

should be observable. Unexpectedly, no species was found correlate negatively
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with pulmonary bacterial burden. However, a slightly positive correlation between
CFU of S. pneumoniae and abundance of Saccharicrinis fermentans, Prevotella
veroralis, Prevotella ihumii and Magnetospirillum magneticum was observed (Fig.
3.9 E marked in red). It appears unlikely that S. fermentans and M. magneticum play
arelevant role in the modulation of immune responses in mice. They were isolated

from marine mud?®®® and sediment layers of low oxygen waters 3>

, respectively, and
were never described in the context of murine microbiota. Nevertheless, Prevotella
spp. are typical commensals in the respiratory and intestinal tract®6°%! and have
been described to modulate immune functions, such as affecting susceptibility

%62 and gut dendritic cell activation®®. However, it remains unlikely

to arthritis
that these species are solely responsible for the observed phenotype, because their
correlation with bacterial burden of R = 0.21 and R = 0.27 is relatively low. It is
important to note that this correlation analysis specifically considers individual
microorganisms as potentially responsible for the observed effect. Nonetheless, it is
also plausible that collective influences of multiple gut commensals collaboratively
influence defense against S. pneumoniae. More complex data analysis methods
could shed light on multifactoral relationships between several parts of the micro-
biota and the susceptibility to S. pneumoniae infection. This effect may also be
influenced by viral or fungal components of the microbiota.

The central hypothesis is that a species typically suppressed by IL-33, but present
in 1133/- mice, positively influences antibacterial defense in the lungs. Following
this line of argumentation, it was unexpected to discover that there were no species
enriched in resistant’ 1133/~ mice exhibiting a negative correlation with the bacterial
burden in the lung. The inability to detect such negatively correlating microbes
may derive from an inadequate representation of the gut microbiota, achieved
solely through the sampling of frozen feces samples rather than utilizing the entire
intestine for microbial DNA extraction. In 2016, Malik et al. showed that IL-33
modulates microbiota composition, suppressing Akkermansia muciniphila and
SFB3, Contrary to these findings, feces sequencing conducted in the course of
this work did not show higher abundance of Akkermansia muciniphila and SFB in
1133/- mice. One way to explain this discrepancy could be that in the study of Malik
et al. the whole intestine of 11337/~ animals was digested and subsequently screened

for microbiota, instead of just sampling feces.

As another approach to narrow down the list of potential candidate bacterial taxa
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responsible for the augmented pulmonary defense, 'resistant’ I133/- and WT mice
could be infected after treatment with either polymyxin or vancomycin to approxi-
mate if gram-negative or gram-positive bacteria drive the phenotype, respectively.
In subsequent experiments, single transplants with the most promising candidates
of either gram-positive or -negative bacteria will be required to provide under-
standing of their modulatory effect on the microbiota. However, numerous ques-
tions pose challenges to the feasibility of transplanting individual species into a
microbiota-depleted mouse. Is it possible to culture the desired microbe in vitro
prior to transplantation? Does it survive the process of transplantation? Does
it reach the gut and is it able to successfully colonize the intestinal tract? Is the
observed effect dependent on synergistic effects of a combination of microorgan-
isms only present in a complex microbiota? One can also not be sure, if antibiotic
treatment completely eradicates the bacterial microbiota and if remaining microor-
ganisms skew the outcome of infections. To avoid that, GF mice could be utilized
in future experiments. This on the other hand, requires transfer of 1I337/- embryos

into commercially avaliable GF recipient females.

Another recent study by Ignacio et al. elegantly demonstrated that the release of
IL-33 by intestinal epithelial cells requires microbial colonization of the gut. This
microbiota-dependent release of IL-33 resulted in an elevated eosinophil turnover
rate and prevented villi blunting>®°. Conversely, GF mice exhibited reduced IL-33
release and impaired eosinophil functions. While this study does not offer a direct
explanation for the mechanism behind increased immune defense in the lungs of
1133/ animals, it does present a plausible scenario in which microbiota and IL-33

are interdependent.

As depicted in Fig. 3.10, differences in the microbiota composition of archaea,
viruses and eukaryota have also been detected between WT and 11337/ mice. Effect
sizes were, however, much lower compared to the effect sizes calculated based on
the bacterial microbiota. It could be that a fungus is responsible for the effect, since
IL-33 has been shown to drive immune responses against fungi, including Canida

albicans3°

and Pneumocystis murina®®’. Consequently, lack of IL-33 signaling could
provide a niche for specific fungi to bloom. The outgrowth of such a fungus could
in turn be positively influencing IL-22-dependent antibacterial responses to render

an 1133/~ mouse more resistant to pneumococcal infections. This would agree with
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data published by Bacher et al., where intestinal C. albicans induced pulmonary
Ty, responses against other fungal species in a cross-reactive manner®%, However,
this proposed mechanism is unlikely since a loss of phenotype was demonstrated
upon antibiotic treatment. Therefore, it seems much more likely that differences
in bacterial commensals are responsible for the differential resistance of WT and
11337- animals from different vivaria to S. pneumoniae.

Another important question is whether the composition of microbiota is only de-
pendent on genetic background or on the maternal microbiota passed along at birth.
Ubeda et al. found that TLR-deficient mice show different microbiota colonization
patterns compared to WT mice®%°. Furthermore, they observed that when born from
the same mother, littermates deficient in TLR and WT controls lost the characteristic
microbiota patterns observed in isolated colonies. In this study, the maternal micro-
biota was the main factor influencing the microbiota composition of newborn mice.
A similar approach was recently used to investigate microbiota differences between
WT and 1I33/ animals®%*. The authors found that despite being born by the same
mother, WT and 1133 /- littermates showed differences in microbiota composition.
Future experiments should use littermates derived from heterozygous parents to
show that the same initial maternal microbiota diverges into WT- and 133"/ -specific

colonization patterns influencing resistance to S. pneumoniae infection.

4.1.2 Thelink between gut and lung

As reported in this work, ILCs lacking the IL-33 receptor ST2 (most likely ILC3s)
are the main producers of IL-22 in II33/- mice during pneumococcal pneumonia.
However, the factors leading to variations in IL-22 production between WT and
1133/~ mice remain unclear. Typical upstream regulators including IL-23 and IL-
1p have not been found to be differentially produced; therefore they are unlikely to
be responsible for the increased IL-22 production in resistant’ II33/- mice. Nev-
ertheless, it cannot be excluded that differences in the abundance of respective

receptors or in intracellular signaling lead to increased IL-22 levels.
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Another receptor enhancing IL-22 production in ILC3s is AhR, which can be ac-
tivated e.g., by L-tryptophan-derived ligands3"*3"1, Several microorganisms such

as Peptostreptococcus russellii>"

and Lactobacillus spp.3"3* have been described
to produce AhR ligands and to subsequently induce IL-22 production in immune
cells. Intriguingly, microbiota composition of 'resistant’ 11337/- mice revealed higher
proportions of several Lactobacillus spp. compared to WT controls. In the list of
25 most abundant species in resistant’ 11337/ mice compared to WT controls, six
species of Lactobacillus were detected (Fig. 3.9 B). A potential mechanism could
lie in the increased production of AhR ligands by Lactobacillus spp. in the gut of
11337~ mice, which spread via circulation and activate ILC3s in the lung to produce
IL-22, leading to improved bacterial defense upon S. pneumoniae infection. How-
ever, the extent to which this impacts the production of IL-22 and if it causes the
observed phenotype remains unknown. To test this hypothesis, specific microbiota
transplant experiments with Lactobacillus species and measurements of AhR ligand
concentrations would need to be conducted.

SFB have been described to colonize the small intestine of mammals, stimulat-
ing Ty, cells in the lamina propria to produce IL-2232137, By treating mice with
vancomycin and thereby depleting SFB, McAleer et al. showed that intestinal fre-
quencies of Ty,;; cells and IL-22 levels were significantly decreased. Furthermore,
they showed that this effect was dependent on SFB colonization and IL-22-induced

Reg3y expression3??

. Roy et al. demonstrated in 2021 that intestinal IL-22 pro-
duction by T, cells was fostered by SFB37®. Considering the reported influence of
IL-33 on the gut microbiota, and the resulting effect on antibacterial defense, SFB
represented an interesting candidate explaining the observed phenotype. However,
though higher Ct-values were detected in fecal samples derived from a vivarium har-
boring animals with a 'resistant’ phenotype, increased levels of SFB in 11337/ mice
compared to WT mice from the same vivarium were not detected (Fig. 3.9 C). On the
other hand, SFB are known to be tightly associated to the intestinal epithelium377378
and a complete representation of all gut colonizing microorganisms may require
extracting microbiota directly from the intestine. Therefore, an increased abun-
dance of SFB in the microbiota of resistant’ I133/- mice as compared to 'susceptible’

11337~ and WT mice cannot be completely ruled out.

Another study published by Gray et al. in 2017 reported that newborn mice need
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commensal microbiota to allow trafficking of IL-22-producing ILC3s to the lung3%.

This effect protected neonatal mice against pneumococcal pneumonia and was
mediated by intestinal microbiota-stimulated DCs. Upon stimulation by these in-
testinal DCs, IL-22-producing ILC3s upregulated the lung-homing receptor CCR4
and relocated to the lung. Overall, these findings are potentially in line with the
results reported in this work, which demonstrated that ILC3-derived IL-22 is an
important factor in the defense against S. pneumoniae. Nonetheless, If this mecha-
nism is dependent on intestinal DCs and CCR4 is not known. Further experiments
should focus on either the blockage of CCR4 signaling on ILC3s or specific depletion
of intestinal DCs to reveal their involvement in the improved bacterial defense in
1337,

In 2017, Geva-Zatorsky et al. presented a systematic study in which they mono-
colonized GF mice with 53 bacterial species derived from the human gut to test
their immunomodulatory effects3”. Besides other parameters, they looked at the
potential of each single species to induce intestinal IL-22 production by ILCs in
steady state. Using these data, the shotgun sequencing dataset generated from feces
samples derived from several vivaria (Fig. 3.9 B) was screened for these candidates.
Acinetobacter baumannii, a Gram-negative opportunistic pathogen described by
Geva-Zatorsky et al. to be strongly inducing intestinal ILC-derived IL-22, was found
to be enriched in resistant’ I1337- and to be lacking in ’susceptible’ I133/- animals
and respective WT controls. It is conceivable that proliferation of A. baumannii
is suppressed by IL-33 signaling, leading to increased abundance in 11337/~ mice,
subsequently inducing enhanced IL-22 production by intestinal ILCs. Speculatively,
A. baumanniiis not present in the environment of ’susceptible’ 11337/~ mice. Notably,
there are limitations extrapolating these observations on the model described in
this work. IL-22 production has been identified in the lungs during pneumococcal
pneumonia. The local homeostatic IL-22 production in the gut, as documented by
Geva-Zatorsky et al., does not appear to account for this phenomenon. In contrast,
alternative studies, such as that by Gray et al., have proposed the translocation
of ILC3s from the gut to the lungs, providing a potential explanation for the ob-
served IL-22 production during pneumococcal pneumonia®?®. Further experiments
in which A. baumannii is transplanted into 'susceptible’ 11337/~ mice should help

determine if this effect is causative to the observations described in this work.
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4.2 Role of IL-22 and type 3 immunity in antibacterial

defense

The results in this work clearly describe a causality between IL-33 deficiency, en-
hanced IL-22 production and increased resistance to S. pneumoniae. Both, gain of
function experiments, in which WT mice were treated with rIL-22, and loss of func-
tion experiments, in which 11337- 1122~ mice were compared to single knockouts
and WT controls, demonstrate the protective role of enhanced IL-22 production
in pneumococcal pneumonia. However, the exact mechanism of how enhanced
IL-22 levels induce defense against S. pneumoniae is not fully understood. One
study conducted by Trevejo-Nunez ef al. in 2016, demonstrated that IL-22/IL-22R
signaling plays a crucial role in regulating host defenses against S. pneumoniaelung
infections, with rapid induction of IL-22 production in the lungs during infection.
Administration of rIL-22 reduced bacterial burden in lung and liver by enhancing
C3 opsonization'®®. When comparing these results to those generated in this work,
it must be pointed out that C3 levels were not influenced by IL-333%. Other studies
have shown that IL-22 induces the production of various AMPs to promote antibac-
terial defense'??, such as lipocalin, p-defensins, SI00A8/A9 and ReglIIy 189192322380
Contrary to the effect of IL-22 described in literature, differences in production of
several AMPs in the lungs between WT and 11337- animals were not detectable on
transcriptome level (unpublished scRNAseq data) and on protein level 33°. Though
no differences of the AMPs described above were detected in the lung, it is possible
that they exist in the gut. McAleer et al. found Regllly regulated by IL-22 in the gut,
which led to alocal control of microbiota®??. Subsequent investigations should focus
on the influence of IL-22 on gut AMP production to further elucidate if it shapes the
gut microbiota in 1133/ mice. Furthermore, IL-22 influences antibacterial defense
by supporting mucosal repair mechanisms and maintaining barrier integrity in
epithelial tissues 92381382 However, no influence of IL-33 on lung barrier integrity
as assessed by an assay involving murine serum albumin (MSA) was detected in S.

pneumoniae-infected mice3°.

Most important producers of IL-22 described in literature are ILC3s, yoT cells and

T}p7 cells33, but NK cells and NKT cells have also been described as sources of IL-
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22106381 Eurthermore, in a murine S. pneumoniae infection model, Trevejo-Nunez
et al. found y3T cells as main producer of IL-22, with an additional contribution of
ILCs. Contrary to these findings, Van Maele et al. identified ILC3s as main source
of 1I22 transcripts in a murine pneumococcal pneumonia model by FACS-sorting
infected lung cells and subjecting them to qPCR%*163, Intriguingly, these data are
in accordance with the findings reported in this work, showing that increased IL-22
production in ILCs could be detected (Fig. 3.7). Technical difficulties prevented
further characterization of the ILC population, which is consistent with Van Maele et
al. and Trevejo-Nunez ef al. being unable to co-visualize the signal of transcription
factors RORyt together with IL-22 in flow cytometric measurements. Nevertheless, it
isreasonable to propose that ILC3s are the key producers, given that ILC1s and ILC2s
are usually not considered relevant sources of IL-22. To overcome the technical
difficulties of further characterizing the main IL-22 producer in the lung that is
influenced by IL-33 signaling, an IL-225 reporter mouse3° was crossed with an
IL1rl1- mouse. However, the IL-22BF signal strength in the lungs was very low and
could not be detected during pneumococcal infection, which prevented further
characterization of the IL-22-producing cell type (data not shown). To confirm
ILC3s as a main IL-33-dependently regulated source of IL-22 in this model, future
experiments should focus on either visualizing RORYt together with intracellular
IL-22, measuring 1122 transcripts in lysates of different FACS-sorted lymphoid cell
populations derived from infected WT and II33/- mice or use another, brighter

reporter mouse model.

IL-22BP can influence IL-22 activity by sequestering and subsequently inactivat-
ing it'8!. Studies have shown that II22bp”’/- mice display altered IL-22-dependent
metabolic programs, resulting in increased antibacterial defense against S. pneu-
moniae®®® and antiviral defense in an influenza coupled superinfection model>®’.
These effects were dependent on the complement factor C3 and the glycoprotein
hemopexin, which, however, both have not been found to be influenced by IL-33 in

the model of pneumococcal pneumonia33°,

Often, IL-22 is co-expressed with IL-17A, because expression of both cytokines is
regulated by the same transcription factor RORyt122388, [L-17A has the potential to
influence bacterial infections by stimulating e.g., epithelial cells to produce media-

tors responsible for recruiting PMNs to the site of infection 19383389 Unpublished
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data generated in this work showed increased IL-17A levels in the lungs of infected
11337~ mice. Although IL-17A is often co-expressed with IL-22, the main source of
IL-33-dependently regulated IL-17A in the lungs of pneumococci-infected mice
appear to be y0T cells but not ILC3s (own data not shown). It remains unclear if
the elevated IL-17A levels of S. pneumoniae-infected 11337/~ mice contribute to the
improved bacterial defense in these animals. In order to test whether increased
IL-17A levels protect against pneumococcal pneumonia, infections with double
knockout animals (/133”/1117-/*) and respective controls could be conducted in the
future.

In conclusion, the elevated levels of IL-22 in I1337- mice can be attributed to ILCs,
most likely ILC3s. Although IL-22 levels were directly causative for improved bacte-
rial defense in 1I33/- mice, the mechanisms underlying this effect were beyond the
scope of this thesis. If and how increased IL-17A levels in 11337/ mice contribute to

the observed increased antibacterial defense remains elusive.

4.3 IL-33 in human pneumococcal pneumonia

To investigate if the findings regarding the role of IL-33 in pneumococcal pneumonia
are also relevant in humans, several SNPs in the genes IL33 and IL1RLI were exam-
ined. The study included 238 patients hospitalized with pneumococcal pneumonia
(provided by the CAPNETZ foundation3*) and 238 sex- and age-matched controls.
Interestingly, SNPs in /L33 and ILIRLI were more frequently found in pneumonia
patients as compared to the controls. These SNPs were previously linked to changes
in plasma levels of sST2 and IL-333°23%7 (Fig. 3.13). SNPs linked to decreased levels
of the decoy receptor sST2 or increased levels of IL-33 were observed more fre-
quently in pneumonia patients. These data thus suggest that also in humans, I1L-33
signaling potentially increases susceptibility to pneumococcal pneumonia, and are
thereby in line with the murine data presented here. Although these SNPs were
previously described to influence the respective plasma levels of their gene product,
no direct correlation between IL-33 or sST2 levels and pneumococcal pneumonia

susceptibility or severity can be demonstrated. Future studies should assess the

79



Discussion

levels of circulating IL-33 and sST2 in patients with pneumococcal pneumonia and

analyze if they are associated with e.g., disease severity.

The ’resistant’ phenotype of 11337/~ animals tended to be associated with vivaria of
lower hygienic standards, which likely better reflect the 'real world situation’ outside
of unphysiologically clean laboratories. This is potentially in agreement with the
observation of an improved antibacterial defense in 'wildling’ mice, which better
resemble humans in their immune responses than SPF mice bred under highly
hygienic conditions. These 'wildling’ mice are generated by embryo transfer of
genetically distinct laboratory mice into wild mice harboring a 'natural world’ mi-
crobiota, preserving tractable genetics but mimicking microbiota of wild mice3263%7,
Human individuals also live in the 'natural world’ and harbor a microbiota rather

comparable to 'wildling’ mice than to SPF mice3%

and future experiments may
benefit from utilizing 'wildling’ mice instead of SPF mice. This approach aims to
capture a more authentic representation of the human immune response and may
help provide deeper insights into relevant human pathomechanisms. This shift in
experimental design could contribute to a more comprehensive understanding of
the biological processes under investigation, ultimately improving the translatability

of research findings to human contexts.

4.4 Other potential mechanisms of how IL-33 influ-

ences antibacterial defense

Other mechanisms may also contribute to the IL-33-dependent effect on antibacte-
rial defense. Two studies have been published recently, describing effects of IL-33 on
S. pneumoniae infection and providing alternative explanations. In a comprehen-
sive scRNAseq study, as reported by Cohen et al., it was found that IL-33 produced
by AEC2s activated resident basophils, subsequently priming AMs to adopt an M2-
like phenotype®!. A similar mechanism was described in a study by Saluzzo et al.,
where the initial alveolar expansion in newborn mice triggered the release of IL-33
from AEC2s. This, in turn, lead to the production of IL-13 by ILC2s, reprogramming
macrophages to an M2-like phenotype. The effect went hand in hand with a delayed
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response to infection with S. preumoniae'®®. Both mechanisms could also have
explained the detrimental effect of IL-33 on pneumococcal pneumonia discussed
in this work. However, the reported mechanisms are not consistent with several
observations made in this study. First, IL-13 levels did not differ in BALF samples
of infected WT and 11337- mice (Fig. 3.5). Second, scRNAseq data generated from
infected WT and II33/- mice did not show differences in M2-like imprinting of
macrophages (data not shown). Third, mice lacking IL-4Ra, a critical subunit for
the IL-4 and IL-13 receptors, did not show enhanced resistance to S. pneumoniae in
comparison to WT animals (Fig. 3.4).

However, a growing body of evidence suggests that another receptor, namely IL-
13Ra2, binds IL-13 independently of IL-4Ra 3!, Initially observed in monocytes
and subsequently validated in mouse models, the signaling of IL-13 through IL-
13Ra2, coupled with AP1-induced TGF-p production, has been documented 39239,
According to these studies, IL-13 can trigger production of TGF-p by upregulating
IL-13Ra2, often induced by TNE Recent research has revealed that this receptor can
activate a diverse array of signals (such as WNT/p-Catenin, MAPK/ERK, AKT/PKB,
Src/FAK, PIP3K) within normal or pathological contexts39*3%_ Since IL-13 levels
did not differ between WT and II33/- mice, one could hypothesize that IL-13Ra2
is more abundantly expressed in WT mice, leading to yet unknown mechanistical
effects. Further experiments characterizing the influence of an alternative IL-13
signaling pathway should shed light on the mechanism underlying the improved
bacterial defense in 11337/ animals.

ILC2s harbor high abundances of ST2 on their surface and are a compartment
of lymphoid cells acting in an innate manner, which made them an interesting
candidate mediator regulating IL-33-dependent anti-pneumococcal defense. In-
triguingly, no differences in numbers or frequencies of ILC2s in the lungs of infected
WT and 11337/~ mice were detectable (Fig. 3.3). Furthermore, transcriptomic profiles
were generated by bulk-sequencing of FACS-sorted ILC2s. Here, utilizing gene set
enrichment analysis, clear evidence of transcriptional influence of IL-33 on ILC2s
was found. Gene sets associated with MYC transcription factor-associated prolifer-
ation were increased in WT mice. The upregulation of oxidative phosphorylation
in WT ILC2s suggests an increased demand for ATP upon IL-33 stimulation. When
observing differences on single gene level, several genes were regulated in ILC2s
by IL-33. The most differentially upregulated gene in WT mice was Pil6, which
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may be a technical artifact, since it has been described to be a marker of shear
stress3%. Other genes upregulated in WT ILC2s were Ptx3, a soluble PRR involved

397 and Prg4, an anti-inflammatory TLR2/4 antagonist®®®, However,

in opsonization
no gene found to be regulated by IL-33 in ILC2s seemed to explain the increased
bacterial defense against S. pneumoniaein 11337/ mice.

To finally prove that ILC2s do not play a role in this infection model,
Nmur1€re-¢GFP [g20/1 (IL,C2°K0) mice, as a model of ILC2 deficiency was utilized and
compared to control mice. Nmurl is specifically expressed in ILC2s and Id2is a com-
mon transcription factor necessary for the development of all ILC types3*43%., Only
ILC2s which express both proteins at the same time are depleted in ILC2%© mice.
After infecting ILC2°€C and littermate controls with S. pneumoniae, no differences
in antibacterial defense were detected. With these results, ILC2s can be confidently
excluded as relevant cell type involved in the IL-33-dependent regulation of anti-

pneumococcal defense.

In a study conducted by Alvarez et al. in 2019, a mechanism in Cryptococcus neo-
formans infection was proposed, where IL-33 and IL-1 have opposing effects on
priming ST2" T, leading to either a regulatory or inflammatory phenotype, re-
spectively!'?°. Projecting this mechanism on the discussed model of pneumococcal
pneumonia, 1337/ mice could harbor a higher abundance of pulmonary inflam-
matory T, which lead to an earlier induction of antibacterial programs. Similarly,
Faustino er al. reported a mechanism where ST2* T,,,, were responsible for sup-
pressing IL-17A producing yoT cells, subsequently delaying PMN influx to the site of
infection*®. When comparing the results presented in this work to those described
above, it must be pointed out that 11337/- mice did indeed show increased IL-17A
levels in the lungs upon infection (data not shown). However, the increased IL-17A
production did not result in an increased PMN influx, as described by Faustino
et al. (Fig. 1.7 C, D). Furthermore, no differences in T, abundance and in their
ST2 levels were detected by flow cytometry and transcriptomic analyses (data not
shown). Thus, no evidence for a role of T, in the IL-33-dependent defense against

S. pneumoniae was obtained.

Detecting the source of IL-33 is crucial for a comprehensive understanding of its
impact on pneumococcal pneumonia. Expression of IL-33 has been attributed

to nonhemapoietic cells, such as fibroblasts, epithelial and endothelial cells!9>19,
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However, some studies have described active secretion of IL-33 from CD45" immune
cells, such as macrophages and mast cells?¢401-4%_ These observations stand in
contrast to own RNA-sequencing data and publicly avaliable data°® mainly locating
133 transcripts in nonhematopoietic cells. Furthermore, Cayrol and Girard discuss
unpublished data demonstrating that the commonly used antibody to detect IL-33
in CD45" immune cells binds unspecific epitopes, inducing fluorescence in cells
derived from IL-33-deficient mice*%®. Together, the present findings and publicly
available data suggest a nonhematopoietic origin of IL-33.

In the context of acute pneumococcal lung infection, IL-33 appears to have a detri-
mental effect. However, it is reasonable to assume that the role of IL-33 might be
beneficial in the later phases of the infection. Notably, IL-33 has been shown to influ-
ence infections by influenza through its interaction with ILC2s and the subsequent
release of AREG, which contributes to tissue repair, as demonstrated in a study by
Monticelli er al.'''. Although Areg expression in ILC2s did not differ between WT
and 1133/ mice 36 hours after S. pneumoniae infection (own scRNAseq data not
shown), IL-33-dependently produced AREG could play a beneficial role in the later
resolution phase of infection. Future experiments using e.g., an inducible ILC2-
specific Areg knockout model would be required to test if this assumption is correct.
In such an experiment, inactivation of AREG could be induced at later phases of
infection to avoid potentially overlapping effects of AREG during the earlier and
later phases of infection.

4.5 Synopsis and concluding remarks

In this work, a mechanism is proposed in which environmental in combination with
genetic factors modulate the antibacterial defense against S. pneumoniae. Specific
microbes that might only be present in some but not all vivaria, colonize and
expand in 1I33/- (but not WT) animals and enhance, possibly through production
of specific metabolites, IL-22-dependent defense against S. pneumoniae in the lung
(Fig. 4.1).
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Figure 4.1: Proposed model of microbiota- and IL-33-dependent regulation of
the immune defense against S. pneumoniae. Depending on the environment (i.e.
the vivarium where mice are bred), I133/- mice differ in their susceptibility to S.
pneumoniae. In 'resistant’ 11337/~ mice, ILC3s produce enhanced levels of IL-22,
leading to protection against S. pneumoniae infection of the lung. This increased
IL-22 production in resistant’ 1/33”/- animals depends on microbiota alterations,
which seem to be mediated by genetic factors (i.e., lack of IL-33) and the environ-
ment (most likely the hygenic status of the vivarium in the experimental setting).
In the gut of 11337/~ mice, but not in WT mice, an unknown microbe—present only
in certain vivaria—is able to expand and positively influence IL-22 production by
ILC3s, perhaps by producing specific metabolites.

To improve our understanding, future investigations should aim to identify the spe-
cific gut colonizing microbe(s) influenced by IL-33 and their role in IL-22 production.
Additionally, unraveling the mechanism by which IL-33 affects intestinal microbiota
necessitates further research. Moreover, it is crucial to explore the potential effects
of IL-22, particularly its influence on the airway epithelium, to better understand the
underlying mechanism behind the protective effect in pneumococcal pneumonia.
In conclusion, this study sheds light on the complex interplay between the micro-
biota and the immune system, impacting susceptibility to pulmonary infection by
S. pneumoniae.
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