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I — Introduction

1. LUNG ALVEOLAR MEMBRANE MAINTENANCE

The human body is constantly exposed to microorganisms present in the surrounding
environment. Very generally, the absolute first line of defense against external
infectious and non-infectious agents is the structurally intact physical barrier of the
body — the internal/external epithelial surfaces. Most of the time, these are extremely
effective due to the plethora of mechanisms which ensure that most breaches are kept
under control or eliminated!. Yet, depending on their positioning in the body and the
type of threats encountered, the physical barriers are equipped with various defense
mechanisms. The air-blood barrier created by the alveolar membrane is undoubtedly

among the most vast and structurally complex surfaces.

The alveoli of the lung are a part of the respiratory airways which stem from the
respiratory bronchioles. These bronchioles contain only a few alveoli integrated in
their walls. Along these walls originate the alveolar ducts which in turn hold a great
number of alveoli and alveolar sacs?. The internal alveolar surface is covered by two
types of epithelial cells (type I and type II pneumocytes) which are developmentally
related but have drastically distinct morphology and functions. The type I epithelial
cells are terminally differentiated and extremely flat, covering about 95% of the
alveolar area3. The organization of their cell organelles leaves vast areas of ‘empty’
cytosol which makes them permeable to atmospheric oxygen and bodily carbon
dioxide. Type I cells originate from the differentiation of type 1I pneumocytes which

in contrast have a cuboidal shape. Although they cover a very small area of the
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alveoli, type II alveolar epithelial cells account for about 60% of the pneumocytes in
the lung®. They have cuboidal shape as well as granulated cytoplasm and are able to
produce large amounts of surfactant molecules (e.g. phopsholipids, cholesterol, and

proteins such as SP-A, -B, -C, and —D)57.

Alveolar Type | alveolar
Macrophage epithelial cell Red blood cell

Alveolar membrane

- Alveolar epithelium
Type Il alveolar Connective tissue
epithelial cell Capillary endothelium —

Capillary
endothelial cell

Figure 1: Structure of the alveolus and the alveolar membrane.

The alveolus (A) is the basic respiration unit of the lung. It is lined with type I and type I1
alveolar epithelial cells and hosts a population of resident alveolar macrophages. The
basement membrane of the alveolar epithelium is in close proximity to that of the underlying
capillary endothelium thus forming the endo-epithelial alveolar membrane (B). The alveolar
membrane is extremely thin in order to allow the proper exchange of oxygen (0%, carbon

dioxide (COz) and other gases.
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The lung alveoli are backed by an extensive network of capillaries which are in direct
proximity to the lung epithelium. The non-fenestrated pulmonary endothelium is a
continuous, highly differentiated monolayer with organization similar to that of
simple squamous epithelium. The basolateral membranes of the endothelium and the
epithelium are in very close proximity. In addition, other cell types such as alveolar

macrophages, DCs and fibroblasts are also present in the alveoli®.

With its area of 75 m?2 and thickness of as little as 0.2 pm this tissue barrier is the
biggest surface of the body which is in direct contact with the environment®. Since gas
exchange is extremely important for the organism’s survival, there are a number of
defense mechanisms in place which counteract external damaging stimuli. Yet, both
infectious and tissue-damaging stimuli can induce inflammatory responses and lung

injury.
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2. PNEUMOCOCCAL PNEUMONIA

2.1.  EPIDEMIOLOGY OF PNEUMONIA AND PNEUMOCOCCAL
DISEASE

With records dating as far as medicine itself, bacterial pneumonia is among the oldest
diagnosed diseases in human history’. The discovery of the causative agent of
pneumococcal pneumonia happened in 1881 when Louis Pasteur in France and
George Sternberg in the USA simultaneously identified the lancet-shaped bacterium
Streptococcus pneumontae in salival®. Then, in 1884 in Berlin, the bacterium was also
used by Hans Christian Gram for the establishment of the well-known Gram
staining!!. However, in spite of the long experience we have had with this bacterium
and the associated disease, it still continues to be among the leading causes of
mortality worldwide. The signature symptoms of pneumonia are a combination of
chest pain, fever, trouble breathing and cough!?. Whereas the most important
causative agent of community-acquired bacterial pneumonia is S. pneumoniae, other
bacterial species such as Legionella pneumophila, Mycoplasma pneumoniae,
Chlamydophila pneumoniae, Staphylococcus aureus, and Haemophilus influenzae can
also cause this type of infection'?. Yet, the significance of S. pneumoniae infections
worldwide is emphasized by the data that pneumococcal pneumonia is among the
leading causes of mortality among children under the age of five!3-14. According to the
official data of the WHO for 2012, in low and middle income countries lower
respiratory tract infections are in the top three causes of death for the population as a
whole (WHO 2012). Moreover, in countries with high HIV-1 prevalence there has
been an alarming increase in mortality of young adults related to pneumococcal
bacteremial®>. The risk is equally serious for the elderly and immunocompromised

patients.

S. pneumontae (often referred to as the pneumococcus) is a weakly infective, gram-
positive  bacterium  transmitted via droplets which wusually colonizes
asymptomatically the upper respiratory tract of humans. However, if the bacterium

gets access to the normally sterile lower airways, it can cause pneumonia as well as
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otitis media, sepsis and meningitis!é-18. The outcome of the disease depends on the
health status of the individual and the particular serotype. The risk of developing a
life-threatening pneumococcal pneumonia is strongly associated with preceding viral
infection of the respiratory tract. During influenza outbreaks in particular, influenza
virus becomes the principal cause of community-acquired pneumonia (CAP)!-2L, In
addition, respiratory syncytial virus, parainfluenza virus, coronavirus, rhinovirus,
adenovirus among others are very often detected in patients with CAP. It is however
unclear whether they were the main cause of disease or if they play a role only in the

predisposition of the patients to secondary bacterial infections?>24,

With at least 93 different serotypes, the pneumococcus is a very versatile pathogen?>.
The serotypes have variable propensity to cause disease — whereas serotypes 3, 6 and
19F are associated with high mortality but lower invasiveness, serotypes such as 1
and 7F are more common cause of invasive diseases?°. The burden of S.pneumoniae-
associated diseases is counteracted by antibiotic treatment and the introduction of
vaccines. A cause for concern is that the global prevalence of antibiotic resistance is
increasing. The greatest source of resistance is the pneumococcal colonization in
children due to the higher chance of antibiotic use and the longer carriage?™30, In line
with this, an international study of more than 2100 S.pneumoniae isolates from sterile
body sites, it was observed that globally 33,3% were resistant to penicillin, 22.9%
were resistant to erythromycin, and 16,2% tested resistant against both (with
serotypes 19A, 6A, 19F, 14, 6B, 9V and 15A being more likely to be resistant to
both)3l. Interestingly, while the percentages reported for Germany are markedly
lower, other nearby European countries such as France and Italy show significantly
higher resistance rates. The pattern of susceptibility and geographic distribution
varies among serotypes and is often due to antibiotic overuse or low vaccination rates
in certain regions?7-30:32-34, Currently, the existing vaccines are polysaccharide-based.
The most commonly used in Germany is the one containing 23 serotypes (PPV23)
which however is weakly immunogenic in children under the age of 2 due to their
immature immune system. In order to increase immunogenity, vaccines containing
capsular polysaccharide conjugated to diphtheria toxoid CRMi9; were produced

(PCVs). Those vaccines however cover a smaller number of serotypes (7, 10, or 13).
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2.2. VIRULENCE FACTORS OF S. PNEUMNIAE

Studies focusing on genetic evidence suggest that there are two strategies responsible
for the success of S. pneumoniae as a human pathogen'>3. On one hand, there are
highly invasive strains which induce rapid disease progression and dissemination in
the population. On the other hand, there are also clones defined by the ability to
colonize and persist with a minor risk of tissue invasion. To ensure long carriage, the
non-invasive phenotype relies on immune evasion strategies (surface adhesions, IgAl
protease) leading to low-level long-lasting transmission. It is highly possible that the
differences in pathogenicity are due to variations in gene expression of specific

virulence factors3°.

2.2.1. PLY (Pneumolysin)

One of the most important virulence factors of the pneumococcus is the cholesterol-
dependent cytolysin (CDC) called pneumolysin (PLY). This is a 53-kD protein with
about 20 variants and is present in most clinical isolates of S.pneumoniae'’37. Like
other CDCs, PLY is produced during the log phage of bacterial growth3?. Yet, what
makes it unique is that it does not contain a signal secretion leader sequence and thus
cannot be secreted via a standard type II secretion system. Instead, it has been
suggested that PLY release is facilitated by the bacterial cell wall hydrolases LytA,
LytC and the choline-binding prtein D (CbpD)394%. However, toxin release has also
been observed in the absence of autolysis, pointing to the presence of alternative

mechanisms 38 .

Upon release in lytic concentrations, PLY is able to bind to cholesterol-rich
membranes and forms micropores, which consequently increase in size and can reach
up to 35 nm in diameter*'%. That kind of membrane damage often leads to the death
of the host cells*052, Yet, the response towards PLY is dependent on cell type, dose
used and time point examined. Some cell types can also repair their membranes thus
avoiding the cytolytic effect of the toxin. For instance it has been shown that after

treatment with CDCs, murine macrophages are able to repair their membrane by
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removing the damaged regions via endocytosis®®. Sub-lytic concentrations of PLY
are in addition able to activate many defense mechanisms from the innate immune
system. For instance, it has been reported that PLY is able to activate the gene
expression of chemokines and cytokines (e.g. IL-8, MIP-1f) but also of other proteins

involve in inflammatory responses (Caspase-4. Caspase-6, cathepsin E, ICAM-1)>*.

A LPXTG-anchored neuraminidases
@ Hyaluronate lyase
@ spxB

. PspA/PspC

M Enolase

¢ LtA 2

Pneumolysin

Cell membrane
Cell wall
Capsule

S.pneumoniae

Figure 2: Virulence factors of S. pneumoniae

Important virulence factors of the pneumococcus are found in the cytoplasm (PLY, SpxB),
the cell wall (neuraminidases, pneumococcal surface proteins (PspA/PspC), hydrolases (LytA)

hyaluronate lyase) and the bacterial surface (capsule, enolase).

The role of pneumolysin in the pathogenesis of pneumococcal pneumonia has been
highlighted in studies of murine lung infections®>—>7. In in vivo infection experiments,
PLY-deficient bacteria were shown to have lower colonization capacity, and the
infection resulted in increased clearance from the lung combined with significantly

longer survival of the infected animals. Moreover, bacteremia was greatly reduced
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when compared with WT infection3”>>. These data point to the role of PLY in lung

damage and bacterial invasiveness.

2.2.2. CAPSULE

Another major virulence factor of S.pneumoniae is the capsule. Actually, the
separation into the vast number of serotypes is based on its reaction with specific
antibodies and can be achieved through genetic recombination®®. The capsule is
composed of polysaccharides and is covalently attached to the peptidoglycan of the
cell wall*®. In general, all clinically relevant S. pneumoniae strains have a capsule. In
contrast, the strains with attenuated virulence tend to be non-encapsulated®. The
bacterium has been shown to regulate the production of capsular components
depending on its needs. During invasion, the capsule envelops the bacterium and
prevents its recognition by impairing opsonization whereas during colonization it is

able to interfere with mucosciliary clearance®!.

2.2.3. OTHER VIRULENCE FACTORS

S. pneumoniae posseses additionally other virulence factors such as PspA, LPXTG-
anchored neuraminiadases, enolase, hyaluronate lyase etc. They carry out different
functions in the processes of host-complement interaction and of divalent cation
transport in the bacterial cytoplasm2-9, In addition, the spxB-encoded pyruvate
oxidase of the bacterium has been shown to play a part in pneumococcal infection®-9,
It has been suggested that hydrogen peroxide produced by its action causes cell death

and impairment of mucociliary clearance in vivo56-69,

Altogether, S.pneumoniae is a pathogen that successfully colonizes the upper
respiratory tract of the host. Through a range of virulence factors it is able to evade
the host innate defense mechanisms and to cause bacterial pneumonia which could

progress into life-threatening conditions such as ARDS.
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2.3. ACUTE RESPIRATORY DISTRESS SYNDROME (ARDS)

Bacterial and viral pneumonias are the most common causes of the acute respiratory
distress syndrome (ARDS). This condition is characterized by injury associated with
widespread edema, alveolar permeability and inflammatory changes that are often
accompanied or followed by aggressive fibrosis events”™-"*. Among other causes, the
syndrome can also occur as a result of sepsis and trauma. Clinically, ARDS is
characterized with improper gas exchange short after a known injury of the lung and
without a concurrent heart failure™. ARDS is associated with mortality rate of 20-
50%76. The condition is driven by exaggerated and locally unrestricted immune
response. ARDS development can be divided into three overlapping phases — (1) an
exudative phase, (2) a proliferative phase, and (3) a fibrotic phase™-7377, There is
additionally the danger of complications caused by nosocomial bacterial pneumonia
or ventilation which further complicate the condition. One of the main and most
dangerous symptoms in the exudative and proliferative phases is the damage of the
alveolar membrane (diffuse injury of alveolar barrier)?. Thus, the identification of
innate immune mechanisms which counteract alveolar barrier dysfunction during

infections is of enormous importance.
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3. THE INNATE IMMUNE SYSTEM

The innate immune system is an ancient and conserved network of defense
mechanisms that protects the body against sterile and infectious cues. All anatomical
barriers of the body (gut, skin, lung epithelium, etc.) rely on evolutionary conserved
pattern recognition receptors (PRRs) that recognize the so-called pathogen-associated
molecular patterns (PAMPs) or damage-associated molecular patterns (DAMPs)™. In
turn, following detection these signals trigger acute inflammatory response which
includes the production of pro-inflammatory cytokines, the recruitment of leukocytes
and the subsequent activation of the adaptive immune response via antigen
presenting cells (APCs)™80. Virtually all cell types of the body with potential for
exposure to microbial or danger molecules are equipped with a set of PRRs. In the
case of pulmonary infections, it has been shown that resident alveolar macrophages
(AM®s) and dendritic cells (DCs) play an important defensive role. However, it has
recently been suggested that lung epithelial and endothelial cells also contribute
significantly to the response®!. The chemokines and cytokines produced from the
simultaneous activation of the PRRs on all those cell types work in concert to
activate adjacent cells and to attract neutrophils, macrophages and DCs from the
interstitial space and the circulation. The transmigration of cells from the vascular
system is facilitated by dilation of the vessels as well as the upregulation of adhesion
molecules on endothelial cells. The cells recruited to the site of infection then target
the pathogen and use a number of potent effector mechanisms (phagocytosis,
antimicrobial peptide production, ROS production, neutrophil extracellular traps,

etc.) to eradicate it80-82-84,
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3.1. INTERACTIONS WITH THE MICROBIOTA

As a first line of the defense, the innate immune system is responsible for introducing
the body to environmental signals while at the same assuring a proper response to the
sensed signals 886, The formation of the organism’s immune system starts during
early development. Even though these early events are still not clearly understood, it
is known that metabolites as well as components of the mother immune system (e.g.
cytokines and IgA) are transferred via the mother’s milk 8788, These factors work
together to imprint a proper immune response to commensals which would give the
basis of both the local and the systemic responses. Thus, it is not surprising that
variations of infant microbiota composition can cause stark differences in

inflammatory responses at sites other than the gut throughout life 8.

3.2.  PATTERN RECOGNITION RECEPTORS (PRRs)

The sensing of microbial and danger molecular patterns is achieved through germline-
encoded PRRs?. Charles Janeway Jr. first described a model in which the innate
immune system serves to not only distinguish self from non-self molecules but also to
ensure the proper activation of the adaptive immune system®'. In the recent years,
the importance of pattern recognition for the host immune response has been widely
studied and a number of PRR subfamilies with different specificities have been
identified®>. Depending on their structure, PRRs are divided into the Toll-like
receptors (TLRs), the C-type lectins (CTLs), the retinoic acid-inducible gene (RIG)-I-
like receptors (RLRs), the cytosolic DNA sensor and the nucleotide-binding
oligomerization domain (NOD)-like receptors (NLRs). In addition, these families can
be separated in to membrane-bound (e.g. TLRs, CTLs) and cytosolic receptors (e.g.
NLRs, RLRs, DNA sensors, etc). Yet, independent from their localization and
specificities to extracellular and cytoplasmic signals, PRR activation generally causes
the induction of proinflammatory gene transcription and to the production of critical
inflammatory mediators such as cytokines and interferons (IFNs). Moreover, PRR
activation could also initiate cellular processes such as cytokine processing,

autophagy and cell death?%. The coordination of transcriptional and non-
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transcriptional events downstream of PRR activation is carried out by a network of
tightly controlled signal transduction pathways thus ensuring the proper response

towards the detected thread?”.

3.2.1. TOLL-LIKE RECEPTORS (TLRs)

TLRs are the most extensively studied group of PRRs. They are type 1
transmembrane proteins with ectodomains whose interaction with PAMPs is
mediated by their leucine-rich repeats (LLRs)?2. In addition, TLRs possess a
transmembrane domain and an intracellular Toll-interleukin 1 receptor (TIR) domain
(required for downstream signaling)??. TLR stimulation induces the recruitment of
the adaptor molecules MyD88 (myeloid differentiation primary response 88), TRIF
(TIR-domain-containing adapter-inducing interferon-f), TRAM (TRIF related
adaptor molecule), and TIRAP (TIR-containing adaptor protein)®. Depending on the
differences in the intracellular domain of the TLRs, they are able to interact with
particular adaptors in the network. For instance, the signaling adaptor MyD88 is able
to interact with all TLRs (except for TLR3) leading to the activation of NIFkB
(nuclear factor kB) and mitogen-activated protein kinases (MAPK) that in turn
initiate the production of proinflammatory cytokines. Alternatively, MyD88 can also
work downstream of TLRs7, 8 and 9 causing the production of Type 1 IFNs via the
interferon regulatory factor 7 (IRF7). In contrast to MyD88, the signaling adaptor
TRIF specifically binds TLR3 and TLR4 but not to other TLR family members
leading to the activation of both NFkB and IRF3/7. Finally, TIRAP and TRAM
have been shown to act as sorting adaptors which promote the recruitment of MyD388

to TLRs 1, 2, 4, and 6 and of TRIF to TLR492,

Currently, ten human and twelve murine TLRs have been identified. TLRs homo- or
heterodimerize to activate downstream signal transduction events. TLRs 1, 2, 4, 5,
and 6 are primarily present at the cell surface and are specialized in the recognition of
microbial pattern molecules??. The first characterized family member was TLR4

homodimer which was identified as the receptor for bacterial lipopolysaccharide

(LPS)”. It was also shown that TLR2/6 and TLR1/2 heterodimers are able to
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recognize di- and triacetylated lipopeptides'” and that TLR5 detects flagellin. In
contrast to the plasma membrane-associated TLRs, TLRs 3, 7, 8, and 9 are expressed
on endosomal membranes and generally recognize nucleic acids. For instance, TLR3 is
specialized in recognizing virus-derived dsRNA whereas TLR9 is required for the
response to unmethylated CpG DNA. Finally, TLRs 7 and 8 have been shown to

recognize ssRINA but also small synthetic antiviral molecules®’.

3.2.2. C-TYPE LECTIN RECEPTORS (CTLs)

The C-type lectin receptor family is characterized by the presence of C-type lectin-like
domain that binds to various carbohydrates in the presence of calcium!?!. To date,
there are around 17 different groups of CTLs identified. Even though CTLs can act as
opsonins or be involved in cell-cell adhesion, many can also recognize various PAMPs
and DAMPs and can act as PRRs. For instance CTL Dectin-1 has been shown to
detect B-glucans, whereas the Dectin-2 family members (e.g. Mincle, DCAR, DCIR,
Dectin-3, etc) specialize in the recognition of a-mannans!'%?. Signal transduction
following Dectin-1 stimulation relies on a transcellular hemITAM (modified
immunoreceptor tyrosine-based activation motif) and leads to ligand phagocytosis,
gene expression and/or cytokine production!®®. In contrast, all Dectin-2 family
members except for DCIR have no intracellular domain and thus most of them
associate with the ITAM-bearing adaptor FcRy. Most CTLs signal through spleen

tyrosine kinase (Syk) eventually leading to NFkB activation!%,

3.2.3. RIG-I-LIKE RECEPTORS (RLRs)

RLRs are a group of receptors containing a DExD/H box RNA helicase domain
which are predominantly involved in the recognition of viral nucleic acids. The family
consists of three members: retinoic acid-inducible gene-I (RIG-I), melanoma
differentiation gene 5 (MDAS5), and laboratory of genetics and physiology 2
(LGP2)15, RIG-I, MDAS5 and LGP2 are cytosolic receptors that detect foreign RNA

features such as 5’ triphosphate RNA, long dsRNA, and viral-specific RNA sequences
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(such as poly-U)1%. Both RIG-I and MDAS5 bind to the adaptor MAYVS
(mitochondrial antiviral signaling) via a CARD-CARD domain interaction that
results in the activation of IRF3/7 and NFkB and the production of type IFNs and
cytokines respectively!%. Interestingly, LGP2 does not have a CARD domain but it

has been proposed to enhance RNA recognition by increasing the initial rate of

MDAS5-RNA interactions!0?,

3.2.4. CYTOSOLIC DNA CENSORS

Another pathway for sensing of cytosolic dsDNA which results in the production of
type I IFNs is dependent on the newly discovered cyclicGMP-AMP synthase
(cGAS)!1%8, Upon activation, ¢GAS produces the cyclic dinucleotide GMP-AMP
(cGAMP) which together with secondary messengers from bacterial origin (e.g. cyclic
diguanylate, cyclic diadenylate, etc) is able to activate the so-called stimulator of
interferon genes (STING). In turn, stimulation of STING results in IRF3- or NFkB-
dependent production of type I IFNs or proinflammatory cytokines, respectively 109-
11 Other cytosolic DNA sensors such as absent in melanoma 2 (AIM2) and probably
interferon gamma-inducible protein 16 (IFI16) regulate the production of IL-13 and
IL-18 via the formation of the inflammasome complexes. Similar to some NOD-like
receptors, this depends on the ability of AIM2 and perhaps IFI16 to initiate Caspase-

1 activation which is known to perform the proteolytic cleavage of IL-1f and IL-

18112113,

3.2.5. NOD-LIKE RECEPTORS (NLRs)

One of the most important family of intracellular PRRs are the NLRs which are
characterized by the their nucleotide-binding oligomerization domain (NBD or NOD)
and C-terminal LLRs. Originally identified in plants, these molecules were shown to
respond to microbial virulence factors and were referred to as disease-resistance genes
(R genes)!1*120, The relationship between mammalian NLRs and plant R genes was

first suggested after the cloning of cytoplasmic caspase-recruiting domain 4
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(CARD4)/NOD1, which suggested that CARD4/NOD1 can act as a sensor for
microbial factors'?0-122, ITn humans, the NLR family consists of 22 members and at
least of 33 members in mice!?’>. NLR proteins have a variable N-terminal domain
which could contain a CARD, a pyrin (PYD) or a baculoviral inhibitor of apoptosis
protein repeat (BIR) domain!?3. Depending on their structure, NLRs are divided into
the NLRA, NLRB, NLRC, NLRP and NLRX1 subfamilies. The only member of the
NLRA subfamily is the CARD-containing transcription factor CIITA known to
induce the transcription of the major histocompatibility complex class 1I (MHC
II)!24, The NLRB subfamily has been characterized by the presence of a BIR domain
and consists of seven NLR apoptosis inhibitory proteins (NAIPs) in mice and one in
human. The next group, characterized by the presence of a CARD, is the NLRC one
which consists of NOD1, NOD2, NLRC3, NLRC4 and NLRC5. NLRP is the biggest
subfamily of NLRs consisting of 14 proteins containing an N-terminal PYD. Finally,
the NLRX subfamily has only one family member (NLRX1) which unlike all other
NLRs is known to localize to the mitochondria!?*12>, The NLR subfamilies can carry
out diverse and important functions in pattern recognition and signal transduction

during infection.

3.2.5.1. NODI and NOD2

NOD1 and NOD2 are the prototypical members of the NLR family and represent the
first group of NLRs. They are composed of C-terminal LLRs, a central NBD domain,
and a single (NOD1) or tandem (NOD2) N-terminal CARD domain®’. Both receptors
specialize in the detection of bacterial outer membrane/cell wall components such as
the peptidoglycan-derived structures y-D-glutamyl-m-diaminopimelic acid (iE-DAP)
and MDP!?6, Upon ligand recognition, both NOD1 and NOD2 activate NFkB,
MAPK, and — in the context of viral infections of some cell types — the MAVS/IRF

pathways leading to the production cytokines, antimicrobial peptides and type I

TFNg!23.127.128
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3.2.5.2. NLR and other inflammasomes

Unlike NOD1 and NOD2, other NLR family members have been shown to transmit
downstream signals via the formation of multiprotein complexes named
inflammasomes. Coined in 2002 by Tschopp et al., this term describes a high-
molecular weight complex found in the cytosol of immune cells which facilitates the
activation of the pro-inflammatory caspase-112%130, Since the publication of this
report, intensive work in the field has proven the existence of various types of
inflammasomes which sense different PAMPs and DAMPs. In the initial priming
step, the detection of a specific stimulus from surface receptors such as the TLRs
induces the upregulation of inflammasome-related and other signaling molecules!3.
Subsequently, the inflammasome sensor oligomerizes and recruits the adaptor named
apoptosis-associated speck-like protein containing CARD (ASC). Composed of an N-
terminal pyrin domain (PYD) and a C-terminal CARD domain, ASC is able to in turn
recruit pro-caspase-l. The physical closeness within the complex initiates the
proteolytic cleavage and activation of caspase-1 which leads to many downstream
responses including the maturation and release of the pro-inflammatory cytokines IL-
1B and IL-18, as well as a form of inflammatory cell death called pyroptosis!3!132,
Intensive work on inflammasome function and regulation has shown that it plays a
vital role not only in host defense against pathogens but also in neurodegenerative,

autoimmune and metabolic diseases!33.
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Figure 3: IL-1B/IL-18 production by canonical inflammasome complexes

Canonical inflammasomes contain sensors belonging to the NLR (NLRP1, NLRP3, NLRC4)
and the PYHIN (AIM2) protein families which define their ligand specificity. Recently, pyrin
also joined the list of sensor proteins that form inflammasomes. Upon activation, the
receptors recruit the adaptor protein ASC and the proinflammatory caspase-1 to form a
complex. The complex formation in turn triggers proteolytic caspase-1 activation and results

e.g. in the release of the inflammasome-dependent cytokines IL-13/IL-18.
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So far, several pattern recognition proteins have been shown to form the so-called
classical inflammasomes. Whereas most of them are NLRs such as NLRP1, NLRP3
and NLRC4, there are also complexes formed by pyrin and absent in melanoma 2

(AIM2).

NLRPI inflammasome

Being the first identified PRR involved in the formation of an inflammasome,
NLRPI has 3 orthologues in mice whereas humans possess only one version of it. The
protein is expressed by various cell types such as granulocytes, monocytes, DCs, T
cells, B cells, neurons, etc!3* and is composed of a N-terminal PYD, a NBD, LLRs, a
function-to-find domain (FIIND) and a C-terminal CARD. The gene however is very
polymorphic and in mice two of the variants have been shown to respond to the
Bacillus anthracis lethal toxin. As a classical A/B type toxin, the B.anthracts lethal
toxin consists of 4 components (protective antigen, a cell-binding protein, oedema
factor, and lethal factor) which act together to from a channel through which the zinc
metalloproteinase lethal factor is delivered to the cytosol where it proteolytically
inactivates MAPK kinases and the NLRP1B protein itself'>>. NLRP1B cleavage in
turn enables the consequent formation of an inflammasome and the activation of
caspase-1. Interestingly, it has been reported that during Toxoplasma gondit infection
murine NLRP1B does not get cleaved but that it is still involved in the resistance
against the parasite!30. Thus, it is currently believed that rodent NLRP1 actually acts
as a decoy receptor for the B. anthracis lethal factor in a similar way to the proteins

produced by some plant resistance (R) genes!37.
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NLRC4 inflammasome

NLRC4 is a member of the NLR protein family with a classical structure composed of
CARD, NBD and LLR domains!3. The protein was shown to respond to bacterial
flagellin, as well as the rod and needle subunits of bacterial type 3 secretion systems
(T3SSs)139-143, Yet, subsequent studies determined that in mice the specificity in
ligand recognition is dependent on NLR family, apoptosis inhibitory proteins
(NAIPs) which act upstream of NLRC413%. NAIPs have a structure consisting of a
NBD and LLR domains, preceded by three baculovirus inhibitor of apoptosis protein
repeat (BIR) domains. Interestingly, ligand recognition was shown to be performed
not by the LLRs but rather by the NBD domain of the protein!**. Thus, flagellin was
shown to be recognized by NAIP5 and NAIP6, whereas NAIP1 and NAIP2 recognize

respectively the needle and the rod subunits of T3SSs.

AIM2 Inflammasome

Another sensor protein that forms an inflammasome complex is the absent in
melanoma 2 (AIM2) protein which is a member of the pyrin and HIN-200 (PYHIN)
family 12113.145 The gene encoding AIM2 is interferon-inducible and the protein is
predominantly expressed in myeloid cells. The AIM2 inflammasome has been shown
to specifically detect the presence of DNA in the cytosol. Upon detection of DNA via
the HIN-200 domain, AIM2 proteins have been shown to polymerize forming a
complex that is able to recruit ASC and caspase-1 thus causing in the production of
inflammasome-dependent cytokines!'!2. Studies have shown that AIM2 is important
in the coordination of host response towards DNA viruses (vaccinia virus, murine
cytomegalovirus) as well as with intracellular bacteria (L. monocytogenes, F.

tularensts)!46-148,
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Pyrin Inflammasome

The inflammasome containing pyrin as a sensor is the newest member of the
inflammasome complexes. In mice, this tripartite motif (TRIM) family member
protein consists of PYD, two B-boxes and a coiled-coil domains whereas the human
protein variant contains an additional B30.2 domain!2%-149, Recently, the activators of
this inflammasome were also uncovered to be bacterial toxins (C. difficile toxin B, C.
botulinum C3 toxin) and effector proteins (V. parahaemolyticus VopS, H. somni IbpA)
which have a disruptive effect on the actin cytoskeleton!¥. Pyrin is believed to
specifically detect these changes in cytoskeleton dynamics recognizing the
inactivation of the small GTPAse RHOA!"9. Interestingly, it was unable to detect
inactivation of other members of the small Rho GTPAse family such as RACI and
CDC42. Altogether the pyrin inflammasome is suggested to detect pathological

disturbances of the actin cytoskeleton of the cell'?.
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4. THE NLRP3 INFLAMMASOME

Perhaps the most extensively studied and equally puzzling inflammasome complex is
the one containing NLRP3 as a sensor protein. NLRP3 was shown to be expressed in
various cell types including DCs, granulocytes, lymphocytes, osteoblasts and even
epithelial cells’>%-1>1, In a study of various murine tissues, it was established that the

highest expression of NLRP3 was found in the spleen followed by the lungs!>2.

The protein has a classical tripartite structure consisting of PYD, a NBD and LLRs
and has been shown to respond to surprisingly broad range of stimuli. Initially, it was
reported to sense ATP, nigericin and bacterial toxin such as those derived from S.
aureus and L. monocytogenes'>3. Later, a plethora of stimuli were added to the list
including particulate and crystalline matter (alum, asbestos, silica, uric acid crystals),
as well as many components of viral, fungal and bacterial origin!>*157. Subsequent
studies however showed that in macrophages the sensing of some of those microbial
stimuli actually represented only a priming step and that an additional signal is
necessary to activate the release of mature IL-1f and I1L-1885-86.158_ Thus, in this two-
step activation model, the first signal is provided by a microbial or sterile stimulus
which induces the NFkB-driven upregulation of NLRP3 and pro-IIf. The second
signal which activates the complex can be delivered by bacterial toxins, ATP,

bacterial RNA, crystals, etc!™.

4.1.  NLRP3 PRIMING AND PRE-ACTIVATION EVENTS

In most types of murine macrophages, the first signal (priming) is essential for
NLRP3 activation, because unlike ASC and caspase-1 NLRP3 expression requires
induction. In addition to TLR stimuli, endogenous molecules such as IL-1B and TNF
could also act as the first signal and induce gene expression via NFkB activation. This
stimulation requires several hours to increase the levels of NLRP3 to the required for
proper inflammasome formation and activation'®. To avoid aberrant activation in

some cell types of myeloid origin, there are also reports of cells-specific post-
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transcriptional downregulation by miR233. This specific miRNA has been shown to

bind to the 3’-UTR of NLRP3 resulting in lower inflammasome activation!6!.162,

According to recent reports, it has also become clear that there are also mechanisms
at place that regulate inflammasome function at post-translational levell93.164, In a
report by Juliana et al. it was shown that LPS priming of macrophages for as little as
10 min resulted in NLRP3-dependent caspase-1 activation!®®. It was further shown
that this is due to a ROS-dependent NLRP3 deubibiquitination carried out by
BRCC36 (BRCC3) which is required prior to activation. Other protein modifications
such as phosphorylation have also been observed. For instance, it has been shown
that sensing of Candida albicans via ITAM-containing receptors causes the activation
of Syk which in turn lead both to inflammasome formation and to pro-1L-1B
transcription!'®. Similarly, the TGF-B-activated kinase 1 (TAK1) has been shown to
be required for inflammasome activation induced by cell swelling events!67.168,
Recently, Mishra et al. and Hernandez-Cuellar et al. described a post-translational
mechanism induced by nitric oxide (NO) which reduces the damaging effect of
prolonged inflammasome activation!®170, Intracellular NO produced downstream of
type I or type II interferon receptor signaling was shown to cause thiol S-
nitrosylation of NLRP3 during Mycobacterium tuberculosis infection of macrophages.
This modification inhibited the interaction between NLRP3 and ASC thus reducing
subsequent caspase-1 activation and cytokine production'®-170,  Altogether,
downstream of priming, the function of NLRP3 is strictly regulated on virtually

every possible level.
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4.2.  NLRP3 ACTIVATION

Taking into account the enormous structural diversity of the NLRP3 inflammasome
activators, it is inconceivable that NLRP3 is able to sense all of them directly. Thus,
it is hypothesized that it actually senses a common endogenous molecule that is
induced and/or activated in response to the inflammasome stimuli. Different cellular
and molecular mechanisms have been proposed as candidates for this signal including
Ca?* signaling, ROS, mitochondrial dysfunction and lysosomal damage but perhaps
the most likely common denominator of inflammasome activation is believed to be
potassium (K*) efflux!>?. K* efflux was considered because it was observed that like
nigericin, low K* can trigger IL-1p production in primed murine macrophages!>%171-
173, Additional studies showed that high extracellular K* can specifically inhibit the
activation of the NLRP3 inflamasome but not of AIM2 or NLRC4
inflammasomes!%17175_ Moreover, low K% concentrations could actually trigger
inflammasome formation in a cell-free experimental system!™ perhaps by causing a
conformational change in NLRP3. Importantly, K* efflux was induced as a response

to both microbial and sterile NLRP3 inflammasome activators!?.

Ca?* signaling has also been proposed as a possible universal NLRP3 inflammasome
activator after it was shown that treatment with the Ca2*-chelator BAPTA blocked
IL-1B secretion in macrophages and keratinocytes®®177-180, Similar to K* efflux,
blocking of Ca?* signaling inhibited NLRP3 inflammasome activation by classical
NLRP3 stimuli but had no effect on AIM2 or NLRC4 inflammasome activation!7-180,
However, in a recent study NLRP3 inflammasome activation was found to be
independent of increased cytosolic Ca?* concentrations'®!. Moreover, it was shown
that BAPTA inhibits NLRP3 independently of its function as an inhibitor of Ca2*
signaling. The involvement of Ca’" in inflammasome activation is thus currently

unclear!8l,

Cytosolic ROS has been implicated as a common activation signal as well'82. Initially,
in studies with inhibitors, intracellular ROS produced via NADPH were believed to
activate the NLRP3 inflammasome. However, subsequent experiments with human

PBMCs and murine macrophages which lack NADPH activity showed no impairment
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of inflammasome activation!®3184, Therefore, the role of NADPH-dependent ROS
needs to be clarified. Others studies have also suggested a role for mitochondrial
ROS!64185 Tschopp et al. showed that a blockade of mitophagy/autophagy causes the
accumulation of damaged ROS-producing mitochondria which in turn promoted
inflammasome activation!®>. Additionally, in another report, oxidized mtDNA found
in the cytosol of LPS/ATP-treated macrophages has also been proposed to contribute
to IL-B/IL-18 secretion'®t. The involvement of other mitochondrial components such
as cardiolipin and the adaptor MAVS have also been suggested but further research is

required in order to elucidate their contribution!>6-182,186-189,

Lysosomal destabilizayion is another cellular process which leads to NLRP3
activation during the intake of particulate matter (e.g. cholesterol crystals)>3. The
lysosomal perturbations were reported to cause cytosolic release of proteases such as
CathepsinB leading to inflammasome activation. Yet, particulate matter has also
been shown to trigger K* efflux but future research will be required to further clarify

the involvement of lysosomal leakage independently of potassium changes!.
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Figure 4: Multiple cellular signal events lead to NLRP3 inflammasome activation

Various stimuli (particulate matter, pore-forming toxins, ATP, etc) have been shown to
facilitate inflammasome activation after an initial priming step. K* efflux is required for
activation and is induced by most inflammasome stimuli. Particulate matter causes
lysosomal destabilization resulting in K+ efflux and the release of cathepsins in the cytosol.
Ca?*dependent mitochondrial dysfunction induces the release of mitochondrial ROS and
DNA is also proposed be important for activation. Three independent studies identify NEK7
as an inflammasome regulator acting upstream of NLRP3. Inflammasome activation results
in caspase-1 activation which leads to release of mature IL-f/IL-18 as well as induction of

pyroptosis (possibly via the proteolytic activation of gasdermin D).
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4.3.  THE NON-CANONICAL INFLAMMASOME PATHWAY

Recently, a non-canonical inflammasome pathway activated specifically by Gram
negative bacteria has been described. This pathway is defined by the involvement of
murine caspase-11 (human caspase-4) and the induction of cell death!9-193, In
experiments with TLR4-deficient macrophages pointed to the existence of cytosolic
receptor for LPS sensing!90:1%, Thus, whereas TLR4 is responsible for extracellular
LPS detection, caspase-11 senses cytosolic LPS!31:194, Interestingly, it was shown that
LPS binds directly to the CARD domain of caspase-11 whereby inducing
oligomerization and activation of caspase-111%. In addition, the downstream
substrate of caspase-11 (as well as of caspase-1) was identified to be the protein
gasdermin D (GSDMD)!31:132, Caspase-11 dependent GSDMD cleavage resulted in the
production of an N-terminal fragment which promoted pyroptosis by forming pores
on cellular membranes!3!. These recent studies propose GSDMD as a major regulator
of the immune response against Gram negative bacteria including Escherichia coli,
Salmonella typhimurium and Shigella flexneri'®. The function of GSDMD in in the
context of the cannonical inflammasome and the response to gram positive bacteria

needs to be further elucidated.

4.4. NLRP3 REGULATION

Several proteins such as the dsRNA-dependent protein kinase (PKR) or guanylate-
binding protein 5 (GBP5) have been suggested to regulate NLRP3 inflammasome
activation but their actual function is still not fully elucidated!'?%:19%19, While it was
shown that PKR inhibition causes decreased caspase-1 activation in NLRP1, NLRP3
and NLRC4 inflammasomes, these data could not be reproduced in a more recent
study that used the same animals deficient in PKR!96:197, Similarly, GBP5 was
initially shown to specifically promote NLRP3 inflammasome activation but
subsequent experiments with independently-generated GBP5-knockout macrophages

failed to show the same effect!90:198,
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Recently, several independent studies have reported an unexpected and essential role
for the NIMA-related kinase 7 (NEK7) as a component of the NLRP3
inflammasome!?-201, NEK7 was shown to be required for activation with virtually all
NLRP3 activators but was found to be dispensable for NLRC4 or AIM2
inflammasome stimuli'®®-2!, In addition, it was reported that it binds to the LLR
region of NLRP3 and that its kinase activity was not required for the process!9%-201,
NEK7 was found to act downstream of K* efflux and to regulate NLRP3
oligomerization, ASC speck formation, caspase-1 activation and IL-1B/IL-18
secretion'”. Interestingly, it was shown that NEK7 was required for caspase-1
activation induced by a gain-of-function NLRP3 variant (R258W) associated with
Muckle-Wells syndrome in humans!®. Moreover, as a member of the NIMA (never in
mitosis gene a)-related kinases, NEK7 was also shown to regulate mitotic progression
and separation of centrosomes!??. The interaction between NEK7 and NLRP3 was
also reported to be reduced in mitotic cells as compared to that in interphase cells?0l.
Thus, it is suggested that NEK7 acts as a switch which regulate the exclusivity of cell
division and inflammasome responses!?’. Altogether, NEK7 emerges as an important
NLRP3 inflammasome regulator acting downstream of K* efflux. Future studies will

be necessary to elucidate its overall importance.

In conclusion, the host innate immune system is equipped with a wide range of PRRs
which work cooperatively and in distinct modes to sense and protect the organism
from microbial and danger signals. Proper recognition of that signal is necessary for
the subsequent production of mediators which in turn orchestrate the events which

later lead to adaptive immune response initiation.
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5. INNATE IMMUNE RECOGNITION OF S. PNEUMONIAE

During infection, virtually all groups of PRR are involved in the extra- and
intracellular recognition of S. pneumoniae components. TLR2 and -9, for instance,
were reported to respond to extracellular pneumococcal cell wall lipopeptides and
endosomal unmethylated DNA, respectively?0>-293, The importance of TLR and/or IL-
IR/IL-18R signaling has been underlined in studies with mice lacking the adaptor
protein MyD88. The reports showed dramatically increased susceptibility during
pneumococcal infection, associated with impaired cytokine production as well as with
enhanced bacterial dissemination and replication?0*20, The involvement of TLR2
during pneumococcal infection has been hinted in reports where TLR2 deficiency was
associated  with  enhanced bacterial loads and moderately increased
susceptibility?07-208, Interestingly, the mortality of TLR2-deficient animals was
further increased in infection experiments with S. pneumoniae mutants deficient in
PLY?%. Previously, PLY was suggested to be recognized by TLR4. However,
controversial reports about TLR4 function in colonization control and survival have
created doubt on its involvement in pneumococcal recognition?!%21l, In line with
these data, PLY-dependent cytokine production was shown to be independent of
TLR4 but to be rather dependent on NLRP3?!2, Furthermore, pneumococcal DNA
sensing by TLR9 contributed to antibacterial defense during lung infection®"213,
Indeed, Tlr9-/- mice showed reduced bacterial clearance and increased mortality,

which however was independent of changes in cytokine production?!3.

In addition to TLRs, NLR proteins such as NOD2 as well as NLRP3 have also been
implicated in innate immune recognition of S. pneumoniae. NOD2 was shown to sense
pneumococcal peptidoglycan found in the cytosol, leading to NFkB activation and
downstream cytokine production?'*. The recognition has been shown to be dependent
on PLY released during bacterial phagocytosis and phagosomal degradation?!>-216,
Moreover, PLY has been identified as an activation stimulus of the NLRP3
inflammasome and was also suggested to be indirectly involved in the activation of
the AIM2 inflammasome by cytosolic DNA?2!12.217, NLRP3-deficient animals showed

worsened disease outcome and increased lung permeability during pneumococcal
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infection?!”. Moreover, experiments with mice deficient in the adaptor ASC (required
for e.g. NLRP3 and AIM2 inflammasome formation) showed that these animals
were highly susceptible to pneumococcal infection?!2-217, The increase in susceptibility
as well as the reduction in IL-1B/IL-18 production was less pronounced in Nlrp3-/- as
compared to Asc-/-218219 This protective role of inflammasome-dependent IL-1f could
be explained perhaps by its ability to induce the recruitment and activation of

immune cells such as neutrophils and macrophages?20-221,

Excessive activation of the inflammasomes can also cause widespread tissue damage
which in turn worsens inflammation and has a detrimental effect on pneumococcal
disease progression. For instance, administration of IL-1/IL-18 antagonists during
pneumococcal meningitis was shown to result in reduced tissue damage and improved
clinical outcome in both Nilrp3-/- and Asc-/- mice???. In addition to AIM2, another
pathway for detection of pneumococcal DNA was identified. Cytosolic DNA
recognition in macrophages was shown to be dependent on the adaptor STING and
interferon regulating factor 3 (IRF3) which lead to the production of type 1 IFNs>7.
Finally, the importance of C-type lectins like SIGN-R1 and Mincle as well as the

scavenger receptors MARCO and SR-1has also been reported?23-228,

Altogether, the host immune system relies on various PRRs to detect extra- and
intracellular pneumococcal components which results in in downstream signaling
events, leading to production of inflammatory mediators and the initiation of

antibacterial immunity and inflammation.
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6. AIM OF THE STUDY

Bacterial pneumonia is one of the main causes of acute lung injury and acute
respiratory distress syndrome. Since alveolar barrier dysruption is central for these
life-threatening conditions, it is important to characterize potentially protective
mechanisms involved in the the early stages of the disease. The innate immune
receptor NLRP3 is best known for its ability to form inflammasomes within
hematopoetic cells, to regulate IL-1B/IL-18 production, and to induce pyroptosis in
responce to bacterial infection or other insults. However, little is known about the
involvement of NLRP3 in pulmonary barrier protection and its function in non-
hematopoetic cells such as lung epithelial cells. The aim of this study was therefore to
examine the effect of NLRP3 on the alveolar membrane integrity during

pneumococcal infection and in response to the pneumoccocal toxin pneumolysin.
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I — Results

1. CO-HOUSING OF NLRP3-/- AND WT ANIMALS
INCREASES SIMILARITY OF GUT MICROBIOTA

Previously, it has been published that the immune responses to respiratory pathogens
is influenced by the microbiota and vice versa — that the immune system affects the
microbiota®??-230, Animals lacking ASC, NLRP3 and NLRP6 for example, have been
shown to harbor altered intestinal microbial communities, which are dominant and
transferable to WT mice during co-housing?3!:232, It has also been demonstrated that
the microbiota changes induced by lack of inflammasome components affects the

local immune response in the gut?2%-233,

WT BALF/Feces
collection
+
Nirp3-/- s

v

\ J

I

4 weeks co-housing

Figure 5: Scheme for microbiota transfer experiment

WT and Nirp3-/- animals were removed from the mother at 4 weeks of age and were housed
together for another 4 weeks in a ratio 1:1. At the end of the period, the mice were sacrificed

and feces samples were collected from each mouse. n = 5 mice/group
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In order to avoid potential effects of differences of the microbiota in WT and Nlrp3-/-
animals on the immune response and barrier function we co-housed 4 weeks old WT
and Nlrp3-/- mice for 4 weeks in a 1:1 ratio (Fig. 5). This procedure was recently
shown to (partly) equalize the intestinal microbiota?3*. After 4 weeks of co-housing we
collected fecal samples and analyzed their microbial composition based on 16S rDNA

sequences (Fig 6).

We observed that co-housing caused only minor shifts in the beta diversity in feces as
can be seen in the pie chart in Fig. 6A. 80-90% of the total bacteria in feces was
composed of Bacteriodales (phylum Bacteriodetes), Lactobaccilales and Clostridiales
(phylum Firmicutes) (Appendix, Table Al). Previously, the intestinal microbiota of
Nlrp3-/- animals have been shown to harbor more Bacteroidetes species (Prevotellacae)
and less members of the genus Lactobacillus®®!'. In our analysis, we only found low

amounts of TM7 and Prevotella species and similar Lactobacilli levels (Appendix,

Fig. Al).
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Figure 6: Fecal microbiota composition and microbial community shift upon co-

housing of WT and Nlrp3-/- mice

(A) Relative abundance of major bacterial orders found in the feces of WT and Nirp3-/- mice.
Phylogenetic dissimilarities in fecal microbial communities between separately housed and
co-housed animals determined by weighted (B) and unweighted (C) Unilrac distance
analysis. (A-C) n = 5 independent animal samples, (B and C) Non-parametric t test. p < 0.05
(*); p < 0.01 (**); Boxplot whiskers represent interquartile range + SEM.

Subsequently, we performed Unifrac analysis on the collected data (Fig. 6B-C).
Unifrac is an algorithm which measures the phylogenetic distance between sets of
taxa in phylogenetic trees. This method describes whether two or more communities
have the same structure. As an extension of the standard unweighted Unifrac
algorithm there exists also a weighted Unifrac variation which attempts to make a

quantitative beta diversity measurement. Our analysis showed no significant

42



difference in the unweighted comparison of separately housed and co-housed WT and
Nlrp3-/- animals suggesting that the microbial composition did not change
qualitatively. Yet interestingly, co-housing caused changes in the weighted Unifrac
analysis, thus suggesting that the relative proportion of different bacterial
communities has shifted.

Altogether, co-housing increased the similarity of the microbial communities found in
the gut of WT and Nlrp3-/- animals. To ensure that we study lung functions
independently of microbiota differences, we used co-housed animals for all following

in vivo experiments.

2. NLRP3 PROTECTS THE LUNG BARRIER DURING IN VIVO
PNEUMOCCOCAL INFECTION

In order to examine the effect of NLRP3 on the barrier function of the lung during
bacterial pneumonia WT and NLRP3-deficient animals were infected intranasally
with 5x10% Streptococcus pneumoniae Serotype 3 strain PN36 and the inflammatory
responses were analyzed 24 h after infection (Fig.7A-E). Prior to preparation, HSA
was introduced into the circulation and the ratio of HSA in BALF/blood was used as
surrogate marker for damage of the epithelial-endothelial lung barrier (Fig. 7B). In
confirmation of previous studies??>230, both WT and Nlrp3-/- mice showed significant
increase in alveolar leakage. Importantly, the barrier dysfunction was significantly

enhanced in Nlrp3-/- as compared to WT animals. Interestingly, we observed no
significant differences in bacterial loads in the BALF and blood of WT and Nirp3-/-
animals (Fig. 7C, D).

Finally, to test whether the destabilization of the lung barrier function could be due
to difference in inflammatory cell recruitment to the lung, we measured by flow
cytometry the amount of recruited CD11b*Ly6G™ cells (as a percentage of all CD45*
cells) but detected no differences (Fig. TE). Altogether, 24 h p. i. we observed a defect
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in the maintenance of the alveolar membrane of Nirp3-deficient animals which was
not due to differences in lung bacterial loads, bacterial spreading or neutrophil

infiltration.
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Figure 7: NLRP3 protects the alveolar barrier during in vivo Streptococcus

pneumoniae infection

8-10 week old female mice were intranasally infected with 5x10¢S. pneumoniae PN36 for 24 h.
(A) Lung permeability was quantified by measuring the HSA BALF/serum ratio after i.v.
injection of HSA. Bacterial loads in BALF (B) and blood (C), as well as neutrophil infiltration
(E) were measured 24h post infection. Values are given as mean = SEM; n = 7-11. *p < 0.05,

**p < 0.01, n.s. = not significant.
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3. NLRP3 PROTECTS THE LUNG BARRIER DURING TREATMENT WITH
AEROZOLYZED PNEUMOLYSIN (PLY) IN ISOLATED MURINE LUNGS

So far, our data suggested a lung-specific function of NLRP3 for barrier protection.
Thus, we employed the IPML model which allows to study the effect of the
pneumococcal toxin pneumolysin (PLY) on isolated murine lungs (Fig. 8A). PLY is a
critical virulence factor of S. pneumonia which has been demonstrated to cause lung
barrier dysfunction!>-3>-62, Moreover, being a pore-forming toxin, PLY is a well-known
activator of the classical NLRP3 inflammasome!7>3-57.217. We used aerosolized PLY
and treated with it lungs of WT and Nlrp3-/- animals for 30 min (Fig. 8B). The lungs
were perfused, ventilated under negative pressure, and maintained in a chamber at
37°C to achieve conditions close to the physiological ones. To measure PLY -induced
permeability, HSA was introduced to the perfusion system and the concentration of

HSA that leaked into the broncho-alveolar space was measured by ELISA.

As previously described, PLY caused a very significant increase in alveolar
permeability compared to PBS-treatment?3’. Moreover, we observed a greater
alveolar leakage in PLY-treated Nlrp3-/- lungs as compared to WT. Surprisingly,
when examining the lungs of WT and Asc-/- animals we did not observe a similar
difference in barrier dysfunction (Fig. 8C). To exclude the possibility that the
observed effects on the lung barrier are due to a secondary mutation in the mouse
strain used, we examined lungs of an independently generated NLRP3 knockout
mouse strain (obtained from The Jackson laboratory) in the isolated lung model.
Similar to our results shown in Fig. 8A, we found that PLY-induced barrier
dysfunction was enhanced in Jax® Nirp3-/- mice (Nlrp3-/-J) compared to WT
controls (Fig. 8D).
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Figure 8: NLRP3 deficiency causes increased alveolar leakage upon PLY treatment

ex vivo.

(A) Scheme of isolated perfused and ventilated mouse lung model system (IPML). Isolated
lungs from WT, Nlrp3-/- (B), Asc-/- (C), as well as Jax® Nlrp3-/- (D) mice were treated
intratracheally with PBS or PLY (0.2 pg/lung). Lung permeability was determined 30 min
after stimulation by measuring leakage of HSA from the perfusion system to the broncheo-
alveolar space. Values are given as mean = SEM; n = 7-11. *p < 0.05, **p < 0.01, n.s. = not

significant.

Collectively, our data demonstrate that NLRP3 has a protective function in the
alveolar membrane maintenance upon pneumolysin treatment which is independent

of the inflammasome adaptor ASC.

46



4. NLRP3 ENHANCES LUNG EPITHELIAL BUT NOT ENDOTHELIAL
BARRIER FUNCTION UPON PNEUMOLYSIN TREATMENT

Based on our previous observations, we concluded that the increased pulmonary
destabilization in Nlrp3-/- animals can be attributed to a cell type/types that are
resident in the lung. It is known that the alveolar membrane is composed of epithelial
cells which lie in direct proximity to the endothelial cells composing the
microvasculature of the lung?3%. In addition, a specialized set of alveolar macrophages
roam the alveolar space and are involved in many early infection events. In an
attempt to define the alveolar cell type/types responsible for the NLRP3-dependent
alveolar membrane stabilization in the knockout animals, we optimized existing
methods for isolation of primary endothelial (MLECs) and epithelial (AECs) cells
from mouse lungs. We measured purity using CD144 as a specific marker for MLECs
and respectively CD326 for AECs. As seen on figure 9A and C, the purity of both cell
types was identical in WT and Nlrp3-/- (86% for MLECs, 98% for AECs).

To study stability of epithelial and endothelial monolayers, the isolated cells were
grown to confluent monolayers on golden electrodes and were analyzed by Electric
Cell-substrate Impedance Sensing (ECIS). The system allows for the measurement of
the impedance which is calculated from the changes in voltage between the
electrodes?3-240, In turn, the impedance can be separated into monolayer resistance
and cell capacitance. Whereas the resistance gives a numerical description of
monolayer permeability, the capacitance represents the coverage of the electrode. To
determine the difference in MLEC and AEC permeability, WT and Nlrp3-/- cells were
treated with PLY and resistance was measured continuously for at least 2 hours (Fig.
9C and D). Both cell types showed significant decrease in transcellular electrical
resistance immediately after toxin treatment. Interestingly, the endothelial cells
showed higher sensitivity to the toxin treatment but no difference between WT and
Nlrp3-/- cells. In the case of AEC however, we could observe that the knockout

monolayers showed significantly greater drop in resistance.
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These data suggested that the cause for the increased alveolar leakage in lungs of
NLRP3-deficient animals during PLY treatment or S. pneumoniae infection can be

attributed to the AEC barrier.
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Figure 9: NLRP3 protects the epithelial but not endothelial lung barrier upon PLY

treatment

(A) MLECs and AECs from WT (black line) and Nlrp3— /= (red line) mice were isolated and
their purities were determined by flow cytometry (A, B). MLECs (C) and AECs (D) were
grown on ECIS electrodes. The cell monolayers were treated with 1 p g/mL. PLY and
resistance was measured continuously for 2 h at 4000 Hz by ECIS. Values represent a mean of
at least 4 independent experiments performed in duplicates and are given as mean * SEM.
Statistical significance of the resistance drop was measured 30 min after PLY stimulation

(indicated by grey dotted line). * p < 0.05, * * p < 0.01, n.s. = not significant.
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5. THE PROTECTIVE FUNCTION OF NLRP3 IN LUNG EPITHELIAL CELLS IS
INDEPENDENT OF EPITHELIAL CASPASE-1/11 AND CANNOT BE
RESCUED BY WILD-TYPE ALVEOLAR MACROPHAGES

Up to now, the NLRP3 protein has been best known for its function as a sensor in the
NLRP3 inflammasome complex whose stimulation results in the proteolytic
activation of caspase-12*l. In order to test whether caspase-1 plays a role in PLY-
dependent lung epithelial damage, we compared WT and Caspl/11-/- AECs in the
ECIS system. As seen on Fig. 10A, we observed comparable drop in monolayer

resistance upon PLY treatment which pointed to caspase-1-independent function of

NLRP3.

In the context of the classical inflammasome, the function of NLRP3 and caspase-1
have been studied predominantly in cells of hematopoietic origin!®. Our results with
isolated AECs presented above already pointed towards an epithelial cell-intrinsic
function of NLRP3. However, to further exclude the possibility that small numbers
of contaminating alveolar macrophages (AM®s) were responsible for the NLRP3-
dependent epithelial barrier stabilization, we tested whether addition of WT AM®s to
NLRP3-deficient AEC monolayers could rescue the barrier function upon PLY
treatment. As expected, we did not see any barrier protective effect of WT AM®s on
the permeability of Nirp3-/- AECs (Fig. 10B), again suggesting that NLRP3 present
in the epithelium and not in the macrophages is responsible for the barrier protective

effects.
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Figure 10: AEC monolayer stability is independent of epithelial caspasel/11 and AM®

contamination

WT and Caspl/11-/- (A), as well as Nilrp3-/- AECs co-cultured with WT AM® (B) were grown
on ECIS electrodes and treated with 1 pg/mL PLY. Resistance was measured continuously
for 2 h at 4000 Hz by ECIS. Values represent a mean of at least 3 independent experiments
performed in duplicates and are given as mean * SEM. Statistical significance of the
*

resistance drop was measured 30 min after PLY stimulation (indicated by grey dotted line).

p <0.05, * * p <0.01, n.s. = not significant.
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6. NLRP3 PROTECTS THE LUNG DURING S.PNEUMONIAE INFECTION
INDEPENDENTLY OF THE CYTOKINES IL-1 AND IL-18

Our data suggested an inflammasome-independent function of NLRP3 in the lung
barrier protection. However, in order to substantiate this conclusion and since the
inflammasome-dependent cytokines have previously been implicated in the regulation
of mucosal barriers, we next tested the involvement of IL-1p and IL-18 in the lung

barrier protection.24>-244
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Figure 11: The protective effect of NLRP3 on the alveolar barrier is independent of

inflammasome-dependent cytokines.

(A, B). 8-10 week old female mice were intranasally infected with 5x10° S. pneumoniae PN36
for 24h. IL-p and IL-18 levels were determined in BALF by ELISA. (C, D) Permeability of
isolated perfused and ventilated lungs from WT, Illa/b-/- and Il18-/- animals was quantified
by the HSA ratio in BALF/blood. (E, F) AECs grown on gold electrodes were treated with 1
peg/ml PLY and resistance was measured continuously for 2 hours. Values represent a mean of
at least 4 independent experiments performed in duplicates and are given as mean + SEM *p

<0.05, **p < 0.01, n.s. = not significant.
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We first measured the concentration of IL-1p and IL-18 in BALF of WT and Nlrp3-/-
animals infected with S.pneumoniae for 24h (Fig. 11 A and B) and found no

differences at that time point which is in line with data reported earlier?”.

In an attempt to dissect the specific role of IL-1 family cytokines in alveolar barrier
function, we compared isolated lungs from WT, Ila/b-/- and Il-18-/- animals. Similar
to our experiments with Nlrp3-/- animals shown above, the lungs were treated with
PLY for 30 min and HSA leakage from the circulation was measured. We found that
neither IL-1B nor IL-18 had an effect on the barrier function upon PLY treatment
(Fig. 11C and D). Finally, isolated primary AEC cells from WT, Ila/b-/- and 1I-18-/-
mice were used and monolayer resistance was quantified by the ECIS system. Similar
to our results in mice in vivo and in IPML ex vivo IL-1B and IL-18 did not affect the

barrier function of AEC monolayer in vitro (Fig. 11 E and F).

Taken together, these data showed clearly demonstrate that NLRP3 protects the

lung epithelial barrier independent of the inflammasome-dependent cytokines IL-1

and IL-18.

7. THE EXPRESSION OF ADHESION MOLECULES BY ALVEOLAR
EPITHELIAL CELLS IS NOT AFFECTED BY NLRP3

The epithelial monolayer adhesion and stability has previously been shown to be
dependent on the expression of adhesion molecules. These molecules regulate not only
the cell-cell (e.g. claudins, e-cadherin, occludin, JAM-2, ZO-1) but also the cell-matrix

(e.g. integrins 05 and 1) interactions.
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Figure 12: mRNA expression of junctional and basolateral adhesion molecules in AEC

is not affected by NLRP3.

Monolayers of WT and Nlrp3-/- AECs were left untreated (-) or were treated with PLY(+) for
30 min (as the functional experiment above), and qRT-PCR was performed to analyze the
mRNA expression of junctional and basolateral adhesion molecules. Values represent a mean
of 5 independent experiments performed in triplicates and are given as mean = SEM *p <

0.05, **p < 0.01, n.s. = not significant.
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In order to get a hint about mechanisms underlying the protective function of
NLRP3 for the lung epithelial barrier, we isolated mRNA from WT and Nlrp3-/-
AECs and determined relative expression of a number of cell adhesion molecules (Fig.
12). Previous studies have shown that members of the claudin protein family and in
particular claudin 4 and 18 play an important role in alveolar permeability to solutes,
protein and ions?#-20, Our data showed no difference in the basal levels of claudins 3,
4 and 18. Similarly, levels of other classical junctional proteins such as e-cadherin,
occludin, JAM-2 and ZO-1 were also comparable. Finally, since the AECs were grown
on fibronectin-coated wells, we also measured the levels of integrins a5 and Bl (which
together act as a receptor for fibronectin binding) but again observed no changes.
Altogether, our analysis showed no difference in the basal mRNA expression of these

molecules in WT and knockout cells.

8. NLRP3 FACILITATES THE ATTACHMENT OF ALVEOLAR EPITHELIAL
CELLS TO THE EXTRACELLULAR MATRIX UPON PNEUMOLYSIN
TREATMENT

We next studied in greater detail the defect in epithelial adhesion in the Nlrp3-/-
AECs. For this purpose, we used a mathematical modeling feature of the ECIS
software that is able to discriminate between cell-cell and cell-matrix adhesion. The
feature is based on the model of Giaever and Keese239240  which assumes that
monolayer cells are disc-shaped objects composed of conducting electrolyte inner part
and insulating outer membrane. Thus, due to the insulating properties of the plasma
membrane, an electrical current passing through the monolayer would have only
three possible pathways: 1) between the basolateral cell membrane and the electrode
— denoted as the alpha parameter; 2) through the cell-cell junctions — denoted as the
Rb parameter; and 3) through the cells (unlikely unless the measurement is done as a

very high frequency) - denoted by Cm (Fig. 13A).

Since Cm (or membrane capacitance) is considered to be constant, Rb and alpha can

be used to describe the monolayer behavior. Using the ECIS software modeling tool,
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we analyzed the change in of these parameters in PLY-treated primary epithelial
cells. For simplicity we took the inverted values of the parameters, thus we considered
1/alpha as a measure of AEC basolateral attachment whereas 1/Rb stands for cell-cell

junctional stability.
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Figure 13: NLRP3 regulates epithelial monolayer quality by influencing cell

attachment

(A) Scheme of the components of cell monolayer stability used in the mathematical modeling
tool of the ECIS software after. AEC attachment (B), as well as junctional stability (C) upon
PLY treatment were determined by the fold change of the alpha (a) and Rb parameters. (B,
C) Values represent a mean of ten independent experiments performed in duplicates.
Statistical significance was measured 30 min after PLY stimulation (indicated by grey dotted
line). All data are given as mean £ SEM *p < 0.05, **p < 0.01, ***p < 0.001, n.s. = not

significant.
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The modeling revealed that upon toxin treatment, Nirp3-/- AEC monolayers show
significantly increased detachment compared to WT cells (Fig. 13 B and C).
Interestingly, the junctional stability of both WT and knockout monolayers was
comparable. Next, in order to confirm the effect of NLRP3 on the AEC attachment
by a complementary method, we performed Total Internal Reflection Fluorescence
(TIRF) microscopy (Fig. 14). For this purpose, AECs were grown on glass-bottom
slides, labeled with fluorescent membrane dye and treated with PLY. The decrease of
mean fluorescence in the 200 nm evanescent field was used as a measure of cell

detachment.

Our results again confirm the effect of NLRP3 on AEC adherence, as PLY -dependent
detachment was enhanced in NLRP31-deficiency in AEC (Fig. 14). Collectively, our
data indicate that NLRP3 protects the lung epithelial barrier by enhancing the

basolateral attachment of AECs.
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Figure 14: Nlrp3 deficiency in AEC enhances detachment upon PLY treatment

AECs were stained with the membrane dye DiO and subsequently subjected to TIRFM life
imaging. Pictures were taken at 30 min after adding medium without (—) and 45 min after
changing media containing PLY (1 pg/ml). (A) Representative DiO-TIRF and DIC images
are shown. (B) Particle analysis was performed from four fields from two independent
experiments and values were normalized to cell numbers and average control values. Data
represent the mean of three independent experiments. All data are given as mean £ SEM

*p <0.05, **p <0.01, n.s. = not significant.
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9. THE FUNCTION OF NLRP3 IN EPITHELIAL BARRIER MAINTENANCE
IS NOT DEPENDENT ON DIFFERENCES IN CELL DEATH

Finally, since the classical inflammasome activation is also associated with cell death,
the next logical question was whether differences in cell death could explain the
increased detachment of NLRP3-deficient AECs?5-253, We studied this using three
different methods for cell death determination (Fig. 15). Under the tested conditions,
we observed a moderate increase in apoptotic and/or necrotic epithelial cell death
upon PLY treatment which was around 20% higher than in the untreated control
cells. However, we did not observe any difference between WT and Nlrp3-/- AECs
upon PLY treatment. Thus, NLRP3-dependent lung epithelial barrier stabilization

seems to be independent of cell death regulation.
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Figure 15: NLRP3-dependent AEC monolayer stabilization does not seem to be due

to altered cell death response

Cell death of WT and Nlrp3-/- AEC treated for 30 min with PLY (1 pg/ml) was measured by
LDH release (A), Sytox staining (B) and AnnexinV staining (C). (A-C) Data represent the
mean of three independent experiments. All data are given as mean = SEM *p <0.05,

**p <0.01, n.s. = not significant.
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111 — Discussion

1. SUMMARY

Bacterial pneumonia caused by S. pneumoniae often results in a dangerous
destabilization of the alveolar membrane which can even lead to the development of
ALI/ARDS. The increased alveolar permeability is associated with barrier
dysfunction of the lung epithelial and endothelial cells, as well as with inflammatory
cell recruitment. In order to respond appropriately to the threads posed by the
bacterium, the host innate immune system has a plethora of detection mechanisms at
place. One of the main virulence factors of S. pneumoniae responsible for barrier
destabilization is pneumolysin (PLY)?!7237, This pore-forming toxin is sensed by the
NLRP3 inflammasome complex?!7254.255 The function of NLRP3 has been studied
extensively in cells of myeloid origin. However, little is known about its functions in

epithelial or endothelial cells during infection.

In the current study, we set up to investigate the role of the NLRP3 inflammasome in
lung barrier protection during pneumococcal pneumonia. In in vive infection
experiments with animals with equalized microbiota, we observed significantly
increased alveolar permeability in Nlrp3-/- mice as compared to WT. Interestingly,
this effect was independent of cell recruitment, lung bacterial loads and bacterial
dissemination in the blood. This suggested that the protective function of NLRP3 is
localized to the lung and is perhaps independent of cues originating from the
circulation. In line with this, subsequent ex vivo experiments with PLY-treated
murine lungs once again showed greater alveolar leakage in NLRP3- but not in ASC-
deficient animals. In order to shed light on the NLRP3-dependent protective effects,
we isolated lung epithelial and endothelial cells and studied monolayer permeability
in response to PLY. While WT and Nlrp3-/- endothelial cells showed comparable
response, NLRP3-deficiency affected the lung epithelial monolayers independently of

alveolar macrophages. This epithelium-specific NLRP3 function was also
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independent of caspase-1/11 and of the inflammasome-related cytokines IL-1f and
IL-18. Furthermore, my results suggest that the effect was not due to differences in
expression of basolateral and junctional adhesion molecules or cell-cell contact
weakening. Instead, through mathematical modeling and TIRF microscopy
approaches, we observed that upon PLY treatment, Nirp3-/- epithelial cells presented
increased monolayer detachment which was not due to increased cell death.

In conclusion, this study reveals a novel protective role of NLRP3 in alveolar barrier
maintenance during pneumococcal pneumonia which is independent of classical

inflammasome function.

2. INFLAMMASOMES AND THE MICROBIOTA

In recent years, it was shown that gut microbiota and the immune system mutually
shape each other in order to establish stable relationship between the microorganisms
and the host?30-233.256-262 . On one hand, the microbiota affects the immune pathways
in the intestine, as well as the immune responsiveness at distant body sites. In line
with this notion, numerous studies have shown that microbiota depletion results in
worse outcome after respiratory bacterial or viral infection?03-208, Yet on the other
hand, the immune system has also been reported to affect the bacterial composition of
the gut?0927, Previous experiments with Nlrp3-/- mice have suggested a protective
role of NLRP3 in murine models of colitis or colon cancer2’>277, However, this
phenotype was milder than that observed in Asc-/- and Caspase-1-/-, suggesting that
there is perhaps another inflammasome (e.g. the NLRP6 inflammasome) which could
promote gut barrier protection®’®270, Subsequently, it was discovered that deficiencies
in inflammasome components (NLRP3, NLRP6, ASC, IL-18) could cause the
outgrowth of pathogenic bacteria resulting in aberrant microbial gut composition
which thus leads to disease development?31-271-273.279 " Remarkably, it was also shown
that this dysbiotic microbiota could be transferred from knockout to WT animals
during co-housing, which in turn lead to transferable disease succeptibility?31,234.280-283,

In order to exclude potential effects of microbiota changes on the lung barrier
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function, we therefore housed together WT and Nlrp3-/- mice to equalize their
microbiota.

We compared the shifts in the microbota of WT and NLRP3-deficient animals via
Unifrac distance analysis?®*. This method has been used widely used as an effective
distance metric for complex bacterial community examination. Our data showed that
co-housing causes significant decrease in gut microbiota variations in WT and Nlrp3-
/- mice as compared to that of separately housed animals. Previous studies have
attributed positive and negative effects of specific bacterial species found in the gut.
For instance, some Lactobacillus strains were shown to reduce intestinal epithelial
permeability by promoting of junctional stability?®®. In line with these data,
peptidoglycan-dependent TLR2 signaling strengthened epithelial tight junctions and
reduced cell death?80-287, Moreover, another study has reported that NLRP6-deficient
animals have higher levels of the disease-associated TM7 and Prevotellaceae species?3!.
Yet, our data for WT and Nlrp3-/- mice showed virtually unchanged levels of
Lactobacilales and very low levels of TM7 and Prevotellaceae. These variations in the
reports are possibly due to differences in the housing conditions of the animals.
Altogether, all animals had a normmal gut microbiota dominated by the two major
phyla, Bacteroidetes and Firmicutes. However, co-housing indeed resulted in
increased similarity of the microbiota composition in WT and Nirp3-/- mice. The use
of co-housed mice in our experiments thus reduced the likelihood that the observed

differenced in barrier function were caused by variations in the microbiota.
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3. NLRP3-DEPENDENT PROTECTION MECHANISMS IN THE LUNG

Having ensured that our test animals have an equalized gut microbiota, we went on
further to examine the role of NLRP3 in the lung during in vive pneumococcal
pneumonia. A number of previous studies have already highlighted functions of the
classical NLRP3 inflammassome in respiratory infections?!7-288-293, The consensus idea
that emerges suggests that, due to its central role as innate immune response
regulator, the NLRP3 inflammasome activation can have not only deleterious but

also protective functions.

3.1. THE PROTECTIVE FUNCTION OF NLRP3 IS INDEPENDENT
OF ASC, IL-13 AND IL-18

In this study we confirmed our previously published data showing significantly
greater alveolar leakage in Nlrp3-/- mice after a 24h infection with 5x10% CFU as
compared to their WT counterparts?!’. This protective effect seemed independent of
neutrophil recruitment, bacterial killing and tissue dissemination as bacterial
numbers in the lung and blood, as well as leukocyte recruitment were similar in WT
and knockout mice. Beneficial roles of NLRP3 have been previously reported. For
instance, in an infection with group B streptococci (GBS), Nlrp3-/-, Asc-/-, and Casp-
1-/- animals were more susceptible to the infection?’*. The activation of the NLRP3
inflammasome in DCs was dependent on the expression of a B-hemolysin and resulted
in the production of IL-1f. Similarly, another study showed that NLRP3, ASC and
caspase-1 deficiency caused higher susceptibility to Burkholderia pseudomaller lung
infection attributed again to reduced secretion?”>. However, the above mentioned
studies describe cytokine-dependent antibacterial effects rather than barrier function-

related mechanisms observed by us in the current work.

The importance of IL-1PB but also of IL-18 in the early stages of streptococcal and
pneumococcal infections have been pointed out in numerous studies?!8-220.296-299_ For

instance, IL-1p has been shown to play critical role in the recruitment of neutrophils
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and macrophages during infection — a vital early step in the initiation of systemic
response to S. pneumoniae3’-392, 11-1f has also been shown to limit S. pneumoniae
dissemination from the lung via the induction of fibrinogen expression and localized
coagulation events3%. In addition, the other inflammasome-regulated cytokine IL-18
was also reported to play a role mainly in the stimulation of NK cells and the
induction of IFN-y signaling?94.304-308_T] -18-deficiency was also shown to cause higher
susceptibility to pneumococcal pneumonia in mice?!8. Yet, in contrast to these
reports, the protective effect of NLRP3 on the barrier function observed by us was
independent of the inflammasome-related cytokines. In order to test if the NLRP3-
dependent effects were mediated by classical inflammasome components and
downstream mediators, we examined permeability in lungs of Illa/b-/-and [118-/- and
in epithelial monolayers from Caspl/11-/-, Il1a/b-/-, I118-/- animals. Our data showed
no differences between WT and the compared knockouts in either lung or epithelial
barrier functions. Moreover, we compared IL-1B/IL-18 levels in BALF of WT and
Nlrp3-/- animals 24 h. p.i.. The similar cytokine levels measured in WT and Nirp3-/-
animals suggested that perhaps other inflammasome complexes could be also
responsible for their induction during pneumococcal infection. In line with this
notion, it has previously been shown that AIM2-deficient macrophages produce lower
cytokine levels in response to infection pointing to a role of the AIM2 inflammasome
in S.pneumontiae detection®”-308:309  Altogether, whereas IL-1f and IL-18 play
important role in pneumococcal infection, the data presented here suggest that the
protective effect of NLRP3 on the barrier function is independent of their release and

of caspase-1/11 action.

In addition to regulating IL-1P and IL-18 production, another characteristic feature
of all cannonical inflammasomes is their employment of ASC as adaptor molecule.
Since NLRP3 is best known for its role as an inflammasome-forming sensor we went
on further to test the response of ASC-deficient animals to PLY in the isolated lung
system. Surprisingly, Asc-/- lungs responded similarly to the WT ones, suggesting
that the role of NLRP3 in guarding the alveolar barrier is independent of the classical
inflammasome complex. Interestingly, a few previous studies have also reported

ASC- and inflammasome-independent functions of NLRP3270:310-313, For instance,
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NLRP3 has been shown to contribute to renal ischemia-reperfusion injury
independently of ASC, IL-1B and IL-18%10, Inflammasome-independent NLRP3 was
shown to promote the epithelial-mesenchymal transition of kidney epithelial cells via
enhanced TGF-B signaling and R-Smad activation®3. More recently, NLRP3 has also
been demonstrated to have an inflammasome-independent function in neutrophils

during F. tularencis lung infection?™.

Altogether, the results presented by us up to now point to a hitherto unknown
protective function of NLRP3 for alveolar barrier function of the lung during
pneumococcal pneumonia in vive and during PLY-stimulation ex vivo. Importantly,

this function independent of the adaptor molecule ASC and of IL-1p/IL-18.

3.2.  PLY - A CENTRAL NLRP3 ACTIVATOR

PLY is a major virulence fator of S. pneumoniae3’-4850-56, Indeed, in rats, PLY-
induced lung injury in vive was shown to result in histologic features resembling
pneumococcal lung infection3'*. Moreover, we previously observed that early-onset
lung injury was primarily associated with the release of PLY5%>. Our lab and others
previously showed that PLY activated the NLRP3 inflammasome?*297:315 |
therefore examined the role of NLRP3 in lung barrier function in PLY-treated
isolated lungs. The results described in the present work showed that a 30 min
treatment with PLY caused dysfunction whih was significantly enhanced in the lung
of Nlrp3-/- animals compared to wild-type. Importantly, these results were confirmed
in a second independently-bred Nirp3-/- mouse line suggesting that the observed
barrier dysfunction is caused by the lack of NLRP3 and not by an unrelated

mutation in our knockout mice.

An important issue in the response to pore-forming toxins like PLY is that their
action is different dependent on the used dose. Whereas at high lytic concentrations

PLY forms large membrane pores and cell death, sublytic concentrations were shown

63



to affect important signaling events in lung-resident cells36. Thus, we calibrated the
amount of toxin used in the ex vivo and in vitro experiments to the theoretical levels
released 24h after S. pneumoniae infection. For all in vivo experiments, we used an
infection dose of 5x10° S. pneumoniae and observed approx. 1 — 5x107 CFU/ml BALF
24 h p.i.. We do not know the exact amount of PLY which is released in vivo but in
previous in vitro experiments in our department, we have determined that a CFU of
approximately 1x10% have a total hemolytic activity of about 250 hemolytic units,
which compared to the hemolytic activity of 1.25 pg recombinant PLY.
Approximately 10-20% of the pneumococcal hemolytic activity was detected in cell
supernatant, which corresponds to the range of concentration of recombinant PLY
tested by us. We therefore believe that the PLY concentration in murine lungs 24 h

p.i. may well correlate to the PLY doses aerosolized in the isolated lungs.

3.3.  EPITHELIAL CELL-INTRINSIC NLRP3 MEDIATES BARRIER
FUNCTION

In the following in vitro experiments with PLY-treated lung cells we attempted to
define the cell type which is affected by NLRP3 deficiency during barrier protective
events. I first examined monolayers of primary MLECs from WT and Nirp3-/-
animals in the ECIS system and saw no significant difference in their response to
PLY. Interestingly, the NLRP3 inflammasome has been attributed an endothelial-
intrinsic function in a study of hemorrhagic shock (HS)3'7. HS is a condition known to
promote acute lung injury via exaggerated immune response. In this previous study,
the authors showed that the detection of extracellular HMGBI1 stimulates endothelial
NADPH oxidase which leads to ROS production and subsequent NLRP3
inflammasome activation3!'”. Yet, data about other endothelial NLRP3 functions are
scarce. In contrast, a number of PLY-dependent mechanisms controlling endothelial
hyperpermeability have been identified up to date. For instance, studies performed in
our department and by others have previously shown that PLY is able to induce Ca2*
influx and platelet activating factor (PAF) production which then lead to

thromboxane release31®319.  The increased levels of Ca2* and the binding of
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thromboxane to its receptor have also been reported to activate protein kinase C
alpha (PKCa)-dependent myosin light chain kinase (MLCK) activation signaling. The
resulting phosphorylation of myosin light chain in turn causes actin-myosin
cytoskeletal contraction leading to disruption of adherens junctions and to increased
permeability32?. In addition, Rho-kinase signaling, ROS and VE-cadherin
reorganization have also been reported to be involved in the PLY-dependent lung

endothelial dysfunction?®.5>-318,

Since we saw no difference in the response of WT and Nlrp3-/- endothelial cells, we
went on further and optimized existing methods for AEC isolation. In in wvitre
permeability experiments with AEC monolayers we could observe a significantly
increased barrier dysfunction in Nirp3-/- AECs as comparted to WT cells. The purity
of the epithelial cultures was of particular importance since it was conceivable that
the lack of NLRP3 activation in a small population of contaminating macrophages
could have been responsible for the enhanced permeability of Nirp3-/- cells.
Macrophages can, for instance, produce ROS, lipid mediators, and cytokines which in
turn could have affected the epithelial cells. Indeed, PLY has been previously
reported to induce ROS and stimulate NO production and NO-mediated bacterial
killing in alveolar macrophages3?1-323, In addition, lipid mediators such as lipoxin A4
and B4 produced by alveolar macrophages could also modulate the epithelial barrier
function3?432>, Finally, small amounts of inflammasome-dependent or -independent
cytokines could also influence the behavior of the epithelial monolayers. Thus, to
confirm that the observed NLRP3-dependent barrier protection is not due to alveolar
macrophage contamination, we performed co-culture experiment with alveolar
macrophages and saw virtually no influence of the added cells. This result once again

pointed to an epithelial-specific role of NLRP3 for barrier integrity.
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3.4. EPITHELIAL BARRIER MAINTENANCE MECHANISMS AND
THE ROLE OF NLRP3

Our results up to now prompted us to analyze the various mechanisms of epithelial

barrier maintenance and the possible involvement of NLRP3 in them.

There is only a limited number of papers suggesting a role of the NLRP3 in
pulmonary epithelium. For instance, Allen et al. showed that the NLRP3
inflammasome played a protective function during IAV infection. The authors
reported that infected human airway epithelial cells in culture were able to produce
mature IL-1B and that intranasal challenge of Nlrp3-/- and Asc-/- animals with TAV
resulted in increased susceptibility3?. Moreover, in a study of sterile inflammation in
human epithelial line BEAS-2B it was shown that cristobalite silica can induce the
activation of a functional NLRP3 inflammasome. This in turn was related to the
release of basic fibroblast growth factor (bFGF) and to subsequent fibroblast
proliferation3?7.

Specific functions of NLRP3 have previously also been analyzed in epithelia found at
other body sites such as in the eye, intestine, kidneys, cervix and the skin. For
example, S. aureus infection of conjuctival goblet cells was shown to induce the
expression of inflammasome components and lead to ATP-dependent caspase-1
activation and IL-1P secretion3?. NLRP3 inflammasome activation might also play
an important role in the intestinal epithelium. In infection experiments with C.
rodentium, Nlrp3-/-, Asc-/-, Caspl-/-, as well as Nlrc4-/- animals presented higher
bacterial colonization, weight loss, and inflammation as compared to their WT
counterparts329-331, Further experiments with bone marrow chimera animals showed
that surprisingly the protective effect of NLRP3 and NLRC4 against infection was
due to their activation in non-hematopoietic cells such as the epithelial cells and not

in leukocytes330-331,

Yet, even though the few above mentioned studies describes NLRP3 functions within
non-hematopoetic cells, even less is known about the impact of NLRP3 on the barrier

function of epithelial cells. Zaki et al. had reported that in Nirp3-/-, as well as Asc-/-
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and Caspl-/- animals were more susceptible to dextran sodium sulfate (DSS)-induced
colitis. This was due to loss of gut epithelial integrity which was caused by lower IL-
18 levels?’6. Whereas in this instance the protective role of the inflammasome was due
to its classical caspase-1 dependent cytokine production, in a study of renal epithelial
injury, the authors presented evidence for a direct function of NLRP3 independent of
the inflammasome332. In the latter study however, NLRP3 deficiency seemed to be
protective during renal injury. Since both of the aforementioned roles of NLRP3 did
not fit with our data, we delved deeper into the possible mechanisms of NLRP3-

dependent epithelial barrier maintenance.

3.4.1. The role of junctions
Both in health and disease, the dynamic regulation of cell adhesion events, junctional
stability, as well as trans- and paracellular ion permeability are among the central
determinants of lung epithelial integrity. In search for the possible mechanisms of
NLRP3-dependent protective effect in epithelial barrier, we measured gene
expression of a number of tight junction adhesion molecules known to be important
for monolayer stability. In addition to studying the classical epithelial molecules e-
cadherin, occluding, JAM-A and Z0O-1, we also measured claudin 3, 4, and 18 which
were previously reported to be essential for epithelial barrier function in the lung333.
In particular, differential expression of claudins was previously shown to play a
fundamental role in paracellular permeability334336, Interestingly, claudins from
adjacent cells were reported to form small paracellular pores (0.3 nm) which function
as un-gated ion channels337-33%. Moreover, claudins were also shown to influence the
transport of macromolecules. Our data however showed no difference in the basal
expression of any of the tested molecules. These data were also in line with the
mathematical modeling of the Rb parameter (representing junctional permeability)
via the ECIS software. Moreover, via confocal microscopy and FACS, we examined
some of the major adhesion molecules on PLY-treated WT and Nlrp3-/- AECs but
could not detect any measurable difference (data not shown). Thus, I concluded that
the observed protective function of NLRP3 was perhaps not related to cell-cell

junctional stability.
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In contract to the Rb which was unaffected by NLRP3, the mathematical modeling
of the ECIS data indicated a very significant difference in the cell attachment
parameter (alpha). This suggests that the increased permeability of NLRP3-deficient
AECs might be attributed to reduced interaction not between adjacent cells but
rather between their basal membrane and the extracellular matrix. This prediction
was confirmed by TIRF microscopy which we used as means cell attachment
analysis. Since AECs were grown on fibronectin-coated wells, we hypothesized that
the weaker monolayer attachment can be due to reduced levels of the adhesion
molecules responsible for interactions with this matrix protein. The integrin a5B1 is a
known receptor for fibronectin and has also been shown to directly interact with the
pore-forming toxin o-hemolysin and to even be involved in NLRP3 inflammasome
activation30-342, However, we did not observe differences in gene expression of
integrins a5 and Bl suggesting the involvement of another mechanism. Together, I
could show that NLRP3 affects the attachment of AEC monolayers to the
extracellular matrix (in particular fibronectin) which might be responsible for the
enhanced lung barrier dysfunction of NLRP3-deficient animals in response to S.
pneumoniae infection or PLY challenge. The molecular mechanisms underlying the

NLRP3-mediated increase in adherence of AECs, however, remains to be elucidated.

3.4.2. The role of cell death
This study uncovered a novel inflammasome-independent role of NLRP3 for alveolar
epithelial barrier protection in response to PLY treatment. A possible explanation for
the enhanced barrier dysfunction in Nirp3-/- epithelial monolayers could have been
increased cell death in the NLRP3-deficient as compared to the WT epithelial cells.
However, this possibility was ruled out by three independent cell death analysis
techniques that did not reveal any difference between Nlrp3-/- and WT epithelial
cells. Whereas all methods showed an increase of cell death upon PLY treatment,
there was virtually no difference in the response of PLY-treated WT and Nirp3-/-
cells. Interestingly, whereas the percentage of Sytox® and Annexin V positive cells
was significantly higher in PLY-treated cells, the increase in LDH release was not

significant at the same time point and toxin dose. These data could potentially be
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explained by the different mechanisms of the three methods. Sytox® is a small DNA
dye which is able to penetrate even weakly compromised lipid membranes and can be
used as a marker of early apoptotic events3#3. Similarly, Annexin V is also a marker
for early cell death events by its function as a phosphatidylserine (PS)-binding
protein3#. In normal conditions, PS is located exclusively at the cytoplasmic site of
the plasma membrane but upon cell damage, it is exposed to the external cellular
environment and can thus be detected. In contract to these two methods, the release
of LDH from cells is considered to be a measure of a later cell death
events(cytotoxicity and cytolysis)3®. Due to its size, the release of this cytosolic
enzyme requires greater membrane permeabilization related to the formation of larger
pores. The fact that in our hands the LDH release was not significantly enhanced in
PLY-treated cells showed once more that the used toxin concentration was sublytic

and that the primary AECs presented only signs of early apoptosis.

The increase in barrier dysfunction in Nlrp3-/- AEC as compared to WT AEC already
30 min after PLY challenge suggests that the observed effect is perhaps due to an
early and rapid cellular response, independent of gene expression. Such an event could
be due to ion flux, cytoskeleton rearrangements or improper function of a basolateral

adhesion molecule.

3.4.3. The role of tons
The earliest consequence of pore formation is undoubtedly the increased permeability
of the plasma membrane to ions such as K* and Na* and the resulting variations in

cytoplasmic ion composition34S.

Ion fluctuation is a result of pore-forming toxin action, as well as an activator of the
NLRP3 inflammasome. Moreover, it might also be possible that ion flux is involved
in the barrier-protecting effects of NLRP3. Interestingly, caspase-1 has been shown
to activate sterol regulatory element-binding proteins (SREBPs) — known to play a
central role in lipid biogenesis and cell survival®*?. This mechanism could be

interesting also in our context, where the lack of NLRP3 could be causing lower
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SREBP activation and thus impaired membrane resealing after PLY damage. In
contrast, another study of exaggerated activation of SREBP proteins in alveolar
epithelial cells was shown to cause pulmonary lipotoxicity3*®. While the increased
barrier dysfunction we observed in Nirp3-/- AECs was independent of caspase-1, the
difference in permeability could still be caused by deregulated SREBPs or other
proteins of the lipogenic pathways. This could result in alteration of the general
composition of plasma membranes and to their response to toxins. Indeed, PLY is a
cholesterol-binding protein and its activity would possibly be altered by the difference

in membrane lipid composition349-353,

In addition to K* efflux, Na* (but not CI- influx) was shown to correlate with NLRP3
activation!’0. It has been reported that Na+ influx can modulate NLRP3 activity
even though it was not a strict requirement for inflammasome activation. A proper
ion transport across the epithelium was also shown to be an important component of
pulmonary edema resolution caused by conditions such as pneumonia3>435, The
clearance of alveolar fluid has also been reported to be largely dependent on the Na+
concentration gradient. During the clearance process, Na* was shown to be
internalized via apical the epithelial sodium channel (ENaC) channels and to be
secreted by basolateral Na*/ K+ ATPases to the interstitial space3*0-360, Interestingly,
cell wall component of the bacterium Leptospira interrogans were reported to inhibit
the expression and function of the Na*/ K* ATPase pump which in turn led to

NLRP3 inflammasome activation3°!,

Several hemolytic toxins have been described in L.interrogans however the hypothesis
that injected or pore-forming hemolysins could play a role needs further
elucidation32-304, In relation to our results, it is conceivable that Nlrp3-/- epithelial
cells could also have altered expression or function of basolateral Na*/ K* ATPase
which cause deficiencies in their response to PLY. However currently there is no data

confirming such a theory.
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3.4.4. The role of the cytoskeleton
Another possible way in which NLRP3 could be involved in the stabilization of the
barrier function is through modulation of the cytoskeleton of the cell. A study by
Misawa et al. showed the involvement of microtubule (MT) dynamics for NLRP3
activation. The authors reported that inhibitors of tubulin polymerization such as
colchicine and nocodazole suppressed NLRP3 inflammasome functions in response to
nigericin and MSU36. They went on to describe a mechanism mediated by dynein in
which MTs facilitate the transport of ASC on mitochondria to NLRP3 on the ER in
response to NLRP3 inducers. Moreover, they showed that MT-mediated transport
was related to o-tubulin acetylation status which was controlled by the
acetyltransferase MEC-17 and the deacetylate sirtulin 2. Whereas a number of
bacterial toxins have been shown to modulate actin dynamics, not much is known
about their ability to affect MT stabilization3. Interestingly, Iliev et al. have
reported that PLY is able to induce extensive MT stabilization and bundling in
cholesterol-dependent but macropore-independent manner36?. Integrating these data
with ours, it is conceivable that the lack of NLRP3 in AECs could be hampering the
transport on MTs which in turn could result in a greater destabilization of the
cytoskeleton and the overall attachment ability of PLY -treated epithelial cells. Yet,
further research is required to prove or disprove the hypothesis of a possible link
between PLY-dependent MT stabilization and NLRP3 in the epithelium. The newly
identified NLRP3 regulator NEK7 has also been shown to play a role in M'T dynamic
instability and was shown to phosphorylate a- and B-tubulin in vitre3%8:36°, In
addition, its related family member NEK3 was shown to be involved in MT
acetylation®™. Yet, further experiments with nigericin-treated macrophages showed
that NEK7 perhaps does not act upstream of tubulin acetylation??. The involvement
of MTs in early NLRP3 activation has been hinted, however further research is

required to determine its role in epithelial-specific NLRP3 function.

In addition to its effect on MTs, PLY has also been reported to induce the rapid
activation of Rho and Rac GTPases known to be central regulators of actin
dynamics3”l. Yet, whereas the pyrin inflammasome is emerging as a guardian of the

actin cytoskeleton3’>-377, barely any studies point to an involvement of actin in the
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NLRP3 regulation37®3%, 1 also did not observe an apparent difference in actin

dynamics in WT and Nirp3-/-AECs (data not shown).

Interestingly, a recent study suggested the involvement of the intermediate filament
protein vimentin in NLRP3 signaling in the lung?#3. The study showed that vimentin-
deficient animals were protected against lethal LPS challenge, bleomycin-induced
acute lung injury and asbestos-related inflammation suggesting an important role of
vimentin in systemic inflammatory responses dependent on the NLRP3
inflammasome signaling. Moreover, the authors could show that the regulating effect
was due to a direct interaction between vimentin and NLRP3 in macrophages?#3. As
an important component of focal adhesions of adherent cells, vimentin is an
interesting protein which not only bridges actin and membrane-bound adhesion
molecules (e.g. integrins) but is also involved in their recycling from the plasma
membrane380-383, It has also been shown to be sufficient and required for would repair
and remodeling in alveolar epithelial cells334. Yet, the involvement of these molecules

in the NLRP3-mediated alveolar barrier function requires further investigation.
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4. FUTURE EXPERIMENTS

Our current study contributes to the understanding of non-inflammasome functions
of the NLRP3 proteins while at the same time leaves a lot of unanswered questions.
For instance, it would be interesting to perform an in-depth analysis of the differences
in cytoskeletal and basolateral adhesion molecule dynamics in WT and NLRP3-
deficient cells. In this way we could examine whether NLRP3 affects, for example,
microtubule or intermediate filament localization and function in epithelial cells
which could in turn cause the differences in monolayer attachment upon PLY
treatment. Moreover, NLRP3 could also affect the trafficking and activation of
surface adhesion molecules which could futher influence epithelial barrier function. It
would also be interesting to check whether the composition of the lung extracellular
matrix in Nlrp3-/- animals varies from that of their WT counterparts which could
further contribute to the barrier dysfunction observed in vivo. Since ion flux seems to
be the central activator of NLRP3, it would also be interesting to compare the
responsiveness of ion receptors/channels in WT and Nilrp3-/- AECs. In addition, to
prove the epithelial-specific role of NLRP3 for barrier function during in vive
pneumococcal pneumonia, future studies should examine the lung barrier function in
bone-marrow chimera animals, as well as with epithelial-specific NLRP3 knockout

mice.
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5. CONCLUSION

Although the NLRP3 inflammasome is predominantly studied in immune cells, an
increasing body of evidence points to additional function of the inflammasome
components in cells of non-hematopoietic origin. In the current work, I could show
that NLRP3 plays a protective function for the barrier function of the alveolar
epithelium during pneumococcal pneumonia and treatment with the bacterial toxin
PLY. The NLRP3-mediated barrier protection is independent of the inflammasome
complex and of IL-1B and IL-18. Instead, the results presented indicate that NLRP3
enhances the attachment of lung epithelial cells.

In the future, studies of the controlled stimulation of NLRP3 could give rise to

therapies focusing on lung barrier stabilization during pneumonia.
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1V — Materials and Methods

1. BACTERIAL CULTURE

Streptococcus pneumonia strains D39 and PN36 (NCT7978) were cultured as described
previously?!’. Bacteria were stored in glycerol stocks (10%) in THY medium at -80°C.
Prior to use, the bacteria were plated on Columbia blood agar plates (containing 5%
sheep blood) and were grown at 37°C and 5% COz for 8 h (for strain PN36) and 12h
(for strain D39). Single colonies were transferred into THY medium and were grown
to an OD = 0.2-0.4 (37°C, 5% CO2). After reaching the required OD range, the liquid
cultures were centrifuged (2700 g, 10 min, 4°C) and resuspended in PBS or an
appropriate cell culture medium. Bacterial concentration was calculated assuming
that in this OD range ODgoo = 0.1 corresponds to 1X108 CFU/mL.

For in vitro experiments, the S. pneumoniae serotype 2 strain D39 was used38-38, In
vivo murine infections were made using the serotype 3 strain PN36. Both strains were
kindly provided by Prof. Sven Hammerschmidt (Ernst-Moritz-Arndt-Universitit

Greifswald, Germany).
2. MICE

Nlrp3-/-, Asc-/-, IL-18-/- and wild-type (WT) animals were bred in the animal facility
of the Charité Universititsmedizin Berlin - Forschungseinrichtungen fiir
experimentelle Medizin (FEM). Nilrp3-/- were originally provided by Prof. Jiirg
Tschopp (University of Lausanne, Switzerland). Asc-/- mice were originally provided
by Prof. Vishva Dixit (Genentech, USA) and IL-18-/- mice were provided by Dr.
Markus Heimesaat (Charite Universitatsmedizin Berlin). Ila/b-/- and Caspl/11-/-were

kindly provided by Biarbel Raupach (Max Planck Institute for Infection Biology,
Berlin).
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All animal experiments were approved by institutional (Charité -
Universitatsmedizin Berlin) and governmental animal welfare committees (LAGeSo

Berlin; approval IDs G0177/13, T0013/11, T0014/12). All mice used were on C57BL/6

background, 8 - 10 weeks old and female.

3. MURINE PNEUMOCOCCAL PNEUMONIA MODEL

3.1. INFECTION OF MICE

Infection of mice was performed as described previously?!?. Mice were anesthetized by
intraperitoneal (i.p.) injection of 80 mg/kg ketamine and 25 mg/kg xylazine and were
transnasally inoculated with 5x10¢ CFU S. pneumoniae serotype 3 (PN36;
NCTC7978) in 20 pl PBS per mouse. The control groups were treated with 20 ul PBS.
Mice were sacrificed 24 h post infection (p.i.). At the end point of the experiment,
mice were anesthesized (160 mg/kg ketamine, 75 mg/kg xylazine), heparinized (60 pL
12,500 I.E.) and sacrificed by final blood withdrawal. The blood was centrifuged
(1500 g, 10 min, 4°C) and the serum was collected. All samples and organs of interest
were collected and used for further analysis or were frozen in liquid nitrogen and

stored at -80°C.

3.2. BRONCHO-ALVEOLAR LAVAGE OF MURINE LUNGS

After sacrifice, mice were tracheotomized, ventilated and perfused with sterile 0.9%
NaCl via the pulmonary artery for 3 min using an IPML (isolated perfused and
ventilated mouse lung) system. Broncho-alveolar lavage (BAL) was performed two
times with PBS supplemented with protease inhibitors (1 tablet/10 mL). The two
brocho-alveolar lavage fluid (BALF) fractions were centrifuged (425 g, 10 min, 4°C)
and the resulting supernatants were collected separately. The two cell pellets were

combined and used for cell recruitment analysis.
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3.3 DETERMINATION OF BACTERIAL LOADS

Bacterial loads were determined in BALF and blood by preparing serial dilutions (up
to 1:10%) from the first BALF fraction and whole blood. The dilutions ware plated on
blood agar plates and incubated (37°C, 5% CO32) overnight. Colony-forming units
(CFUs) were counted on the following day.

3.4 DETERMINATION OF LUNG PERMEABILITY

To estimate lung microvascular leakage, human serum albumin (HSA) (1mg in 75pL)
was infused intravenously 1 h before broncho-alveolar lavage. HSA concentration in
BALF (a 1:1 mixture of first and second BALF fraction was used) and serum was
measured by ELISA according to the manufacturer’s instructions, and the HSA

BALF/serum ratio was calculated.

3.5 CELL RECRUITMENT IN BALF

Cell pellets from BALF collection were pooled and resuspended in 1 mL sterile PBS.
To test for cell recruitment the cells incubated with blocking antibody (anti-CD16/32)
and stained using CD11¢-FITC (Biolegend), SiglecF-PE (BD bioscience), Ly6C-PerCp
(Biolegend), F4/80-APC (Biolegend), CD45-Alexa700 (Biolegend), Ly6G-BV421
(Biolegend) and CDI11b-BV510 (Biolegend). CD45*CD11b*Ly6G* cells were
considered to be polymorphonuclear neutrophils (PMNs). The relative amount of

PMNs was expressed as percentage from the number of BAL cells.

4. ISOLATED PERFUSED AND VENTILATED MOUSE LUNG MODEL (IPML)

Mouse lungs were prepared according to the experimental setup described
previously®¥7. In short, mice were anesthetized and placed in a 37°C chamber. After
laparotomy, sternotomy, and cannulation (left atrium, pulmonary artery), lungs were
perfused with electrolyte solution (Serag-Wiessner, Germany) supplemented with
sodium bicarbonate. The chamber was closed and the lungs were ventilated and
perfused for 20 min to establish baseline conditions. 10 min prior to PLY application,

HSA was added to the perfusate. For PLY -stimulation, the chamber was opened and
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lungs were treated intratracheally with 0,2 toxin/lung. After 30 min of
g y ng g
perfusion/ventilation with closed chamber albumin concentration was measured in

the BALF after the experiment using an ELISA (Bethyl, US).

5. CELL CULTURE

5.1. ISOLATION OF MURINE ALVEOLAR EPITHELIAL CELLS
(AEC)

Alveolar epithelial cell (AEC) isolation was performed as described before>”. In brief,
mice were sacrificed and their lungs were perfused via the pulmonary artery with 20
ml HBSS. Subsequently, 1.5 ml of dispase and 500 pl of low-melting point agarose
were introduced into the lung through the trachea. The agarose was allowed to
solidify for 2-3 min, the lungs were transferred into 4.5 ml dispase (5 U/ml) and were
incubated at room temperature for additional 30 min. This was followed by 10 min of
DNase digestion (0.1 mg/ml) in AEC medium (DMEM + 2.5% HEPES + 10% FCS +
4.5 mM L-glutamine + 100 pg/ml Pen/Strep) and thorough homogenization of the
lung. The suspension was passed through cell strainers (100 pm and 40 pm) and
centrifuged twice (100 g, 8 min, 4°C). The cell pellet was resuspended in 2 ml medium
and incubated with biotinylated anti-mouse antibodies anti-CD45, anti-CD31 and
anti-CD16/32. For each lung were used 20 pLL from each antibody. The incubation was
performed at 37°C, 5% CO2 for approximately 30 min. The cell pellets were washed
twice with AEC medium without FCS and were then incubated with 75 pL/lung
Dynabeads® Biotin Binder for 30 min at RT on an overhead shaker. Following this
step, the epithelial cells were separated from the cells bound to the magnetic beads by
the use of a DynaMag-Spin magnet system.

The isolated cells were washed with AEC medium and were seeded in fibronectin-
coated plates/slides (100 pg/mL, 1h at RT) at a density of 1x1076 (for ECIS and
immunofluorescence) or 5x10"5 cells/mL (for all other experiments). The cells were
cultured at 37°C and 5% CO2z and were allowed to differentiate for about 4-5 days into
type 1 AECs. Before use, the cells were washed once with HBSS containing Ca*2/Mg*2

and their medium was changed.
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5.2. ISOLATION OF MURINE LUNG ENDOTHELIAL CELLS
(MLECs)

Animals were sacrificed as described before and the lungs were removed and cut into
small pieces (approx. 2 pm). The lung pieces were washed with ice-cold HBSS and
were then incubated in 5 mL. HBSS supplemented with DNAse (0.5 mg/mL) and
Dispase (5U/mL) per lung. The incubation was performed for 1 h at 37°C water bath
while shaking. In the meantime, Dynabeads® Sheep Anti-Rat IgG were washed 3
times with 1 mL. HBSS containing Ca*?>/Mg*? and 0.5% BSA (HBSS/BSA). After
washing, the beads were coated with rat anti-mouse CD144 antibody (2,5 pL
antibody/12, 5 beads) for 1h at RT on an overhead shaker. To remove unbound
antibody, the labeled beads were washed 3 times with HBSS/BSA.

The lung digestion was stopped by adding 5 mL FCS. The solution was vigorously
pipetted up and down and was then passed through a cell strainer (70 pm) to produce
single-cell suspension. The suspension was washed with HBSS/BSA and centrifuged
(500 g, 5 min, RT). The resulting cell pellet was resuspended in 700 u. HBSS and was
incubated with the anti-CD144-coated magnetic beads for 30 min at RT on overhead
shaker. The bead-bound MLECs were isolated using a DynaMag-Spin magnet system
and the supernatant was discarded. The cells were washed 3 times with HBSS/BSA
and were then resuspended in endothelial cell medium (Endothelial Cell Growth
Medium MV2 + Supplement + 15% FCS + 100 pg/mL Pen/Strep). The isolated cells
were plated on fibronectin-coated (100 pg/mL, 1 h at RT) on 35mm culture dishes.
The medium was changed after 24h and the cells were splitted in a ratio 1:3 after
reaching confluence. Confluent monolayers were detached using Trypsin-EDTA (5
min, 37°C), washed with endothelial medium and incubated on the DynaMag-Spin
magnet to remove the cells labeled with magnetic beads. The beads-free cells were
then plated on fibronectin coated ECIS arrays (see below). MLECs were cultured at

37°C and 5% COso.
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5.3.  ISOLATION OF ALVEOLAR MACROPHAGES FOR CO-
CULTURE

Mice were sacrificed and each lung was lavaged approximately ten times with PBS
supplemented with 2 mM EDTA. The collected BALF was pooled together and was
centrifuged at 300g for 5 min at 4 °C. The pelleted cells were then resuspended in
alveolar macrophage medium (RPMI 1640 + 10% FCS+4,5 mM L-glutamine + 100
png/mL Pen/Strep). The isolated alveolar cells were added to cultures of differentiated
AECGs in cell number ratio 1:20. The cells were cultured at 37°C and 5% CO32 overnight

and were used in experiments on the following day.

5.4. PNEUMOLYSIN STIMULATION

Pneumolysin was kindly provided by prof. T. Mitchel (Institute of Microbiology and
Infection, Birmingham, UK). For all in vitro experiments, the toxin was used at

concentration of 1 pg/mL in the respective cell medium.

6. ELECTRIC CELL-SUBSTRATE IMPEDANCE SENSING (ECIS)

6.1. ECIS MONOLAYER RESISTANCE MEASUREMENT

ECIS measurements were performed as described previously3%. AECs and MLECs
were seeded on fibronectin-coated 8W10E+ 8 — well ECIS arrays (gold electrodes) and
grown to confluence. Prior to experiments, the medium of the cells was changed and
the arrays were set on an ECIS Model 1600R system connected to an incubator (37°C,
5%, COz2). Normalized resistance values were taken from the measurements at 4000
Hz (64 sec interval) and are presented as the ratio of measured resistance to baseline

resistance.

6.2. ECIS MODELING

ECIS software (v1.2.50.0 PC, Applied Biophysics) was used to model specific

morphological properties of the monolayer including the barrier function and
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attachment to the substratum?”. In order to mathematically model those properties,
the resistance and capacitance of cell-free electrode (1 well of each ECIS experiment)
was measured at 4 different AC frequencies (1000 Hz, 4000 Hz, 16 000 Hz and 64 000
Hz). These measurements were used as a reference for estimating the impedance
changes attributed to the cell monolayer alone. Using the model of Giaever and
Keese, the measured impedance was broken down into three main parameters: Rb —
barrier function/junctional stability of the cell layer; a — current flow beneath the
cells/monolayer attachment; and Cm — membrane capacitance. Normalized Rb and o

values are presented as the ratio of measured parameter to baseline.

7. IMMUNOLOGICAL METHODS

7.1.  ELISA

Concentrations of murine IL-1p in BALF were quantified by commercially available
sandwich ELISA kit (eBioscience). ELISA was performed according to the
instructions of the manufacturer. In short, 96-well flat-bottom plates were incubated
with coating antibody (4°C, overnight). The plates were washed two times with
washing buffer (PBS containing 0,5% Tween20) and were incubated with blocking
solution (assay diluent) for 1h at RT. Following this, standards and undiluted BALF
samples were applied and were incubated for 2 h at RT. The plates were then washed
5 times with washing buffer and were incubated with biotinylated detection antibody
for 1h at RT. Similarly, murine IL-18 concentration was measured by a specific
ELISA (MBL, R&D Systems). In short, the 96-well plates were coated overnight with
0.5 pg/mL anti-mouse IL-18 antibody (MBL) diluted in PBS. The plate was washed
and blocked for at least 1 h at RT with 3%BSA in PBS. Standards were prepared
with recombinant IL-18 in PBS + 1% BSA (highest standard concentration 1000
pg/mL) and were incubated together with the samples to the plate at RT for 2 h.

Following 5 times washing, the plates were incubated with biotinylated detection

anti-IL-18 antibody in 1:4000 dilution.
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For both IL-1p and IL-18 ELISAs, following the incubation with detection antibody
the plates were washed again (5 times) and were incubated in the dark for 30 min with
streptavidin-horseradish peroxidase (HRP) at RT. After the incubation was over, the
plates were washed 7 times and substrate solution (TMB) was added for 10 min. The
reaction was stopped by the addition of 2N H:04 and the optical density was

measured in a microplate reader (ODaso-Ref:0Ds7).

7.2.  FACS

All flow cytometry data were acquired on FACS Cantoll by Dr. Catherine Chaput
(Charité Universitatsmedizin Berlin). Gating strategy was processed after exclusion of

the doublets. Data were analyzed using the data analysis software, FlowJo (Ashland,

OR, USA).

8. MOLECULAR BIOLOGY

8.1.  PURIFICATION OF RNA FROM CELLS

RNA was isolated using the “PerfectPure TM RNA Cultured Cell Kit” (5'Prime)
according to the manufacturer’s instructions. In short, the medium of the cells was
removed and they were lysed with 400 pl lysis buffer. The samples were stored at -
20°C until further use. The samples were pipetted up and down to assure proper cell
lysis and the samples were loaded onto the supplied in the kit purification columns.
The columns were centrifuged for 1 min and then washed with 400 pl “Wash 1
solution” per column followed by another centrifugation step (1 min). Next, 50 pL of
DNAse solution was added and the columns were incubated at RT. After 15 min of
incubation, the columns were washed 2 times with 200pul “DNase wash solution” (1
min) and twice with 200 pl “Wash 2 solution” (1 min; last step 2 min). The RNA was
eluted in a new collection tube by adding 50 pl “Elution Solution". All centrifugation

steps were carried out at 16 000g/RT. The extracted RNA samples were stored at -
80°C.
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8.2.  RNA REVERSE TRANSCRIPTION TO ¢cDNA

RNA was transcribed to ¢cDNA using High Capacity Reverse Transcription Kit
(Applied Biosystems). A mastermix (4.2 ul ddH20, 2 ul Reverse Transcription buffer,
2 Wl Random Primers, 0.8 ul dNTPs, 1 pul Reverse Transcriptase per reaction) was
prepared and 10 pl Mastermix was added to 10 pl purified RNA. The reactions were
placed in thermocycler with the following program: 10 min at 25°C, 2 h at 37°C, 5 sec

at 85°C. The cDNA samples were diluted with 40 pl ddH20 and stored at -20°C.

8.3.  QUANTITATIVE REAL TIME PCR (qRT PCR)

cDNA samples from epithelial cells were used to measure relative mRNA levels. The
mRNA expression was measured using quantitative real time (RT)-PCR. 5 ul of
cDNA was added to mastermix containing 10 pl Gene Expression Master Mix
(Applied Biosystems), 4 ul ddH20 and 1 pl Tagman Assay (self-made/probe mix from
Applied Biosystems) adding up to a total volume of 20 pl per reaction. Reaction
conditions were as follows: 2 min at 50°C, then for 10 min at 95°C followed by 40
amplification cycles (15 sec at 95°C, then 1 min at 60°C). The raw data were evaluated
using automatic baseline and automatic Ct and data analysis was done using the 2-
AACt method??. Gapdh expression was used as an endogenous control for the

normalization of the data and the untreated WT control samples were set as 1.

Table 1: Gene expression assays

TaqMan Gene Expression Assays

Target

Assay ID
gene
Cldn3 MmO00515499 sl
Cldn4 MmO00515514_s1
Cldnl8 Mm00517321_ml
Cdhl Mm01247357 ml
Ocln Mmo00500912_ml
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Fllr Mm00554113_m1
Tipl Mm01320642_g1
Iiga5 Mm01305870_g1
Iigbl Mm01253229_m1

Self-designed Endogenous Control Primers

Target
Forward and Reverse Primers 5’- FAM, 3’- TAMRA probe
gene
5’- TGT GTC CGT CGT GGA TCT
GA
Gapdh CCG CCT GGA GAA ACCTGC CAA GTA TG
3’- CCT GCT TCA CCA CCT TCT
TGA

The self-made gene expression assays were diluted in ddH20 to concentration 18

nmol/ml (forward and reverse-primer) and 5 nmol/ml (6-FAM-labeled probe).

9. CELL DEATH ASSAYS

9.1. LACTATE DEHYDROGENASE ASSAY

Cellular cytotoxicity and cytolysis were measured with CytoTox 96® (Promega)
which is a colorimetric assay detecting the release of lactate dehydrogenase (LDH) in
the medium of damaged cells. To quantify cell death, cells were treated with for 3 h
with 1 pg/mL PLY (30 min) and cell-free supernatants were collected. The LDH assay
was performed according to the manufacturer’s protocol. Spontaneous LDH release
(control) was measured in the uninfected control supernatants, whereas for maximum
LDH release (total) supernatants from Triton X-100- lysed cells was used. In short,
50 pL supernatant was added to 50 pL substrate solution in a 96-well flat bottom
plate and the reaction was incubated in the dark (30 min, RT). At the end of the

incubation, 50 pL stop solution was added to each well and absorbance was measured
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in a plate reader at 490 nm. The percentage of specific LDH release was calculated
using the formula:

%specific = ((ODtarget - ODcontrol)/(ODtotal - ODcontrol)) X 100

9.2. SYTOX STAINING

To measure early cell death events, SYTOX® Orange (Molecular probes,
Thermofisher) was used. SYTOX is a nuceic acid stain with very high affinity which
does not cross the membranes of living cells. The stain fluoresces in bright orange
when excited with 488 nm laser (or any other 450-490 nm source) and this signal is
enhanced >500 fold when it is bound to nucleic acids. Monolayers of AECs were pre-
incubated with for 10 min with 0.5 uM dye and the increase in fluorescence (F) upon
30 min of 1 pg/mL PLY (30 min) treatment was measured with the help of microplate
reader. Excitation was made with 488 nm laser whereas emission was recorded at 530
nm. The percentage SYTOX-positive cells was calculated following the formula:

%SYTOX+ cells = ((Fsample — Fbaseline)/(Ftotal — Fbaseline)) X 100

10. TOTAL INTERNAL REFLECTION FLUORESCENCE MICROSCOPY (TIRFM)

AECs were grown on fibronectin-coated p-slide 8 well glass bottom slides for 4 days
and stained with 5 pl/ml Vybrant DiO cell labeling solution for 10 min at 37 °C prior
to the experiment. Life imaging was performed by Dr. Juliane Lippmann (Charité
Universitatsmedizin Berlin) with the help of Dr. Thomas Korte in the imaging facility
of the Molecular Biophysics group, HU Berlin. Confocal Laser Scanning Microscope
(Olympus FV-1000MPE) equipped with a TIRFM upgrade at 37 °C and 5% CO2
using a 63x oil objective and a cooled CCD camera was used. Images were taken at
indicated time points and analyzed using FijI by Dr. Juliane Lippmann. Particle
analysis was performed from binary images after thresholding (method Isodata).

Total intensity of attachment from all detected particles was measured.
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11. MICROBIOTA ANALYSIS

Four weeks after birth, female WT and Nirp3-/- mice were housed together in new
cages at the animal facility of the Charité Universititsmedizin Berlin -
Forschungseinrichtungen fiir experimentelle Medizin (FEM) in 1:1 ratio. After four
weeks of co-housing, feces and BALF samples were collected from co-housed and
separately housed WT and Nirp3-/- mice. In short, feces from each mouse were
collected in sterile tubes and then the animals were anesthetized. The mice were then
intubated with sterile single-use cannulas and BAL was performed 10 times with 500
pL sterile PBS. The lavage samples were then centrifuged for 10 min at 1500 rpm and
the pellet was dissolved in 70% ethanol.

DNA was extracted from each animal and the following analysis of the microbiota
was performed by LCG Genomics, Berlin. Beta diversity was calculated via
QIIME3 and Mothur3?!. Shifts in gut and respiratory tract microbiota composition

and were calculated by Unifrac Distance analysis390-392,

12.  STATISTICAL ANALYSIS

Data are expressed as mean £ SEM. For comparison of two groups, Mann-Whitney U
Test was used. Student t-test was used for the particle analysis of TIRFM data. Data
analysis was performed using the Prism software (GraphPad Software, La Jolla, CA).
For all statistical analysis, p values <0.05 were considered significant with

*p <0.05,%*p < 0.01, ***p < 0.001, ****p < 0.0001.
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13. REAGENTS, ANTIBODIES AND KITS

Table 2: Reagents

Reagent

Manufacturer

Ampuwa® (RNase-free H20)
Bacto Twodd Hewitt Broth
Bacto Yeast extract

Bovine Serum Albumin

Columbia Agar + 5% sheep blood
Complete protease inhibitor cocktail tablets
Dispase

DMEM high glucose

DMSO

DNase

Dynabeads® Biotin Binder
Dynabeads® Sheep Anti-Rat IgG
EDTA

Endothelial Cell Growth Medium MV2 (+ Supplement)
Ethanol

FCS

Fibronectin

Glycerol

HBSS

Heparin

HEPES

Human serum albumin
Isopropanol

SYTOX Orange Nucleic Acid stain
Sodium Bicarbonate

Ketamine (Ketavet)

L-glutamine

Low-melt agarose

LPS

NaCl (0.9%)

PBS

Penicillin/Streptomycin

Perfusion solution
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Fresenius Kabi
BD Biosciences
BD Biosciences
Sigma-Aldrich
BD Biosciences
Roche

BD Biosciences
Gibco
Sigma-Aldrich
Serva
Invitrogen
Invitrogen
Roth
PromoCell
Merck

PAA
Sigma-Aldrich
Roth

PAA
Ratiopharm
Biochrom
Baxter

Sigma-Aldrich

Thermofisher Scientific

Gibco
Sigma-Aldrich
PAA

Bio-Rad

Alexa Biochemicals

B. Braun
Gibco
PAA

Serag-Wiessner



RPMI 1640 Gibco

RBC Lysis Buffer 10X BioLegend
TaqMan® Gene Expression Master Mix Applied Biosystems
Trypsin-EDTA Sigma

Tween®-20 Sigma-Aldrich
Vybrant DiO cell labeling solution Thermofisher
Xylazine (Rompun 2%) Bayer

Table 3: Antibodies

Antibody Manufacturer

biotinylated rat anti-mouse CD45
biotinylated rat anti-mouse CD31
biotinylated rat anti-mouse CD16/32

biotinylated rat anti-mouse CD144

BD Pharmingen
BD Pharmingen
BD Pharmingen
BD Pharmingen

anti-mouse CD326-BV421 Biolegend
anti-mouse CD144-Alex647 Biolegend
anti-mouse CD11c-FITC Biolegend
anti-mouse SiglecF-PE BD Pharmigen
anti-mouse Ly6C-PerCp Biolegend
anti-mouse F4/80-APC Biolegend
anti-mouse CD45-Alexa700 Biolegend
anti-mouse Ly6G-BV421 Biolegend
anti-mouse CD11b-BV510 Biolegend
Table 4: Kits

Kit Manufacturer
APC Annexin V Apoptosis Detection Kit with 7-AAD Biolegend
CytoTox® 96 Assay Promega
Human Albumin ELISA Quantitation Set Biomol

Mouse IL-1 beta ELISA Ready-SET-Go!® EBioscience
Mouse TNF alpha ELISA Ready-SET-Go!® EBioscience
PerfectPure RNA Cultured Cell Kit 5 PRIME
PerfectTaq™ Plus DNA Polymerase Kit 5 PRIME
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13. INSTRUMENTS AND CONSUMMABLES

Table 5: Consumables

Consumable

Manufacturer

Cell strainers (100 pm, 70 pm, 40 pm)

Cell culture tubes

Cuvettes

8-well ECIS Cultureware™ electrode arrays 8W10E+
ELISA plates

Inoculation Loops

MicroAmp™ Optical 96-Well Reaction Plates
pSlides 8-Well slides

Serological pipets

BD Biosciences
Falcon

Thermo Scientific
Ibidi

Thermo Scientific
Sarstedt

Applied Biosystems
Ibidi

Thermo Scientific

Sterile filters Millipore

Table 6: Instruments

Instrument Manufacturer
ABI 7300 Real-Time PCR System Applied Biosystems

BD FACSCanto™

Centrifuges

Confocal Laser Scanning Microscope FV-1000MPE
ECIS Model 1600R

FilterMax F3 Multi-Mode Microplate Reader
Heracell™ 240i CO2 Incubator

High pressure syringe (Model No.FMJ-250)
Intratracheal Aerosolizer (Model No. TA-IC SIN 2054)

Isolated perfused and ventilated mouse lung (IPML) system
Microcentrifuge 5417R

Microscope LSM 780

NanoDrop 2000c

pH Meter 766 Calimatic

PTC-200 Peltier Thermal cycler

Vortex Mixer VV 3
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BD Biosciences
Thermo scientific
Olympus

Applied Biophysics

Molecular Devices, USA)

Thermo scientific
Penn-Century, Inc

Penn-Century, Inc

Hugo Sachs Elektronik

Havard Apparatus
Eppendorf
Carl-Zeiss

Thermo Scientific
Knick

MJ Research

VW R
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V — Appendix

ADDITIONAL DATA

Figure Al: Quantitative changes of gut microbiota in WT and Nlrp3-/- mice upon co-

housing
0 Feces: TM7 ... Feces: Prevotella .. Feces: Lactobacilli

g 8 % 81 Bap

5 51 = 64 =

& o £201

T 41 3 41 T

= - C 0]

= 04 - 0 = 0 T T T T
& o O o & o & & oo © &

SEECEIN S F &S SRS
& S -

Table Al: Gut microbiota composition changes of WT and Nlrp3-/- mice upon co-

housing
WT NLRP3ko coOWT coNLRP3ko
Actinobacteria;Actinobacteria;Bifidobacteriales 8,60% 0,44% 1,16% 0,20%
Actinobacteria;Actinobacteria;Coriobacteriales 1,12% 2,24% 0,70% 0,18%
Bacteroidetes;Bacteroidia;Bacteroidales 50,74% 44,66% 39,28% 35,48%
Bacteroidetes;unclassified;unclassified 0,76% 1,30% 1,08% 0,72%
Firmicutes;Bacilli;Lactobacillales 24,88% 18,10% 26,70% 19,92%
Firmicutes;Clostridia;Clostridiales 7,78% 18,62% 20,34% 34,12%
Firmicutes;Clostridia;unclassified 0,02% 0,04% 0,16% 0,08%
Firmicutes;Erysipelotrichia;Erysipelotrichales 2,68% 6,60% 2,72% 2,16%
Firmicutes;unclassified;unclassified 0,48% 1,98% 1,88% 1,40%
Proteobacteria;Betaproteobacteria;Burkholderiales 1,04% 0,58% 0,68% 0,56%
Proteobacteria;Deltaproteobacteria;Desulfovibrionales 0,16% 0,44% 0,44% 0,44%
Proteobacteria;Epsilonproteobacteria;Campylobacterales 0,62% 0,24% 0,12% 0,48%
TM7;TM7_class_incertaesedis;TM7_order_incertae_sedis 0,44% 3,52% 2,06% 0,36%
Verrucomicrobia;Verrucomicrobiae;Verrucomicrobiales 0,20% 0,54% 2,04% 3,22%
unclassified;unclassified;unclassified 0,28% 0,42% 0,56% 0,40%
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LIST OF ABBREVIATIONS

6-FAM
ASC

ARDS
ALI
AM®
APC
ATP
BAL
BMM
CARD
CAP
CDC
cDNA
CFU

6-Carboxyfluorescein

apoptosis-associated speck-like
protein containing a card

acute respiratory distress syndrome
acute lung injury

alveolar macrophage
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SUMMARY

The sensing of pathogens via the innate immune system is carried out by a plethora of
pattern recognition receptors (PRRs). Their proper activation and signaling plays a
vital role for the protection of the lung against invading microorganisms. The
bacterium Streptococcus pneumoniae is the main causative agent of community-
acquired pneumonia throughout the world. The condition often progresses to more
serious lung injury characterized by life-threatening alveolar leakage due to barrier
dysfunction. In the current study, we set out to study the potential involvement of

the innate immune sensor NLRP3 for the alveolar barrier function maintenance.

Best known for its ability to form inflammasomes and to regulate the production of
I1-1B and IL-18, the role of NLRP3 has been widely studied in cells of myeloid origin.
Our data demonstrate that in a model of S.pneumoniae-induced pneumonia, NLRP3
facilitates the integrity of the alveolar barrier. Moreover, NLRP3 was shown to play
a protective function ex vivo experiments with isolated, perfused and ventilated
murine lungs as well as in vitro studies with primary lung cells treated with the
purified bacterial toxin pneumolysin (PLY). Interestingly, we reveal that the
beneficial effect of NLRP3 on the lung barrier is independent of the classical
inflammasome function and of the inflammasome-dependent cytokines IL-1f and IL-
18. We show that NLRP3 improves the integrity of alveolar epithelial cell (AEC)

monolayers in vitro by promoting cellular adherence to the extracellular matrix.
In summary, this work uncovers a hitherto unknown function of the NLRP3 protein

which is involved in epithelial barrier function and is independent of the

inflammasome.
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ZUSAMMENFASSUNG

Pathogene werden vom angeborenen Immunsystem iiber eine Vielzahl an ,,pattern
recognition“-Rezeptoren (PRRs) erkannt. Deren angemessene Aktivierung und
Signalweiterleitung sind essentiell, um die Lunge vor eindringenden Mikroorganismen
zu schiitzen. Das Bakterium Streptococcus pneumoniae ist weltweit der
Hauptverursacher von ambulant erworbener Pneumonie. Der Verlauf einer solchen
Lungenentziindung geht oft mit der Entstehung von schweren Schiadigungen der
Lunge einher, die durch lebensbedrohliche alveolare Durchlissigkeit, aufgrund von
Barriere-Dysfunktion gekennzeichnet ist. Das Ziel der vorliegenden Arbeit war es, die
potentielle Beteiligung des angeborenen Immun-Sensors NLRP3 an der Erhaltung

der alveolaren Barriere-Funktion zu untersuchen.

Die Rolle von NLRP3, welches bekannt ist durch seine Fahigkeit, Inflammasome zu
bilden und die Produktion von Il-1B und IL-18 zu regulieren, wurde weitgehend in
Zellen mit myeloider Herkunft untersucht. Unsere Daten zeigen, dass NLRP3 in
einem Modell der S. pneumoniae-induzierten Pneumonie die Integritit der alveolaren
Barriere unterstiitzt. Aullerdem konnte gezeigt werden, dass NLRP3 sowohl in ex vivo
Experimenten mit isolierten, perfundierten und ventilierten murinen Lungen, als
auch in in vitro Experimenten mit primiren, Pneumolysin (PLY)-behandelten
Lungenzellen eine protektive Funktion hat. Interessanterweise stellte sich heraus,
dass der vorteilhafte Effekt von NLRP3 auf die Lungenbarriere unabhingig von der
klassischen Inflammasom-Aktivitdt und der Inflammasom-abhingigen Zytokine IL-
1B und IL-18 ist. Wir konnten zeigen, dass NLRP3 die Integritat der alveolaren
Epithelzell (AEC)-Schicht in vitro durch die Unterstiitzung der zelluldren Adhirenz

an die extrazellulare Matrix verbessert.

Zusammenfassend deckt diese Arbeit eine bisher unbekannte Funktion des NLRP3
Proteins auf, welche an der epithelialen Barriere-Funktion beteiligt ist, unabhéngig

vom Inflammasom.
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