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1. Introduction
1.1 Pulmonary physiology and microanatomy

The lungs form a delicate interface between host amvironment, exchanging inhaled
atmospheric oxygen and metabolism derived carbomridk. The distal lung therefore
comprises large surface area of >8Qtirectly exposed to pro-inflammatory material (>
10,800l of gas volume/day), which renders the darecapillary barrier an important site
for initial pathogen-host interactions (1, 2). Téleeoli are very closely associated with a
network of capillaries and the distance of the alaespace to the vascular compartment is
<lum, allowing rapid exchange of gases by passiifaistbn along concentration
gradients.

monocyte

alveolar barrier

alveolar type | epithelial cell

basement membrane

alveolar type Il epithelial cell

alveolar macrophage

fibres——"" ¢

Figure 1-1 Microanatomy of the alveolus. Thethin squamousype 1 alveolar epithelial cell (AEC 1) in
the alveolus and the endothelium of the pulmonaigrawasculature are separated by the basement
membrane form an ultra-thin alveolar capillary lwegas barrier. The roundediveolar epitheliatype 2
cells (AEC Il) are critical for surfactant produmti and can serve as a source of AEC | restoraften a
lung damage. Alveolar macrophages are residettteiratveolar space and maintain alveolar homeostasis
by processing surfactant and scavenging foreigticies and cellular debris. Further macrophage etisbs
are recruited from the circulating monocyte poabmnflammatory injury of the alveolus.

The proximal airways of the murine lung are lingdciboidal club cells that secret mucus,
thus preventing desiccation of the airway but aispping incoming agents, and by
ciliated cells that help to push the trapped fareagients out of the lung along with the
mucus. The human airway contains only a rare c&lbpopulation and consists of mucus
secreting goblet cells together with ciliated cellfie microanatomy of the distal lung
compartment consists of alveoli (Fig.1-1) the stefaf which is covered by the alveolar
epithelium which provides the initial barrier tovmonmental influences. Lung-resident
macrophages in the alveoli clear particles andigdhat reach the distal lung. Alveolar
macrophages also secrete soluble mediators thatilige to the maintenance of

homeostasis, including enzymes, cytokines, cheneskiarachidonic acid derivatives and
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glycoproteins such as fibronectin (3). The alvedarface is lined to 97% by type |
alveolar epithelial cells (AEC I) which provide lairt surface for optimal gas diffusion (4).
They form the alveolar capillary blood-gas bartiegether with pulmonary microvascular
endothelial cells. Due to their large surface, AE@re sensitive to damage by e.qg.
inflammatory or mechanical stress. The type Il alaeepithelial cells (AEC II) cover 3%

of alveolar surfaces and secrete pulmonary suriaethich is essential for reducing the
alveolar surface tension thus preventing alveaddlapse during exhalation (5). They have
proliferative potential and serve as precursorstyge | cells during repair after lung

injury.

1.2 Pulmonary homeostasis and response to infection

In general, most humans do not develop chroni@amifhation of the lung irrespective of
the continuous exposure to the atmospheric topiokytant, irritants, etc., which indicates
that protective mechanisms are effective to enkurg homeostasis. The immune system
at the mucosal surface involves multiple layersnofite and adaptive immune processes
that together with the physical barrier contribute maintain lung integrity. Special
anatomical features of the lung mucgsavent access of the inspired luminal contenthdo
sub-epithelium. In addition, the epithelium orchatgs the initial responses to both infectious
and noninfectious stimuli in the lung (8Yloreover, AEC Il play a role in recognition of
pathogens and initiation of innate immune respofigeBoth AEC | and AEC Il are well-
polarized and tightly interconnected cells, thusvjding a structural and functional barrier
tightly regulating alveolar fluid homeostasis adlvas transport of proteins and solutes in
the lung (8). In the alveolar epithelium, thesétiginctions are formed by E-cadherin and
proteins of the catenin family (8, 9). The tighhg¢tions are apically located multiprotein
complexes consisting of claudins, occludins andffaicing proteins such as zona-
occludins protein 1 (ZO-1). Tight junctions (TJeaessential for limiting para-cellular
transport and as well as for maintenance of cdlrgg (10). The alveolar mononuclear
phagocyte system is a major part of the front bleéense in the lung. Resident alveolar
macrophages (rAM) originate from fetal liver montesy that initially colonize the lung
during embryonic development (11). Under steadiestanditions, the rAM is a long-
lived cell and remains sessile in close connedbaihe alveolar epithelial cells (12-16). Its
task is to elicit immediate innate immune resporieesrds invading pathogens, but at the
same time remain relatively inactive towards inmamu stimuli (17). The rAM
inflammatory response is dampened by a numberazkbig inhibitory molecules such as

epithelial expressed CD200, SI®P(signal-regulatory protein alpha), MARCO
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(macrophage receptor with collagenous structurel) anfactant proteins A and D, and
also by macrophage autocrine anti-inflammatoryaligg elicited by TGH3 (transforming
growth factor beta) and IL-10 (interleukin-10) (1I8—23). During infection the loss of
epithelial regulatory ligands, presence of necroglls and signaling by diverse pattern
recognition receptors (PRR) (24, 25) like toll-likeceptors (TLR) (26, 27), nucleotide
oligomerization domain (NOD)-like receptors (28),2@tracellular helicases like retinoic
acid inducible gene | (RIG-1) (30, 31) and protdimase R (PKR) (32, 33) lead to
production of a range of inflammatory cytokines ammokines (e.g. CCL2, GRR1,
tumor necrosis factor-alpha (TNE)-TGF$) which further promote the innate immune
response. This leads to recruitment of polymorpbtear leukocytes (PMNSs), exudate
macrophages (ExMa) and lymphocytes to the alvedarmpartment (24, 34, 35).

1.3 Acute Respiratory distress syndrome/ acute lung injury

Acute lung injury (ALI) and its extreme form, theuwe respiratory distress syndrome
(ARDS) are syndromes of acute respiratory failurghwsubstantial morbidity and
mortality (36, 37). In 1967, Ashbaugh and colleag@8) first used the term “adult
respiratory distress syndrome” (ARDS) to descrilgeoaip of 12 critically ill patients with
acute respiratory failure. After different defioitis had been proposed for a decades, in
1994 the American-European consensus conferencemitte@ recommended the
definition which was globally accepted but had tations (39-43). Recently, a definition
known as “Berlin Definition” published in 2013 waseated by a consensus panel of
experts who convened in 2011 (an initiative of Euwopean Society of Intensive Care
Medicine endorsed by the American Thoracic Socetg the Society of Critical Care
Medicine). This definition includes acute onsee presence of bilateral opacities on chest
radiographs consistent with pulmonary edema andalaevof the Pa@FiO, (arterial
oxygen tension/inhaled oxygen fraction) ratio ofolae 300 mmHg (44). The disease is
categorized by the degree of hypoxemia as mild {FaQ; ratio between 300 and 200
mmHg), moderate PafF-iO, ratio between 200 and 100 mmHg) or severe (Ha0,
ratio below 100 mmHg). Patients with ARDS requirgant admission to critical care units
for advanced life support and utilize considerabkalth care resources. ARDS can
develop as a result of direct injury to the lungsch as viral or bacterial pneumonia,
aspiration of gastric contents, or smoke or toxas ghalation. Alternatively, ARDS can
occur indirectly during the course of systemic anfimation, such as during sepsis, after
polytrauma or following transfusion called TRALIS¥ The mortality rate of ARDS is 27-

3



45% with multi-organ failure as the most commonseaof death (46, 44). Fatality risk
depends on the nature of the underlying disordéy 43) and is influenced by age and
race. Younger patients have lower mortality rated Afro-Americans or Hispanics have
increased risk of death when compared to Caucasi@ss 47). To date, no

pharmacological treatment options are availablghertherapy ARDS. Therefore, there is
an urgent medical need for the development of ntheslapies to further improve clinical

outcomes (48).

1.3.1 Pathology of ARDS/ALI

ARDS/ALI is an acute inflammatory disorder that rd@s the lung epithelial and
endothelial barriers with influx of edema fluidasll as of various inflammatory cells and
mediators (Fig. 1-2). The alveolar endo/epithddadrier is composed of adjacent layers of
the alveolar epithelium and the microvascular enelaim only separated by the basement
membrane. Maintaining the integrity of this barngrcrucial for liquid homeostasis and
effective gas exchange in the lung. Cellular ottaréstics of ALI include functional and
structural loss of epithelial integrity and disrigpt of the basement membrane which lead
to the efflux of protein-rich fluid into the distairspaces of the lung (49). This is
accompanied by an excessive extravasation of n@utsoand inflammatory monocytes
releasing various pro-inflammatory mediators (4%).5Elevated plasma levels of
interleukin (IL)-6, 8, and TNF: were found to be markers for mortality predicti¢i,
52). In addition, lower plasma levels of proteira@ higher plasma levels of plasminogen
activator inhibitor-1 were strong independent pretis of mortality, as well as for
ventilator-free days and organ failure (53). Exoes and prolonged activation of
neutrophils and monocytes in the alveolar spacetribommes to basement membrane
destruction and increased membrane permeabilitutrijghils release elastase which in
turn degrades epithelial junctional proteins, pssss pro-apoptotic properties, and thus
damages the alveolar epithelium (54-58). In conseqge, this uncontrolled feed-forward
mechanisms result in barrier dysfunction that evalht leads to respiratory failure (45). In
some animal models of ARDS, neutrophil depletiors whown to be protective (59- 62),
however, even in the absence of circulating nehitepALl can occur (63). Bone marrow
derived monocytes recruited during injury (terma&ddate macrophages) are an important
source of pro-inflammatory mediators and thus maptrtbute to barrier disruption.

CCR2-/- animals which lack monocyte/macrophage uittent during lung infection,



were shown to maintain barrier integrity after ughza virus (V) induced ALI (64) in
contrast to wild type animals.

Under homeostasis, type | and type Il alveolarheidal cells (AEC) form tight junctions
with each other to maintain epithelial barrier grigy. During the acute phase of
pneumonia-associated lung injury, infected or iUAEC lose tight junction integrity and
partially undergo apoptosis that leads to increagedmeability and in severe cases
eventually to a denuded basement membrane (FA§(45, 49). Recently, it has also been
reported that alveolar edema fluid from ALI pateedbwn regulated the expression of ion
transport genes that are involved in fluid reabBonpwhen added to primary cultures of
human alveolar epithelial type Il cells (65). Pateewho survive the acute stage of ARDS
enter a proliferative response phase, which isattarized by the presence of hyperplastic
alveolar epithelial type Il (AECII) cells and fidutasts. The AECII migrate along alveolar
septa and proliferate in order to reconstitute fiomal epithelial integrity (66). The effort
of epithelial repair undertaken during the probfiere phase may result in complete
restoration of lung function. However, proper retieglialization is frequently prolonged
and even disturbed which can result in progressiothe fibrotic phase of ARDS/ALI
(45). In this case, the alveolar space is filledhwproliferating fibroblasts, abnormal
amounts of extracellular matrix and new blood visssmllectively described as fibrosing
alveolitis (67, 68).

Normal Alveolus Injured Alveolus during the Acute Phase

Necrotic or
! apoptotic

Protein-rich " t¥pe | cell

Type | cel s
YRy cell“ - Inactivated edemaﬂm% (
Epithelial veolar air space | _ o o
basement Activated = @ E::eur:zgt
membrang / Leukotriené’ﬁ% = membrane
{(Z— Oxidants e
~z W/ < v
%‘%\'I’ype Il celt Cellulam/
% < debris - i
r;%\\l = {AMO Sz 5)/ yaline membrane
AR | IL-10, Arg-1, rAMO g7
‘%\\\\;‘ %5 YM-1 TNF-a, iNOS, Proteases
\\ (o >
A I8 ~ Migratiilg
Endothelia

777 ,‘nen‘(’r’ﬁﬁhil

D
Endotheli
basement
membrane

=

e
, injured




Figure 1-2 Schematic overview of alveolar compartment in homeostasis (left side) and during acute
phase of ARDS (right side). The left-hand side depicts the healthy alveoluf it intact epithelial barrier
consisting of type | and type Il epithelial cellhe right side shows the injured alveolus with leukes and
red blood cells intravasated into the alveolarmace. Disruption of the endothelial and epithddadrier leads
to edema formation, inflammatory activation of ala macrophages, and infiltration of additional
leukocytes which drives further damage of alvedtiapted from Matthay and Zimmerman 2005 (50)

1.4 Influenza A Virus

1.4.1 Structure

Influenza A viruses (IAV) are classified togetherthwinfluenza B, influenza C and
Thogoto virusasorthomyxoviridaeThey are characterized by a single stranded, negative
oriented and segmented RNA genome. The structutA\bf(Fig. 1-3) consists of a host
cell-derived lipid coated bi-layer membrane. Thenegga can be differentiated by the
molecular and serological characteristics of thalvinatrix und nucleoproteins and have
different amounts of gene segments (69), of whi&W possess eight. 1AV are further
separated into subtypes by antigenic charactesigigplayed by their hemagglutinin (HA)
and neuraminidase (NA) proteins, of which we knd8vahd 11 subtypes, respectively,
found circulating in wild birds and waterfowl (70ps well as a unique HA-NA
combination found recently in bats (H17N10 and H18N(71). IAV are named by genus,
host species (if not human), place of isolatiomnbar of the isolate, year of isolation and
its subtype (for example: A/Puerto Rico/8/34 (HIN1PRS). IAV form pleomorph
particles of 80-120nm diameter. Inside, the virdiARis complexed with the viral
nucleoprotein (NP) and the polymerase complex, igeing the viral ribonucleoprotein
(RNP). The viral RNA consists of 13.6 kilobase (kid)ich encode 11 viral proteins: non-
strucutral (NS) proteins NS1 and NS2 which are irtgpu for regulation of host innate
immune responses and export of viral RNA from theleus, respectively, matrix proteins
M1 and M2, NA, NP, HA and the polymerase subunAsPB1 and PB2 (72-75).




Figure 1-3 Structure of influenza A virus. Three viral proteins are exposed on the outsidéro$ particles:
haemagglutinin (HA, which forms trimers), neurardase (NA) (which forms tetramers) and M2 (which
forms tetramers that make up ion-channels). Upareptytic cleavage, HAO (not shown) is processed to
HA1 and HA2. The influenza virus matrix protein M&sociates inside the viral membrane, and the viral
genome consists of eight negative-strand RNA setgnemd is packaged into the particle as a
ribonucleoprotein in complex with nucleocapsid pimot(NP) and the viral polymerases PA, PB1 and PB2.
On average, the number of HIV-1 envelope glycopnaspikes is thought to be considerably lower than
number of HA molecules per influenza A viriohdapted from Karlsson Hedestam GB et al 2008 (76).
1.4.2 Epidemiology

IAV cause morbidity and mortality worldwide in arits and human beings and continue
to impose a major burden on healthcare systems (AY) infection may also lead to
severe respiratory disease and admission to teesive care unit (78). IAV are transmitted
by respiratory droplets and primarily infect thetleglium of the proximal as well as distal
respiratory tract which results in a primary vipseumonia causing severe damage to the
alveolar compartment and acute respiratory distsgsslrome (ARDS) (79- 81). Often,
additional secondary super-infections wiBtreptococcus pneumonié&gtaphylococcus
aureusandHaemophilus influenza@orsen outcome substantially (82, 83). The gemetic
assortment is an important way to promote the ewsiwf new IAV subtypes. Novel re-
assortment of virus in animal reservoirs may geeegpandemic IAV strains in humans. In
history, several human pandemic influenza viruseiew assembled by genetic re-
assortment between avian, human and swine influenzses. In 2009, pandemic (H1N1)
2009 (pdm/09 H1N1) influenza virus composed of tsvaine influenza virus genes, one
avian and one human influenza virus gene, highéghthe crucial role of genetic re-

assortment in generation of novel pandemic IAVissa

1.4.3Host-Virus Interactions

Replication of IAV in a host cell greatly impacta oellular function and structure. In the
lung, 1AV infection can activate epithelial cellsich alveolar macrophages, leading to
release of various cytokines and chemokines. Thage amounts of pro-inflammatory
mediators further impact on the functional integat the alveolar epithelium. 1AV directly
affect tight junction stability, through the actiai NS1. Its carboxyl terminus domain
contains a PDZ-ligand binding motif that can intéraith host factors scribble and Dlgl
(Disks large homolog 1), leading to tight junctidisruption accompanied by lower trans-
epithelial resistance (TER) and higher proteinuiibn rates of the epithelial cell layer
(84). M2 expression leads to enhanced levels dadtikeaoxygen species (ROS) formation
and subsequent protein kinase C (PKC) activatidn). (§he cellular recognition of

pathogen-/danger-associated molecular patterns @AMDAMPS) by diverse pattern

7



recognition receptors (PRRs) induces the activatbrinflammatory, anti-viral signal
cascades. Detection of uncapped 5°-triphosphod/l&BIA by RIG-I (RNA helicases
retinoic acid inducible gene-l) and subsequentraution with MAVS (mitochondria
associated antiviral signaling protein), TRIM25ipartite motif-containing protein 25) and
IPS-1 (Interferon-beta Promoter Stimulator-1) leddsan IRF-3 and IRF-7 (interferon
regulatory factor)-dependent transcription and diaion of type | interferons (IFN) (30,
86). Furthermore, recognition of viral patternsgrgtein kinase R (PKR) activates MB-
(nuclear factor 'kappa-light-chain-enhancer' ofivatéd B-cells) translocation to the
nucleus and transcriptional activation of pro-inflaatory, pro-apoptotic and anti-viral
gene clusters (87, 88). The RIG-I, PKR, NLRP3 (N{iMe-receptor family, pyrin domain
containing 3) inflammasome and endosomally locaield3 and TLR7 (89- 92) contribute
to sensing IAV infection. Activation of NLRP3 indeg caspase-1 dependent release of pro-
inflammatory IL-13 and IL-18 (93), whereas TLR3/TLR7 act via IRFRFF7 and NF<B,
again triggering the induction of the IFN and pnflammatory cytokine responses (94). In
addition to the epithelial response, IAV infectiomduces release of pro-inflammatory
mediators by alveolar macrophages that amplify lnjpgy after IAV-infection (95- 98). In
particular, exuberant production of IFN and IFN-degent TNF-related apoptosis-
inducing ligand (TRAIL) has been demonstrated tonpote epithelial barrier failure and
lung tissue injury, to hamper resolution of inflamiion and to increase mortality (64, 79,
99-101).

1.5 Current treatment of ARDS and therapeutic perspectives

ARDS is the leading cause of death in critical cavgh mortality rates of 40 to 60%.
Currently, the only non-pharmacologically treatmenth proven efficacy is the use of
lung-protective mechanical ventilation with lowdiedvolume ventilation (6 ml/kg of ideal
body weight) and maintaining a plateau pressur@0otm of water or less, together with
appropriate fluid management. This strategy hasn bpeven to effectively reduce
mortality in ARDS clinical trials by reducing lunmjury and down regulating pro-
inflammatory cytokines (102, 103). Despite ongointgnsive research efforts over four
decades, there are no pharmacologic therapies abiailtill now (103). Several
pharmacological treatment trials with e.g. cortteosids, beta-adrenergic agonists,
anticoagulants, vasodilators, anti-oxidants, immonoglulating agents such as IL-10, and
surfactant failed to show an overall improvementnartality during clinical trials (104),
irrespective of their experimental/preclinical sess (105-110). In addition, various

pharmacologic agents such as ketoconazole, peyitmaf andN-acetylcysteine (NAC)
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have been investigated for the reduction of pulmpdamage in ALI/ARDS. But none of
these therapies has demonstrated a reduction imalityr(107, 111). Treatments with
recombinant human activated protein C (112) or HEIGA reductase inhibitors (statins)
were found to significantly reduce mortality in sersubgroups of patients (113-115) but
recombinant human activated protein C was assakiaitn an increased risk of bleeding
(112, 116). Novel therapeutic approaches have shpyramising results in animal models.
For example, bone marrow derived mesenchymal sédis) @1SCs) were found to possess
anti-inflammatory properties botim vitro and in vivo (117) Endothelial progenitors,
embryonic and induced pluripotent stem cells araratarlier stage in the translational
process, but offer the hope of directly replacingiied lung tissue (118)n another cell
therapy study, macrophages were used as vehicldglitcer keratinocyte growth factor
(KGF) expression to injured lungs (119). In futuesperimental therapies could include
cells or cell derived pharmacological compoundenbance edema clearance, stimulate
repair pathways, inhibit pro-inflammatory transtiop factors, and target inflammatory

cytokines.

1.6 Macrophages

Since Elie Metchnikoff first described the macrogphas phagocyte in 1882 this cell type
has been reported to reside in almost every pdaheolbody as large, tissue resident myeloid
cell characterized by the presence of pseudopadigphagocytic granules and by distinct
functional profiles. As central part of the innatemune system they have a crucial host
defense function but also contribute to the maimter of tissue homeostasis through the
clearance of apoptotic and damaged cells. Macragshatso play an essential role during
organogenesis in embryonic development, where #neyhighly concentrated at sites of
high cell death, such as developing limb buds (1Zbgse tissue re-modeling functions are
found to be conserved in the adult life therebypsupng wound healing and tissue
repair/remodeling processes after infection andrynjMacrophages are also known to
acquire tissue-specific phenotypes and functionsdififerent organs (Fig. 1-4). For
example, liver macrophages (Kupffer cells) remawarts, lung macrophages (alveolar &
interstitial) are highly equipped with clearance cimaeries to eliminate inhaled
environmental particles, bone macrophages (oststsglare essential for bone re-modeling,
placenta macrophages (Hofbauer cell) are involvad preventing the transmission
of pathogens from the mother to the fetus and ramakrophages (intra-glomerular
mesangial cells) play a role in filtration, struetusupport, and phagocytosis of debris in

the glomerulus. Although they exert tissue specifimctions, all of these tissue
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macrophages also release common soluble mediatatading enzymes, cytokines,
chemokines, arachidonic acid derivatives and glyai®ins such as fibronectin, that

contribute to maintenance of homeostasis and tisqegr (121,122).
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Figure 1-4 Macrophages in different tissues. Mononuclear phagocytes are generated from committed
haematopoietic stem cells located in the bone marrglacrophage precursors are released into the
circulation as monocytes and quickly migrate inéauny all tissues of the body, where they diffeiaetinto
mature macrophages. Macrophages are found in ewgygn and in different tissues where they have
specialized functiong\dapted from Murray PJ and Wynn TA 2011 (123).

1.6.1 Macrophage origin, differentiation and development

Ontogeny and differentiation of tissue macrophages briefly summarized in Fig. 1-5.

Macrophages may originate at the prenatal stage tiee yolk sac and fetal liver, and
during the postnatal stage from the bone marrow,(125). Alveolar macrophages belong
to the tissue macrophage type shown to arise frothrgonic progenitors that seed the
organ and mature locally before and shortly aftehland are maintained by proliferative
self-renewal throughout life, largely independehtaplenishment by blood monocytes in
the steady state (126, 127). However, during inffeation, blood monocytes are recruited
from bone marrow to inflamed lung tissue where thyexe rise to exudate macrophage
(ExMa) populations. Under these conditions, the no@altage composition of the lung

reflects a dynamic balance of recruited and tisegedent macrophages. These cells with
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distinct ontogenetic and proliferative historieg @xposed to regional signals in inflamed
lung tissue, but their distinct responses and &urgitogramming is largely unresolved.
Tissue resident macrophages originate from botk gat and fetal liver in pre-natal stage,
while during inflammation/injury, ExMa originatedm bone marrow (128). These ExMa
infiltrate to inflamed tissues via chemokine/cheimek receptor axis CCL2/CCR2
dependent way not occurring in CCR2-deficient n{i29, 130). After extravasation, these
ExMa are exposed to the respective organ microenwient, correspondingly adapt their
functional repertoire and may differentiate intayam-specific resident macrophages if

these are depleted by inflammatory stimuli or ititec (131).

Origins Tissues Disease context
Tissue-
Prenatal Local < andniche-  Local Local disease
proliferation | specific  proliferation
Nw] K == (@) desmid
sac T \——? k'X\/
' \\. Phenotypic 4 - \\'
A — N .' /
. F 4 plastlaty . /
NS = \‘ J
Phenotypic spectrum

Figure 1-5 Macrophage origin, differentiation and plasticity. Macrophages may originate both at the
prenatal stage from the yolk sac and fetal livexd during the postnatal stage from the bone martow.
specific tissue contexts, macrophages are prograhbgedocal factors. Here they may be both longdive
self-renewing cells or replenished from the bloashotyte pool. The macrophage activation statessués
can be loosely equated to macrophages in diseasee$i, but they are heterogeneous in origin and
phenotypically plastic, with variable contributiots disease progression. M@, macrophaggapted from
Liddiard and Taylor 2015 (128)

In mice, two blood monocyte subsets have beenndisished based on differential
expression of Ly6C (or Gr-1) and @ZR1 (132). Monocytes that express high levels of
Ly6C and intermediate levels of GBR1 as well as high levels of CCR2 are termed
Ly6C"™ monocytes. They are also known as inflammatoryauyptes due to their ability to
migrate to sites of inflammation and to produce -ipfammatory cytokines during
infection or tissue damage (132, 129, 133, and.IB4¢ second major monocyte subset in
mice characterized by low expression of Ly6C, happression of CYCR1 and low
expression of CCR2 is termed LyBtpatrolling monocytes, acting to maintain capillary
integrity (135). After extravasation, Ly8Cmonocytes differentiate into ExMa and

monocyte-derived dendritic cells (Mo-DC).
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It also been shown that ExMa can complement thegia#ly established macrophage
compartment, especially under conditions of sedeetion of the rAM population (such
as irradiation and infection). Thus, depending lo@ organ and its inflammatory history,
rAM may have a chimeric origin, being derived frawoth yolk sac/fetal liver as well as by
bone marrow monocytes, (125, 13@)espite their longevity and self-renewing property
during homeostasis (137), rAM were shown to belaeteg in severe inflammatory
conditions, e.g. influenza A infection (138). Thiepleted pool of rAM is replenished
during later stages of injury/infection by eithesifsenewal of CD11%CD11b rAM or
differentiation of lung recruited CD12¥CD118" ExMa derived from circulating blood
Ly6C" monocytes (139).

1.6.2 Macrophage activation

Diverse terms have been applied to describe maaggphctivation and polarization first
studiedin vitro where a stimulus such as cytokines or toll-likeepgor (TLR) agonists
were observed to produce distinct patterns of gereprotein expression (140). This led to
a widespread use of different definitions of mabiage activation, combining terms such
as M1 (classical) and M2 (alternative) activatidime origins of these terms was first
coined in the early 1990s when differential effeofsiL-4 compared to IFN- and/or
lipopolysaccharide (LPS) on macrophage gene expresgere described (141,142). IL- 4
was described to induce alternative activation caneqh to the effects of IFN- After
several years once again, Mills proposed the M1-tbtthinology (143). This concept
originated from the differential arginine metabolibetween macrophages from C57BL/6
and Balb/c mice, an effect which was correlatedhwitferences between Thl and Th2 cell
responses in the same strains. Mills and colleadueker proposed that the M1-M2
dichotomy was an intrinsic property of macrophagssociated with transitions from
inflammation to healing that would occur in the efse of an adaptive immune response
and arose early in evolution (144). A third setnmimenclature expanded the M1-M2
definitions to account for different activation seeios (M2a, M2b etc), balanced by the
idea that activation exists on a spectrum and daeasily be binned into defined groups
(145-149). A fourth definition refers to macrophaggown in GM-CSF-1 as M1 and CSF-
1 as M2 (150). Notably, significant differences @abeen documented in the
transcriptomes of macrophage populations primagéperated with the use of CSF-1 or
GM-CSF, without and with exogenous perturbation1jl16ut no substantial evidence
exists. Although the M1/M2 macrophage polarizattoncept was originally deduced from

in vitro experiments and may reflect only a small parth@ plasticity of macrophage
12



functionin vivo, it is considered as a valid starting point torelbterize the dynamics of

macrophage function.

1.6.2.1 Classically activated M1 macrophages

Inflammatory monocytes (GR¥MHCII'"/CD11Y/CD118"C/CCR2'/CX;CR1°Y) enter
the site of infection and recognize PAMPs thatgeig via Toll-Like-Receptors (TLR’S)
and other PRR inflammatory signaling cascades. [Baids to the priming of macrophages
by IFN-y via IFN-y receptor (152, 153) controlled lranscription factors such as STATL1,
STAT3, IRF3, IRF5 and IRF7 (154,155). If primed mmgahages subsequently encounter
an appropriate stimulus, such as bacterial LPStloergpro-inflammatory cytokines and
chemokines (156) in the local micro-environmentthet shaped to a classically activated
(CAM) or M1 phenotype (Fig. 1-6). Upon acquiringgt@AM (M1) phenotype, further pro-
inflammatory mediators such as ILBl IL-6, TNF-u (157-159) and chemokines like IL-
8/CXCL8, IP-10/CXCL10, MIP-1 alpha/CCL3, MIP-1 bAZ&LL4, and RANTES/CCL5
(160) are released. This leads to increased reweunit of inflammatory leucocytes such as
monocytes and neutrophils, which are known to ezeagg the inflammatory response. In
addition, CAM (M1) generate increased levels ofioibxide (NO) from L-arginine via
inducible nitric oxide synthase (INOS or NOS2) whicauses DNA damage and is
essential for the elimination of intracellular paglens (161). Moreover, CAM (M1) have
the ability to upregulate the expression of MHGssld and co-stimulatory molecules such
as CD40, CD80 and CD86 which allows them to acamtsggen presenting cells (APC)
(162). These pro-inflammatory properties of CAM (Mite important for host defense but
when uncontrolled they cause significant host #sgamage by exaggerated leukocyte
infiltration as well as by tissue flooding with lalmmatory mediators, pro-apoptotic factors
and matrix degrading proteases. In addition, CAM1)Melease proteolytic enzymes
including MMP-1, -2, -7, -9, and -12, which degrac@lagen, elastin, fibronectin, and
other ECM components (163, 164). TNFlso contributes to the pro-apoptotic activity of
the CAM (M1) (165, 166) through Fas Ligand/TNFSEGretion (165).

1.6.2.2 Alternatively activated M1 macrophage

In vitro studies have demonstrated that T helper cell 2/3eH2) derived cytokines such as
IL4 or IL13 are the key triggers for macrophagegttarize to an alternatively activated
macrophage (AAM) or M2 phenotype (Fig. 1-6). Thmechanism was found to be
controlled by transcription factors like IRF4, STABnd PPARy (167, 168). AAM are

characterized by their high phagocyte activity dmgh expression of CD206 (mannose
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receptor), FIZZ1 and Ym-1 (158). In contrast@aM (M1), AAM (M2) secret various
immune-modulatory cytokines and chemokines likeOILTGF$, and CCL17, CCL18,
CCL22 and CCL24 (169-171). Further, AAM (M2) areolm to be poor scavengers of
reactive oxygen and nitrogen species. Instead hlagg been shown to express high levels
of arginase-1 (172). Pro-angiogenic factors likecugar endothelial growth factor (VEGF)
(173) and platelet-derived growth factor (PDGFystsd by AAM (M2) has been shown to
be involved in tissue remodelling (174,175). AAM ZMare commonly found during
parasitic infection, allergy and in repair phaderatissue damage (158).

Well balanced M1 versus M2 macrophage polarizaitonivo contribute to maintainance
of host homeostasis as well as to achieving pathetimination and tissue recovery during
disease. However, tissue specific mechanisms #wilate M1 and M2 phenotype in

different organsn vivo are largely unknown.
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Figure 1-6 Macrophage activation phenotypes. Macrophages are activated either classically (M1
phenotype) or alternatively (M2 phenotype). M2 piaked macrophages express high levels of CD206,1CD7
and TGFBR while M1 express high levels of CD40, CD80, arid86 on the cell surface. STAT1, 3 are
highly activated in M1 phenotype and STAT6 in MZ2pbtype. Interferon regulatory factors (IRF) 37%re
active in M1phenotype while IRF4 in M2 phenotypéeTcytokines and chemokines like TNFH.-18, IL-6,
iINOS, CXCL10, CCL2 are in high levels in M1 phenmtyand IL-10,IL-1ra, Ym-1, FIZZ-1, Arg-1, GKR1
are highly expressed by M2 phenotype.

1.6.3 Regulators of macrophage activation

Macrophages can be activated to acquire either M2 phenotypes, based on micro-
environmental signals. The M1 macrophages are yighb-inflammatory and help in
defending host against pathogens. In contrastyit@enacrophage highly expresses growth
factors (GF’s) and anti-inflammatory mediators thatomote in tissue repair and
remodeling after injury. An unbalanced M1 vs M2 g@ation could impair host defense
or lead to the significant host tissue damage (I8®- Therefore, a tight regulation of

macrophage activation and deactivation is requikétl.polarized macrophages recognize
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TLR ligands via extracellular leucine rich repea®R) elements which by conformational
change brings intracellular Toll and IL1 recept®tR) domains together. Thereafter, the
MyD88 adaptor molecule is recruited to the TIR domavhich in turn recruits IL1
receptor associated kinase (IRAK) 4 (181). IRAK4sEs phosphorylation of IRAK1,
which then binds TNF receptor activated factor-RAF6). The IRAK1-TRAF6 complex
then dissociates from MyD88 and activates P&GEtivated kinase 1 (TAK1) and TAK1
binding protein 2 (TAB2). This leads to the phosptetion of the inhibitoryxB (IKK)
complex which in turn phosphorylatesBl, causing the release of NdB from inhibition
and the activation of IFN regulatory factors (IRFegpecially IRF7 and IRF5. NéB then
translocates to the nucleus and induces the tigtisor of pro-inflammatory cytokines,
chemokines and co-stimulatory molecules. MyD88 paihelent TLR3 pathway recruits
TIR-domain containing adaptor protein inducing fFNRIF) that induces the expression
of the transcription factor IRF3, leading to th@guction of type | IFN. TLR4 signals via
MyD88 or TRIF dependent routes, causing activatibthe TRIF-related adaptor molecule
(TRAM), which in turn leads to activation of IRFB&NF«B. These pathways integrate to
generate massive pro-inflammatory waves. In conttas M1 macrophages, M2
macrophages have in-built negative feedback lotyas terminate TLR signaling. For
example, LPS stimulation of M2 macrophages has beported to induce MyD88s, a
splice variant of the MyD88 protein that lacks tlemain necessary to interact with
IRAK4, thus preventing TLR signaling (182). SimiigrIRAK-M is a TLR-inducible
molecule that inhibits the dissociation of IRAK1AR4 complexes from MyD88, thereby
preventing further signaling (183). In addition tegulation of TLR signalling,
macrophages express further inhibitory receptoes tontrol their activation. Many of
these inhibitory receptors are paired with strudtyr related receptors involved in
activation, such as those belonging to the immuritmgin domain superfamily and the C-
type lectin family (184). Within the immunoglobalisuperfamily, these include signal
regulatory proteins (SIRP), triggering receptorpressed by myeloid cells (TREM) and
the CD200 receptor (CD200R) family. TREM-1 is agutamplifier of pro-inflammatory
responses in monocytes, macrophages and some apgas (185), whereas TREM-2 has
been shown to attenuate macrophage activationnlm &ivo study, TREM2 KO mice
showed enhanced pro-inflammatory cytokine releasesponse to TLR stimulation (186).
Recently, it has been shown that M2 macrophagetupssoluble TREM2 (STREM2) that
supports macrophage pool preservation after inflatony insults (187).
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1.7 Pulmonary Macrophagesin ALI/ARDS

Resident lung macrophages are crucial for maimgitissue homeostasis and are actively
kept silent in steady state conditions (126, 183sruption of tissue homeostasis by
infection or inflammation results in macrophagesvation with phenotypic and functional
modifications (189). Under these conditions resigerimonary macrophages are critically
involved in lung host defense as sentinels for @gehs and through initiation and control
of innate and adaptive immune responses. To resportireatening changes of their
environment resident macrophages possess variols Bich as TLRs, NLRs and retinoic
acid inducible-I (RIG-1)-like receptors (190), aslvas the scavenger receptors such as
CD163, CD36, MARCO, mannose receptor (CD206) (194).addition macrophages
express Fc and complement receptors that allow tieeracognize and engulf opsonized
foreign particles (190,191). At the site of infectlinflammation, macrophages are exposed
to various inflammatory signals sensed by the abmeationed receptors which induce
macrophage activation crucial for their host degefisnctions. During influenza virus
infection, the main antiviral functions of residegliveolar macrophages are considered
phagocytosis of viral particles and release of ethglra of inflammatory cytokines and
chemokines to initiate and drive the immune respo(l92, 193). Resident alveolar
macrophages (rAM) may either phagocytose collegtisenized viruses or virus-bearing
apoptotic cells, thereby contributing to IV cleatareven when they are not themselves
infected (194, 195). Depletion of resident alveatacrophages prior to infection resulted
in higher viral load, increased mortality, and @&ased type | IFN production (196).
Cytokines released by activated rAM stimulate nleaying alveolar cells to produce
chemokines which in turn mediate the recruitmentefitrophils, and later on, further

MonPh populations as well as lymphocytes (197, 198)
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Figure 1-7 Macrophage activation and polarization. Different extracellular signals are integrated hase
pulmonary macrophage phenotypes during lung inflation Growth factors such as GM-CSF, M-CSF, or
type | interferons (IFN) drive differentiation amdtivation of macrophage progenitors or lineagemsors,
Macrophages obtain signals from chemokines or leelladhesion molecules upon transendo/epithelial
recruitment to the alveoli. Macrophages receivadig from cytokines like GM-CSF and interferonegrate

to drive towards M1 phenotype or IL-4, IL-13, IL-26r IL-33 drive towards M2 phenotype. Pathogens,
PAMPs, or DAMPs deliver signals via TLR, NLR, orhet pattern recognition receptors. Cell—cell
communications during phagocytosis of apoptoticmgnils (PMN) or via CD200—CD200R interaction with
AEC add on these signals and may support an didgimimatory macrophage phenotype. JAMs, junctional
adhesion molecules; HSP, heat shock proteins; HMGBigh mobility group box-1; S. pistreptococcus
pneumoniaeK. pn., Klebsiella pneumonigeAEC, alveolar epithelial cellAdapted from Herold et al 2011
(24).

As outlined above, resident alveolar macrophages filne first line of defense towards
infectious challenge in the lung, but pathogen elation and restoration of homeostasis
following infection and tissue damage additiona#tguires the coordinated mobilization of
two circulating MonPh subsets defined accordingneage marker (GR-1) and chemokine
the GRYCCRZXICX;CR1" and the GR-
1"/CCR2"/CXsCR1°" peripheral blood monocytes (PB-Mo). GR*ICCRZ2°*"/CX;CR1"

PB-Mo patrols the resting vasculature, populatanabror inflammatory sites GCR1-

receptor expression, namely

dependently and participate in resolution of inftaation and tissue repair (132, 199). GR-
1"/CCR2"/CXsCR1°" PB-Mo are predominantly inflammatory and migraterjured and
infected sites. CCR2 and its major ligand, CCL&daknown as MCP-1) are evidently
important in both emigration of these cells frora ione marrow into the blood stream and
their immigration into inflamed tissues. During ingration to the inflamed lung, and upon
with  the GRMCD118™
/CD11&MHCII'Y/SiglecE' (ExMa) recruited from the circulating LyBenonocyte pool

contact local inflammatory milieu

receive a variety of signals depending on the typefection and on the state of tissue

inflammation. It also has been shown that, thevatsd macrophages in response to injury
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can undergo differentiation into two broad but idist subsets of macrophages that are
categorized as either classically activated (CAMVA) and alternatively activated (AAM
or M2) macrophages (Fig. 1-7). The emerging conoéphacrophage plasticity is largely
based on the effects of cytokines on monocytesrebden vitro. In such experiments,
GM-CSF was found to induce an M1-like phenotypengicrophages, a process which was
mediated by the transcription factor IRF-5, wher@&4® macrophages showed IRF-4
activation (200). Recently, a critical role for &pIFN/IFNAR signalling in differentiation

of PB-Mo towards defined lung macrophage phenotypes demonstrated in an influenza
pneumonia mouse model (201).

As a key component of the inflammatory response¢ dedermines tissue destruction or
recovery, increasing evidence suggests that maaggshdo not remain committed to a
single activation state. They may regress to aingsstate and can subsequently be
reactivated in a different direction, as recentiyndnstrated (202). Following phagocytosis
of apoptotic cells, classically activated M1 madrages may revert to an M2 activated
state. These results suggest that macrophages raeotgpically polarized by the
microenvironment to mount specific functional pkedi (203), and this process depends on
activation of distinct transcriptional programs.\whyer, the heterogeneity of macrophages
in the lung, their diverse role in lung inflammaticand tissue remodeling, and the
coordinated activation and programming by othelamfnatory and parenchymal cells are
not fully understood. In particular, the cell sgiectasks of macrophage subsets and their
progeny within the lung microenvironment during tea@l and viral infection are largely
unknown. Therefore, a more precise knowledge of nfwdecular signals co-ordinating
spatial and temporal macrophage differentiation famel tuning of the functional response
in infection that resolves the division of labotween the various macrophage subsets are
needed to develop clinically useful interventioratggies. Analysis of the molecular basis
of signal integration during macrophage polarizatiopens the perspective for
interventional approaches to polarize/repolarizecnopghage phenotypes for therapeutic
purposes to target host defense, termination ddirimmhation and tissue repair in the time

course of bacterial or viral infections.
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2. Hypothesis and aims of the study

As discussed in the previous sections, during mmfteation such as influenza-induced lung
injury the macrophage composition of the lung i@fea dynamic balance of recruited and
tissue-resident macrophages. These macrophage atiopsl with distinct ontogenetic
histories are exposed to various regional signalshe inflamed lung tissue, but their
distinct response and further functional prograngmemained unresolved. Therefore, the
central goal of the current study was to develofloaw-cytometry based protocol to
characterize macrophage activation profiles seplgrdbr resident and recruited lung
macrophages during early and late phases of ideamrus pneumonia. Hypothesizing
that macrophage phenotypes differ at early vs. itd#etion states, further goals were to
characterize the gene expression profile/transumpt of these different macrophage
subtypes in detail and to further investigate tenctional capacities in vivo by adoptive
cell transfer experiments. Finally, this projectmad at identifying crucial effector
molecules for distinct macrophage subtype functidened by the outlined approach in

the course of IAV induced lung injury.
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Figure 2-1 Composition of lung macrophages in homeostasis and during injury. In steady state, resident
alveolar (rAM) and interstitial macrophages derifemim precursors of fetal liver origin are a cehpart of

the distal airway organotypic milieu. During infianation, exudate macrophages (ExMa) originatingnfro
bone marrow migrate via blood stream into the m#a lung tissue. These, resident and recruited lung
macrophages with different ontogenetic and migrakistories are exposed to dynamically changingored
signals which impact on their functional profile.
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3. Materialsand M ethods

3.1. Materials

3.1.1 Mice

C57BL/6 wildtype (wt) mice, B6.SJL-Ptgrmice expressing the CD45.1 alloantigen
(Ly5.1 PTP) on circulating leukocytes (with C57Blgénetic background) were purchased
from Charles River Laboratories. CCR2-/- mice wgenerated as described previously
and backcrossed to the C57BL/6 background (204xeMwere bred under specific

pathogen-free conditions and were used betweerd8 arweeks of age, unless specified

otherwise.

3.1.2 Influenza A virus (PR8) propagation

Influenza virus A/Puerto Rico/8/34 (H1N1) (PR8) waopagated on canine epithelial
MDCK Il cells. Cells were passaged in a T75-celtune flask at a ratio of 1:3 a day prior
to infection to achieve an 85-90% confluency of tedls at the time point of infection.
Cells were washed with PBS and infected with a iplidtty of infection (MOI) of 0.001.
The virus dilution was prepared in MDCK Il infeationedia (MDCK medium as described
above but supplemented with 0.2% BSA instead of )FC8lIs were inoculated with 5mi
virus dilution for 1h at 37°C and 5% GQwere then washed and further incubated with
10ml infection medium. Cell culture supernatantataming virus particles released from
the infected cells were harvested after 72hrs amdrifuged at 3000rpm at 4°C for 30min.
Supernatants were stored as aliquots at -80°C.

3.2 Reagents
Table-1 Chemicals and consumables
Chemical and consumables company
Ampicillin Sigma-Aldrich, GER
Atropin B.Braun, GER
BSA (bovine serum albumin) Sigma-Aldrich, GER
Cell culture flasks 75cfn Greiner, GER
Cell culture plates, single- and multi-well Grein&ER
Cell scaper, 28cm and 40cm handle Greiner, GER
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Cell strainer filters 40, 70 and 100pum

BD Bioscies, USA

Cell nylon filters 20uM

Merck Millipore, GER

Dispase Corning Life Sciences, USA
Dispase Il Bohringer, GER

DNase Serva, GER

DNase Serva, GER

DMEM Gibco Carlsbad, USA

dNTP's (desoxynucleoside triphosphat

Thermo 8tieriJSA

Dithiothreitol (DTT)

Thermo Scientific, USA

EDTA (Ethylenediaminetetraacetic acid

)

Roth, GER

Ethanol

Sigma-Aldrich, GER

FITC tagged albumin

Sigma-Aldrich Chemie GmbH, GER

GentleMACS C tubes

Miltenyi Biotec, GER

Haematoxylin, eosin

Bayer AG, GER

MLV-RT

Life Technologies, USA

L-Glutamin [200mM]

Gibco BRL, GER

FCS (fetal calf serum)

Life Technologies, USA

HEPES

Merck Millipore, GER

Magnesium sulfate

Sigma-Aldrich, GER

PBS

Life Technologies, USA

PBS™ (containing MgCl)

PAN-Biotech, GER

Parafilm

American National, USA

Paraformaldehyde (PFA)

Merck, GER

Penicillin/Streptomycin [5000 U/ml]

Gibco BRL, GER

Polystyrene tubes, 15ml and 50ml

Greiner, GER

Polystyrene round-bottom tubes 5ml

BD BioscientksA

Ketaminhydrochloride (Ketavet)

Pharmaci & Upjohr5A

Paraformaldehyde (PFA)

Merck, GER

Methanol

Roth, GER
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Sandoglobulin

Novartis, CH

Saponine

Merck Millipore, GER

Annexin V binding buffer

BD Pharmingen, GER

7-AAD

BioLegend, GER

SYBR Green |

Life Technologies, USA

Reaction tubes 0.5ml and 1.5ml

Eppendorf, GER

Syringe 1ml, 10ml and 20ml

B.Braun, GER

Transwell permeable supports

Corning Life Scienté&A

Trypsin-EDTA

Merck Millipore, GER

Trypsin-TPCK

Worthington Biochemical, USA

RNase

Serva, GER

Trypsin-TPCK

Worthington Biochemical, USA

RNase Serva, GER
DNase Serva, GER
recombinant mouse Pletl Cusad, GER

RPMI Life Technologies Carlsbad, USA
RNeasy Kit Qiagen, GER
Table-2 Buffers and compositions
Buffer/medium composition
FACS PBS, 5% FBS, 1% EDTA 0.1% NaN3 sodium azide

MACS PBS, 5% FBS, 1% EDTA

Mu AEC medium

DMEM, 10%FCS, 1% Penicillin/Streptacity, 1% L- Glutamine, 2.5% HEPES

Mu AM medium

RPMI, 2%FCS, 1% Penicillin/Streptomycil% L- Glutamine, 2.5% HEPES

PBS-EDTA

2mM EDTA in PBS
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Table-3 Antibodies
The following anti-mouse mAbs were used in flowargetry analysis. * Antibodies used
in pletl protein validation experiments (Table-3).

Antibodies Dillution Company
CD11c FITC 1:20 Miltenyi Biotec, GER
Siglec-F PE 1:50 Miltenyi Biotec, GER
CD45-APC-Cy7/FITC 1:100 BD Pharmingen, GER
CD45.1-FITC 1:100 BD Pharmingen, GER
CD45.2-APC-Cy7 1:100 BioLegend, GER
GR1-PE-Cy7 1:100 BioLegend, GER
CD11c-FITC/ PE-Cy5.5 1:20 Biolegend, GER
SiglecF-PE/Pacific blue 1:50 BD Pharmingen, GER
CD11b-Pacific blue/ BV421 1:50 Biolegend, GER
MHCII-FITC/ PECF594 1:100 BD Pharmingen, GER
CD206-APC 1:20 Biolegend, GER
CD40-Pe-Cy5 1:50 Biolegend, GER
CD326- APC-Cy7 1:100 BioLegend, GER
CD31-FITC 1:50 BD Pharmingen, GER
CD24-Pe-Cy7 1:50 BioLegend, GER
CD49f-Pacific blue 1:50 BioLegend, GER
annexin V-Alexa Fluor 647 1:20 Invitrogen, GER
anti-influenza NP-FITC 1:50 abcam, USA
Ki67-PE 1:10 BD Pharmingen, GER
*Pletl 2Qug/ng R&D Systems, Inc., GER
Active-caspase3 1:50 R&D Systems, Inc., GER
Z0-1/TJP1 1:200 Life technologies, GER
APC Rat 1gG2a,k Isotype 1:500 BioLegend, GER
Pe-Cy5 Rat IgG2a,k Isotype 1:500 BioLegend, GER
*Rat 1gG1 Isotype Control D)) R&D Systems, Inc., GER
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PE Mouse IgG1,k Isotype control 1:500 BD PharminggBR

Alexa Fluor 488 goat anti-rabbit IgG 1:400 Inviteogy GER
Table- 4 RT-PCR primers
Genes Primers

Forward (5'-3") Reverse (5-3")
B-Actin accctaaggccaaccgtga cagaggcatacagggacagca
Mu FIZZ-1 tcctgecctgectgggatgac ggcagtggtccagtcaacg
Mu IFN-y gccacggcacagtcattgaaagc caccatccttttgccagttcctcca
Mu IL1-B tacctgtggccttgggcctcaa gcttgggatccacactctccagct
Mu IRF4 tgacgtttggcccacgaggc ggttcctgtcacctggcdhcca
Mu Mrcl gggacgtttcggtggactgtgg ccgcctttcgtectggatg
Mu Klf4 ctgcgaactcacacaggcgaga agcgggcgaatttcaaccc
Mu iNOS ttggaggccttgtgtcagccect aaggcagcgggcacatgca
Mu Argl accacagtctggcagttggaagc agagctggttgtcagggga
Mu Ym-1 gcactgacaggctttgcggt aagcttccaacgccttcccg
Mu IL-10 ggcagagaagcatggcccagaa aatcgatgacagcgcctca
Mu IL-1ra tgcctgatcactctggccatca tgtctccttctactgtactge
Mu TNF cggtccccaaagggatgagaagt acgacgtgggctacaggctt
Mu CD206 atggattgccctgaacagca tgtaccgcaccctccatcta
Mu CD40 gtttaaagtcccggatg ga ctcaaggctatgctgtctgt
Mu CD86 ttacggaagcacccacgatg ctccacggaaacagaatctga
Mu CD80 tggcccgagtataagaaccg tatgtgccccggtctgaa
Mu PPAR-G ttgctgtggggatgtctcac aacagcttctccttctcgge
Mu Bax gctggacactggacttcctc gaggccttcccagcecac
Mu Bcl2 ctgagtacctgaaccggcat agttccacaaaggcatcccag
Mu Trem2 cccgaggagtcatcgagtttc cacaggatgaaacctgcctg
Mu Cldn1 cgacattagtggccacagca tggccaaattcatacctggca
Z0-1 gcttctcttgctggecctaa gggagcctgtagagcagtttt
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Mu Ocln tctttccttaggcgacageg agataagcgaacctgccgag
Mu Cdh1l aacccaagcacgtatcaggg gagtgttgggggcatcatca
Mu EpCam tgctccaaactggegtctaa ttgttctggatcgeecectte
Mu PDGF-a agaggtccaggtgaggttaga acctcacatctgtctcctc
Mu PDGF-b ctgctagcgtctggtca catcaaaggagcggatggag
Mu PDGF-c aattgtgcctgttgtctcca tat gcaatcccttgactcc
Mu EGF tcgttgttagcaccatccctc ggcacaaccaggcaaaggat
Mu FGF 7 catgcttccacctcgtctgt cagttcacactcgtagccgt
Mu FGF 10 gctcccaggagaggacaaaaa catccaccaacagcgttt
Mu IGF 2 tcggtttgcatacccgcag gggatccccattggtacctgg
Mu Vopp1l cttcggacggtcctcgce tcagtgcactccactagcag
Mu Ccpgl caattcaagaagcgcccagc tgaaaagacgggttctggct
Mu VEGF-b ccctggaagaacacagccaa agaggatcctggggctgtc
Mu Notchl caactgccagaaccttgtgc tggtactgcgtgttggtc
Mu Pletl tcctcatcgtecgtcaatcgce tgaggctgagggttgiactt
Mu IRF7 accgtgtttacgaggaaccc gctgcgctcggtgagag
Mu CcnD1 tcaagtgtgacccggactgc ccttggggtcgacgttctg
3.3 Methods

3.3.1lInfluenza A virus titration

To determine the amount of virus particles capatflemulticycle replication (plagque
forming units, pfu), MDCK Il cells were seeded im@ll plates one day prior to infection
to achieve a confluency of 85-90% at the time poiinfection. Cells were washed with
PBS and infected with 333ul of subsequent 1:10tidiis of the virus stock in
PBS/0.2%BSA, covering a range of dilutions from0f:1o 1:10. Virus dilutions were
inoculated at 37°C 5% CQor 1h, cells were then washed and covered wimlLAvicel
medium (2xMEM, 1% Penicillin/Streptomycin, 0.1% NaB3, 0.2% BSA, 2ug/ml
Trypsin-TPCK, 1.25% Auvicel). Due to its high vistgs Avicel prevents viral spread
through the cell culture by diffusion of viral patés in the surrounding media and only
allows virus spread from cell to cell. Cells weneubated for further 48h at 37°C 5% £0

to allow formation of plaques caused by local delth of infected MDCK I cells. After
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this incubation, cells were fixed with 4% PFA folOr@in at 4°C followed by

permeabilization by 0.3% Triton-X-100 for 15minRT. Blocking of unspecific antigenic
epitopes was performed using Normal Horse SerumSNeHiluted 1:100 in PBS/ 0.2%
BSA. Plagues were visualized by immunohistochemstaining with anti-Influenza NP
antibody diluted 1:100 in PBS/10% NHS/0,05% Tweénf@& 1h at RT followed by a

Horse raddish peroxidase (HRP)-marked secondarmymamtse antibody diluted 1:200 for
1h at RT. Addition of TrueBlue, an HRP-substratelding a blue colour after enzymatic
progressing, allowed counting of plaques per well.

The titer of the virus stock was calculated by:

number of plaques per well*dilutidfilml/333pl = pfu/ml

3.3.2 In vivoinfection protocol

Mice were pre-administred with Atropin (applicatioro5mg/kg; diluted in 0.9% sterile
NaCl to 0.05mg/ml and applied subcutaneously a2r@lQper 20g body weight) and
anesthesized with Xylazine hydrochloride (applmatilémg/kg; diluted in 0.09%
sterile NaCl to 3.33mg/ml) and Ketamine hydroctder{application 100mg/kg; diluted
in 0.09% sterile NaCl plus 3.33mg/ml Xylazine hychitoride to a concentration of
25mg/ml) applied intraperitoneally at 0.2ml per 2figly weight. Mice were kept on a
heating pad to minimize loss of body temperaturghidved anesthesia was verified by
pinching of the tip of the tail. Mice were thendik at the upper teeth and hindlegs in
supine position on an intubation stand, and an eackeeal tube was inserted orally,
passing the vocal chords into the trachea. Usingaanilton syringe, mice were
inoculated with 250pfu (plaque forming units) of @Br diluted in 70l sterile PBS..
Control groups were inoculated with 70ul of steBS without additives. Infected

mice were monitored 1-3 times per day.

3.3.3 Isolation of alveolar macrophages by magnetic dsdisell sorting (MACS)

Mice were sacrificed by cervical dislocation ané thachea was exposed to insert a 21-
gauge cannula via a small incision. Mice were tlamaged with 10x 500ul PBS/ 2mM
EDTA. Bronchoalveolar lavage fluid (BALF) was stdren ice until further processing.
Cells in BALF were pelleted by centrifugation atODdpm for 10min at 4°C and
resuspended in MACS buffer (Phosphate-bufferechsalPBS), 2% calf serum, 1 mM
EDTA). These cells were pelleted and incubated withuse Fc-blocking reagent for
10mins at 4°C. Then the cells were stained witrordgcein isothiocyanate (FITC)-
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conjugated anti-CD11c antibody followed by magné&ihmelling with Anti-FITC MultiSort
MicroBeads. Following positive selection, the magn@articles are removed from the
cells by using the MultiSort Release reagent agogrtb the manufacturer instructions.
The CD11c positive cell populations were then stdiwith phycoerythrin (PE) conjugated
anti-SiglecF antibody followed by magnetic labedliwith anti-PE MultiSort MicroBeads.
Finally the double positive (CD11c and SiglecF)selere magnetically isolated to obtain

the total alveolar macrophage population.

3.3.4 Preparation of BALF and lung homogenates for figwometry

Mice were sacrificed by exsanguination. BALF weo#lected and cells were pelleted as
described above in section 3.2.3, then resuspemd&ACS buffer (PBS, 5-10% FBS,
0.1% NaN3 sodium azide) and stored on ice for floometry analysis. Lavaged lungs
were perfused with sterile PBS via right heart xiel®@ puncture. The lungs are filled
slowly with 800-150QL of dispase using a 21-gauge cannula via a smaiion into
trachea and tied with a suture thread to avoiddhkage of dispase. The lungs were then
removed, after carefully dissecting out the heartl ancubated for 40 min at room
temperature in dispase. The lungs are then subje¢otea MACS tissue dissociator and
filtered using 100m and then 4@m filters. Obtained cells were pelleted by centétion

at 800rpm for 8min at 4°C, re-suspended in 1ml R&Binted and adjusted to 'télls/ml
and stored on ice for flow cytometry analysis.

3.3.5 Flow cytometry analysis of alveolar and intersiitiacrophages

1-5x16 cells were resuspended in FACS buffer and staéfiezttly after isolation from
BAL or preparation of single cell suspensions frtung tissue in 96-well plates and
incubated with 10p| Sandoglobufito block Fc-receptorsCells were therincubated with
the respective antibodies for 20min at 4°C or nesoded in annexin V staining buffer (10
mM HEPES, 140 mM NaCl and 2.5 mM CaClo analyse apoptosis. The rest of the cells
were fixed in 1%PFA/PBS for later analysis. Flowtargetric analysis was performed
using a BD LSRFortesa flow cytometer (BD Bioscienddeidelberg, Germany) and FACS

Diva Software.

27



3.3.6 Purification of M1 and M2ExMa by fluorescence aated cell sorting (FACS)

Wild type mice were infected with 250pfu of PR8 aladaged to obtain BALF (as
described in 3.2.3) on D7, D10, D14 and D21pi. BRLF was then centrifuged at
1400rpm for 10min at 4°C and the pelleted cellsemtelbcked with 10l Sandoglobufin
and incubated with a mixture of antibodies (CD45,1GCD11b, SiglecF, CD11c, CD206
and CD40) in 250ul MACS-buffer (PBS, 7.4% EDTA, %.9-CS pH 7,2) for 20min at
4°C. The cells were washed to remove unbound atigBoand resuspended in 3ml of
MACS-buffer. 7-AAD (1:10) was added to each sam@d@min before sorting. M1
ExMa’s (CD4¢' CD20€°" CD118 CD11¢ SiglecF®") from D7, D10, D14pi and M2
ExMa’s (CD208' CD40°“CD11b CD11¢ SiglecF*™) from D21, D10, D14pi were then
flow sorted into alveolar macrophage medium usiiPaFACSAria™ lll Cell Sorter. The
purities of sorted M1 and M2ExMa were assessed |ty tytometry analysis which
showed a purity> 90% in all samples. Sorted M1 and M2ExMa were rifeiged at
1400rpm for 10min at 4°C and pellets were resuspeia 35@.L of RLT buffer and stored
at -80°C for RNA isolation.

3.3.7 Adoptive transfer

For adoptive transfer of M1 and M2ExMa, the cellsrevsorted from D7pi or D21pi as
described in 3.2.6. 50.000 sorted cells of M1 an2EkMa were resuspended in 60l
sterile PBS only or together with anti-Pletl antibody or Ig€otype and transferred
orotracheally to PR8-infected CCR2-deficient mice@3pi. Thereafter the effects of the
adoptive cells transfers with respect to inflamatand alveolar barrier protection were

analyzed at D7pi.

3.3.8 Generation of bone marrow chimeric mice

Bone marrow (BM) cells were isolated under stecdeditions from the tibias and femurs
of wt C57BL/6 donor mice (expressing the CD45 [@aitigen) as previously described
and transferred to CD45.1 alloantigen-expressiegiEnt mice which had received total
body irradiation (6 Gy) [76]. To assess BM engraftmthe proportion of donor CD45.2-
expressing leukocytes in blood, BALF and lung hoemaje was analyzed by flow
cytometry. Two weeks after transplantation, redulaB0% of circulating leukocytes were
of donor type (CD45.2) whereas >90% lung-resideyloid cells were of recipient type
(CD45.1) determined by FACS analyses of the propustof CD45.1 vs. CD45.2 cells.
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Chimeric mice were housed under specific pathogea €onditions for 14 days before
PR/8 infection.

3.3.9 Administration of recombinant Pletl in vivo

Mice were prepared as described in 3.2.2. Usingamilion syringe, recombinant
murine pletl (R&D Systemsuf in 50ul PBS)was orotracheally delivered to infected
mice on D3pi. Control groups were inoculated wiGubof sterile PBS. Treated mice
were monitored 1-3 times per day.

3.3.10 FITC albumin alveolar leakage

Alveolar leakage was analyzed by the lung permelaissay with i.v. injection of FITC-

labeled albumin (Sigma-Aldrich, Taufkirchen, GERgaletection of FITC-fluorescence in
serum and BALF, as previously described (64) or degermination of total protein

concentrations in BALF by a commercially availaldpectrophotometric assay (BCA

assay, Biorad, Munchen, Germany).

3.3.11 Isolation of primary murine alveolar epithelial ¢l

Murine alveolar epithelial cells (AEC) were isokhtbased on the protocol developed by
Corti et al (205). Mice were sacrificed by cervidalocation. The chest cavity was opened
and lungs were perfused with sterile HBSS via tflet ventricle. To insert dispase into the
lung, a small incision was made into the tracheamsert a shortened 21-gauge cannula.
This cannula was fixed and 1.5ml of sterile dispases administered into the lungs to
allow enzymatic separation of distal epithelialleelhe lungs and trachea were dissected
out, washed in PBS and placed in dispase for 4@&imom temperature (RT). The heart,
trachea and large airways were removed and theimgrgaung tissue was dissected in
DMEM/ 2.5% HEPES plus 0.01% DNase in C tubes usiveggentle MACS dissociator.
(Milteny Biotec). Cells were filtered through 1080 and 20um cell filters, washed,
resuspended in DMEM/ 2.5% HEPES and counted. Thedls evere incubated with
biotinylated anti-mouse CD31, CD16/32 and CD45 mdies for 30 min at 37°C to
remove remaining endothelial and lymphoid cellstidody amounts were calculated by

following equations:

number cells/1,000,000 *0,9 = pl of CD45 antibody
number cells/1,000,000 *0,675= pul of CD16/32 antipo
number cells/1,000,000 *0,4 = pl of CD31 antibody
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After incubation, cells were washed and streptaviciked magnetic beads (washed thrice
with 1ml PBS) were added for 30 min at room tempeeawith gentle rocking. Amounts

of magnetic beads were calculated by following ¢éiqua

number cells/1,000,000 /3*50ul = pl of magneticdsea

After incubation, magnetic separation was perforrfeedl5 min and remaining cells were
washed and resuspended in mMAEC medium. The pufityeshly isolated mAEC was
assessed by flow cytometry for murine EpCAM (stagniepithelial cells) and pro-
surfactant protein C (staining type Il AEC). Calispensions with a purity 90% were
used for further experiments. Cell viability wasaexned by trypan blue staining and was
>95%. Murine AEC were seeded at a density of 12QaED cells/crh and grown for 3
days to confluency prior to use. For analysis ofCA&poptosis, lungs were digested by

intratracheal application of Dispase and processealtlined previously (64).

3.3.12 Influenza A infection of cultured cells

To infect murine alveolar epithelial cells (NAEC)thvPR8, the virus stock was diluted in
PBS™, 0.2% BSA to the indicated multiplicity of infeoti (MOI). The final concentration

of the inoculum was calculated as follows:

Number of cells/well*MOI*1ml/inoculation volume |H pfu/ml

The cells were washed with PBS and inoculated thigtinal virus dilution for 1h at 37°C/
5% CQ. Thereafter the virus dilution was removed andaegd by infection medium

containing 0.2% BSA instead of FCS. Chemicals waatded together with the infection
medium at the indicated concentrations. Infectetls ceere kept at 37°C/ 5%GCO

throughout the course of infection.

3.3.13 Trans-epithelial resistance
Trans-epithelial resistant (TER) on cell layersyf?hEC was determined by changes of the
flow of ions across the cell layer in apical angdaell culture media. mMAEC were seeded
as described in 3.2.12 in 0,4um pore size transeedliculture dishes and cultured until
achieving electrochemical resistances>8002 /cn? as measured by Millicel-ERS2
device. Cells were infected with PR8 at MOI 0.5vwck infected for 1h at 37°C and then
supplied with 20ng/ml recombinant (r) murine PléElusad, GER) or mock treated. The
TER was recorded by MillicellERS2 device at 4,8;,12, 16, 24 and 30hrs of post
infection. The recorded values are multiplied witle area of the transwell to obtain the
TER value.
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3.3.14 RNA isolation

For RNA isolation, cells were washed with PBS amehtincubated in 350ul RLT buffer
provided by the RNeasy Kit (Qiagen), leading td bdis, protein denaturation and thus
RNase deactivation. Samples were processed acgdualihe manufacturer’s instructions.
By adding 350ul of 70% ethanol, RNA was precipida@nd then bound to a silica
membrane, washed and finally eluted in small vosi®NA amounts were measured
using the spectrophotometer Nanovue Plus (GE Hzzakh

3.3.15 cDNA synthesis

For cDNA synthesis 150- 250ng of isolated RNA plif20 in a total volume of 13.5ul
were heated up to 70°C for 5min to break up seagnBalA structures and linearize the
RNA. Samples were then put on ice for 3-5min. Thérbul of PCR Master Mix were
added including a reverse transcriptase neededrdmscription of RNA into cDNA
according to the manufacturer’s instructions. Samplere kept at 37°C for 1h and then
heated up to 95°C for 5min to inactivate the rexdranscriptase. All incubation steps
were performed in a PeqSTAR thermocycler (Peqlalangern, GER).

3.3.16 Quantitative real-time polymerase chain reactiod {RCR)

RT-PCR was performed with SYBR green in the AB Steye plus Detection System
(Applied Bioscience) using the reaction setup piedi by the manufacturer’s instructions.
B-actin expression served as normalization contalta are presented asCt or fold
change (2*“!) as described (206). The primers used were listée table- 4.

3.3.17Transcriptome analysis by genome array

For genome array of M1 and M2 ExMa, the cells wayded as described in 3.2.6. The
sorted M1 ExMa from D7pi and the M2 ExMa from DApid D21pi were re-suspended in
RLT buffer and stored at -80°C untili RNA isolaticand further processing for
transcriptome analysis. The isolated RNA was arnepliby Ribo-SPIA technology using
the Ovation PicoSL WTA v2 kit (NuGen). The ampldfieDNA was Cy3-labelled using
the Genomic DNA Enzymatic Labeling kit (Agilent)ug labelled cDNA was hybridized
on SurePrint G3 Mouse GE 8x60K Microarrays (Agildsign ID 028005) following the
Agilent protocol. Washed slides were dried withtanérile and treatment with Agilent
dye-stabilization solution. Slides were scannedaatesolution of 2 pm/pixel with an

InnoScan 900 instrument. Image analysis was dotte Mapix 6.5.0. Further data analysis
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was done using R 3.1.0 (207) and the limma pack2@® from BioCondurctor. Mean spot
signals were quantile-normalized. Log-signals dqflicate spots were averaged. Gene set
tests were based on rank-sum statistics of the ratstkt-values. Pathway definitions were
taken from the KEGG database (http://www.kegg.409 210).

3.3.18 Cytospin staining

Aliquots of FACS-purified cells (0.5-1x105 cells)eve spun onto Polysine TM glass
microscope slides (VWR International) at 300 RPM 6aminutes using a cyto-centrifuge
(Shandon, Runcorn, UK). Cells were then allowedaitodry for 10 minutes and then
stained using May Gruenwald and Giemsa stain fanZnd 10min, respectively with a
thorough distilled water wash at the end of eaamstg step. Then, slides were allowed to
air dry and mounted in DPX mountant (BDH, UK) und&ss. Stained cells were assessed

for morphology using an Olympus BX41 microscope.

3.3.19 Fixation and preparation of lung tissue for histgjo

For histological staining of mouse lung tissuegsinvere clipped at the trachea before
opening of the chest cavity, then perfused, remomsed fixed for 24h in 4% PFA.
Lungs were embedded in Parrafin (Leica ASP2003)inta 3-5um thick sections and
stained with hematoxylin and eosin in the followprgcedure:

Xylene 5min (twice), 100% ethanol 30sec (twice)¥®eéthanol 30sec, 96% ethanol
30sec, 70% ethanol 30sec, 70% ethanol 30sec, heyhat8min, 0.1% HCI 2sec, D
5min, Eosin G solution 3min, 4@ 30sec, 70% ethanol 30sec, 90% ethanol 30sec, 100%
ethanol 30sec (twice), xylene 5min (twice). Anadysias performed with a Leica DM

200 microscope.

3.3.20 Fixation of cell cultures for immunofluorescencemscopy

For immunofluorescence microscopy, cells were washigh PBS and then air-dried
for Imin at RT. Cells were fixed and permeabilizegl a pre-cooled (-20°C) 1:1
acetone/methanol suspension that was left on thefoe 3min at RT. Cells were then
washed thrice with PBS/0.3% BSA and blocked with B®A in PBS over night at
4°C.
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3.3.21 Statistical analysis

All data are given as mean = standard deviatioatisdical significance between two

groups was estimated using the two-tailed paireth@munpaired student's t-test for paired
or unpaired samples, respectively. For comparidon two groups with each other one-

way ANOVA was applied. Significances were calculatégth the prism or with MS-xl| for

windows software program. A value of p<0.05 wasstdered as significant.
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4. Resaults

4.1 Polarization profile of total alveolar macrophagesin IAV induced AL

To evaluate the dynamics of alveolar macrophadarigation during 1AV induced ALI,
alveolar macrophages were isolated from bronchotdvdavages (BAL) obtained from
PR8 (250pfu) infected mice at different time poiptsst infection (pi) (DO, D2, D7, D14,
D21) by magnetic assisted cell sorting (MACS). Theity of the isolated macrophage
population was evaluated by flow cytometric immuienotyping using CD11c and
SiglecF as macrophage markers and by morpholo§appenheim stained cytospins. Both
evaluations showed enrichment of the macrophageoption to > 90 % (Fig. 4-1 A, B).
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Figure 4-1 Isolation of alveolar macrophages by immuno-magnetic cell sorting from BAL in 1AV
induced ALI. Bronchoalveolar lavage (BAL) were collected fromiceninfected with PR8 (250pfu) at DO,
D2, D7, D14 and D21 post infection (pi) and aleeahacrophages were enriched using CD11c and &iglec
antibodies tagged magnetic beads by magnetic edsistl sorting (MACS)A. Flow cytometry dot plots
show theproportion of alveolar macrophages (CDI1&SiglecF) before and after MACS enrichmeBt
Papenheim staining of cytospins before and aftAC8® enrichment. Representative experiments for@¥),
D7, D14 and D21 post infection (pi) days with 4clegi time point.

The mRNA expression of prototypic markers for M1 and M2 macrophage polarization in
MACS enriched total alveolar macrophages was analyzed by RT-PCR at different time

points pi. The gene expression of both M1 and M2 polarization markers was found to be
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slightly increased in the early phase of infectom returned to the baseline at later stages
of pi (Fig. 4-2) suggested the presence of bothald M2 phenotypes during the course of

infection.
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Figure 4-2 mRNA expression levels of prototypic M1 and M2 markers in MACS enriched alveolar
macrophages from BAL during IAV induced ALI. MACS enriched alveolar macrophages from
bronchoalveolar lavages (BAL) of PR8 infected (2o)pnice at DO, D2, D7, D14 and D21 post infection
(pi) were analyzed for the expression of the gyqic M1 (TNF, IL-1B, iINOS) and the M2 markers (IL10,
IL-1ra, Arg-1 Ym-1, TGFB and FIZZ-1) by RT-PCR. The graphs are represemigd ACT relative
expression normalized factin with means + SD of 3 independent experiments

4.2 Polarization profile of FACS separated alveolar macrophage subsets in AV
induced AL

During inflammation such as influenza induced lumgry the macrophage composition of
the lung reflects a dynamic balance of recruited #ssue-resident macrophages both
exposed to various regional signals in the inflarhed) tissue. To dissect the functional
programming of these macrophage populations wistindit ontogenetic histories with
respect to M1 vs. M2 profiles, we developed a flaytometry based protocol to
characterize macrophage activation profiles seplgrdbr resident and recruited lung
macrophages during early and late phases of irdmeirus pneumonia. To discriminate
rAM and ExMa subsets, a previously establishechgagirategy was used (Fig. 4-3 A). To
screen for phenotypic plasticity of the differenacrophage subsets during infection, the
expression of prototypic surface markers relateiovs. M2 polarization was evaluated
on alveolar macrophages isolated from the BAL oBRfRected mice on D7pi and D21pi
by flow cytometry. The prototypic markers CD40 fdd and CD206 for M2 polarization
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were found to be differentially expressed at dittitime points during 1AV induced ALI.
Additionally, RT-PCR analysis of alveolar macropbadgrom BAL of PR8 infected mice at
DO, D2, D7, D14 and D21 pi days showed increasedNARxpression of CD206 in the
early and late phase of infection, whereas CD40 strasgly upregulated during the acute
phase of infection (Fig. 4-3 B, C). Therefore, @B2nd CD40 were selected as surrogate
markers for potential M1 vs. M2 polarization, resipesly and employed to investigate the
dynamics of macrophage plasticity separately in randl ExMa during IAV induced ALI

(Fig. 4-4).
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Figure 4-3 Gating strategy to discriminate rAM vs. ExMa and expression of prototypic M1 and M2
markers in alveolar macrophages during AV induced ALI. A. Representative dot plots of multicolour
stained BAL cells obtained on D7pi. The gating tsigg was used to differentiate rAM and ExMa. CD45
live cells (7-AAD) were differentiated according to CD11c and Grpression, whereby CD11@r-1°"
cells represent the mononuclear phagocyte (MonBh). Differentiation of resident alveolar macrophag
(rAM) and exudate macrophages (ExMa) was achieweddting for SiglecF and either CD11c or CD11b.
rAM were identified as Sigle®€D11¢'CD116™ and ExMa as SiglecED11°"CD118". B. Flow
cytometric analysis showing the surface expressiol2 (CD71, CD206) and M1 markers (CD40, CD86)
on alveolar macrophages at D7pi and D21pi respdgtirom PR8 infected (250pfu) miceC. The bar
graphs represent the mRNA expression of M2 mari@B71, CD206) and M1 markers (CD40, CD86) in
alveolar macrophages from bronchoalveolar lavagd_|Bf PR8 infected (250pfu) mice at DO, D2, D7,D1
and D21 post infection (pi) days. The bar graplspmesented asCT relative expression normalized io
actin with means * SD of 3 independent experimepts0.05; **p<0.01; ***p<0.001.
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Figure 4-4 Phenotype of alveolar macrophage subsetsin IAV induced ALI. Alveolar macrophages from
bronchoalveolar lavage (BAL) of PR8 (250pfu) ingsgttmice were analyzed for surface expression of@CD4
and CD206 on resident alveolar macrophages (rAM)exudate macrophages (ExMa). The rAM and ExMa
subsets were discriminated by the gating stratégwe in Fig 4-3 A. Surface expression of CD206 and
CD40 on both rAM and ExMa were compared to isotgpstrols at different time points post infection) (p
and shown in representative dot plots. Flow cytoynglots represent the gatings of M1 and M2 phgmet
based on CD40 and CD206 expression.

Quantification of CD40 and CD206 expression cellghw the rAM and ExMa
populations, respectively were analyzed at diffetteme points post PR8 infection and
revealed that, ExMa displayed a M1 polarized (Ct)4henotype in the acute phase of
infection at D2 and D7. In the early repair pha3&4pi), both M1 and M2 polarized cells
were observed in the ExMa population which compleshifted to a M2 (CD20b)
phenotype during the late repair phase (D21pi)nééation. In contrast to this plasticity
with respect to CD40 and CD206 expression obsenvetie ExMa subset, rAM showed

constant CD206 expression and lack of CD40 inlzises of IAV infection.
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Figure 4-5 Depletion of resident macrophages and plasticity of exudate macrophages during the time
course of IAV induced ALI. The total number ofA. resident alveolar macrophages (rAM) in
bronchoalveolar lavage (BAL) an@. resident interstitial macrophages (rIM) in lavadaedg homogenates
were quantified at DO, D2, D7, D14 and D21 post RiR8ction (250pfu). The percentage ©f alveolar
exudate macrophages (ExMa- alveolar) from BAL Bndavaged lung homogenates (ExMa- interstitial) was
analyzed at DO, D2, D7, D14 and D21 post PR8 irdactThe red bars represent the percentagﬁﬂ@'
ExMa while the green bars represent the percemth@D206" ExMa. Bar graphs show means + SD of 4n /
each time points.

4.3 Gene expression of further prototype markers for M1 and M2 polarization in
sorted CD40™ and CD206" exudate macrophages in AV induced AL

To verify the plasticity of ExMa, M1 and M2ExMa froD10pi were flow sorted using the
established gating strategy (Fig.4-3 A and 4-4he MRNA levels of prototypic genes for
M1 and M2 polarization were analyzed. RT-PCR qu@ation revealed a significant
increase of IL-B, INOS, CD40 in CD4® ExMa and of Arg-1, FIZZ-1, TGB-and CD206
in CD208" ExMa confirming the respective M1 and M2 polariaat of CD4¢" and
CD206" ExMa.
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Figure 4-6 Gene expression of prototypic M1 and M2 markers in flow sorted CD40" and CD206"
ExMa during IAV induced ALI. mRNA levels of prototypic markers for M1 vs. M2lgization were
quantified by RT-PCR in flow sorted CD4@nd CD208, exudate macrophages (ExMa) derived from
bronchoalveolar lavage (BAL) of PR8 infected (250phice at D10pi. The green bar represents the 6520
ExMa and the red bars show the CB48xMa subset. The graphs are presentetiG relative expression to
normalizedB-actin and represent means + SD of 3 independg@arewents. *g:0.05; **p<0.01; ***p<0.001.

4.4 Relationship between bone marrow derived ExMaand rAM in AV induced ALI
addressed in a chimeric mouse (CD45.1/CD45.2) model

To further investigate the relationship betweenruiged and resident macrophage
populations and particularly the contribution of M in replenishing the depleted rAM
pool after IAV infection, bone marrow chimeras ob45.2 donor mice and irradiated
CD45.1 recipient mice were generateth chimeric animals >90% of circulating blood
cells displayed the CD45.2 donor phenotype wheiteasAM population was of recipient
(CD45.1) phenotype at 2 week (w) post bone marn@amsplantation (BMT). Chimeric
mice were infected with PR8 (250pfu) and the propos of CD45.2 donor vs. CD45.1
recipient cells were flow cytometrically quantifiséparately in the rAM and in the ExMa
fraction at different time points pi (Fig 4-7). Rgient CD45.1 AM were found to be
completely replaced by donor type cells startingDdOpi. As expected, bone marrow
derived ExMa were found to be of CD45.2 donor typel displayed a CDAOM1
phenotype in the early phase of infection until pil@nd increasingly a CD206M2
phenotype in the late phase of infection. Althowagtirect transition of donor ExMa into
the rAM pool was not formally demonstrated, ther@asing emergence of donor type cells
in the rAM fraction at late time points and the dotype ExMa present in the alveolar
space express a CDZD612 phenotype, suggests that CD?@BxMa might contribute to

replace the depleted rAM pool after IAV infection.
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Figure 4-7 M2ExM areplenishestherAM after 1AV infection in vivo. Wildtype (wt) donor (CD45.2) bone
marrow was transplanted into recipient (CD45.1) eniand infected (*) with PR8 (250pfu). The
bronchoalveolar lavage (BAL) was collected from thiected recipient mice at different post infeati(pi)
time points (DO, D4, D7, D10, D14 and D21) and gpedl for resident alveolar macrophage (rAM) poal an
exudate macrophages (ExMa) phenotypgesRepresents thpercentage of rAM, thélack bar represents
recipient (CD45.1) andlue bar represents the donor (CD45.2) rAR1.Represents thphenotype of ExMa,
the green bar represents M2 anekd bar represents M1 phenotype of donor (CD45.2) Extegrey bar
represents the M1 anblack bar represents M2 phenotype of recipient (CD4&gMa . Irradiated but
uninfected mice were used as controls in all thevabtmentioned time points in parallel. Bar graphsvs
means + SD of 5n/group in all the mentioned timm{sopi.

4.5 Effect of M1vs. M2ExMa adoptive transfer on IAV induced ALI in CCR2-/- mice
To investigate the functional capacity of M1 vs. B&&4a in IAV induced ALI, wt mice
with CD45.1 phenotype were infected with PR8 and &amtl M2ExMa were flow sorted
from infected animals at D7pi and D21pi, respedyiveFlow sorted M1 and M2ExMa
(50,000 cells) were transferred orotracheally t&/ likfected CCR2-/- mice (defective in
CCR2/CCL2 dependent exudate macrophage recruitroarf)3pi. Alveolar macrophage
quantification in adoptively transferred (CCR2-fyice at D7pi revealed significantly
higher rAM numbers in M2ExMa transferred (M2T) mieden compared to the un-

transferred (UT) or M1ExMa transferred (M1T) anisialo evaluate whether the increased
40



rAM numbers in the M2T group was due to increas@i rproliferation the rAM
proliferation rate at D7pi was measured after K&@ining by flow cytometry. M2T
transferred mice showed no significant increaseAd proliferation compared to UT or
M1T animals, indicating that, the increased rAM ito@ms in M2T animals were not due to
increased local rAM proliferation at the analyzaedet point but may rather reflect reduced
rAM loss in M2T animals.
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Figure 4-8 Preservation of rAM by adoptively transferred M2ExMain IAV infected CCR2-/- mice.

Flow sorted M1 (obtained at D7pi) and M2 exudatecrophages (ExMa) (obtained at D21pi) from the
bronchoalveolar lavage (BAL) of IAV infected wt miavere transferred into 1AV infected CCR2-/- mide a
D3pi and at D7pi. The resident alveolar macrophggaM) population of un-transferred (UT), M1ExMa
transferred (M1T) and M2ExMa transferred (M2T) goeuvas analyzedA. The bar graph represents the
absolute numbers of flow cytometrically identifiedM in BAL of M1T, M2T and UT groupsB. Represents
dot plot of mononuclear phagocytes (MonPh- CH46D11¢", GR-1°") gated for rAM (Siglec® and
CD116°) from M1T and M2T animals showing the preservatibthe rAM pool in M2T groupC. The bar
graph represents the percentage of Ki67 positivel iA UT, M1T and M2T mice analyzed by flow
cytometry. Bar graphs show means = SD of (A) 1@);3n in M1T and M2T groups, 4n in all UT groups.

*p<0.05; **p<0.01; ***p<0.001.

In addition to the increased rAM numbers, M2T argrehowed significantly less barrier
FITC-albumin leakage when compared to M1T mice.(Bi§ A). Alveolar leakage in UT
CCR2-/- is known to be low due to lack of exudatecrophage recruitment. Moreover, in
M2T animals the AEC proliferation rate determineg Ki67 staining was significantly
increased when compared to UT or M1T mice (Fig. B})9These data demonstrate that
M2ExMa transfer to CCR2-/- mice attenuates IAVuodd ALI compared to M1ExMa
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transfer, suggesting a differential functional mpiee of M2ExMa vs. M1ExMa in IAV
induced ALL.
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Figure 4-9 Adoptively transferred M2ExMa attenuate alveolar albumin leakage compared to
transferred M1ExMa and increased AEC proliferation in 1AV infected CCR2-/- mice. Flow sorted M1
(D7pi) and M2 exudate macrophages (ExMa) (obtafrau D21pi) from the bronchoalveolar lavage (BAL)
of IAV infected wt mice were transferred to IAV a@tdted CCR2-/- mice at D3pi and albumin leakage el w
as AEC proliferation were analyzed at D7pi in tramsferred (UT), M1ExMa transferred (M1T) and
M2ExMa transferred (M2T) animalé. Alveolar albumin leakage analyzed in UT, M1T andTMfoups at
D7pi after intravenous injection of FITC-labeledwhnin and depicted as ratio of serum and BALF FITC-
fluorescence in arbitrary units (AUB. In lung homogenates of UT, M1T and M2T groups, AEEpCani)
proliferation was analyzed by flow cytometry basedthe Ki67 expression. Bar graphs show means #fSD
(A) 6n; (B) 10n in M1T and M2T group, 4n in all Wroups. *p<0.05; **p<0.01; ***p<0.001.

4.6 Transcriptomeanalysisof M1 and M2ExMain micewith AV induced AL I

Due to the functional diversity of M1 vs. M2ExMa ndenstrated in adoptive transfer
experiments, it was speculated that M2ExMa may igevyactors and mediators which
could be directly or indirectly involved in repamechanisms. To investigate the gene
expression pattern in M1 and M2ExMa and to deteenki@ey mediators of M2ExMa that
are possibly involved in attenuating IAV induced IAla transcriptome analysis was
performed on flow sorted M1 and M2ExMa derivednirinfected wt mice at D7pi and
D21pi respectively. The relative gene expressiomMaf compared to M1ExMa revealed
that, among 3404 total expressed genes, 2291 shamwedregulation and 1113 genes were
found to be downregulated. For subsequent analitsés differentially expressed genes
were divided into different categories, based oavkm phenotypic profiles and biological
activities (Fig. 4-10). The genome-array confirntkee dichotomy of M1 and M2ExMa by
showing differential expression of prototypic M1 M2 markers. In addition, M2ExMa
showed increased gene expressions of pro-surviedliators (Fig. 4-10 B) and growth
factors (Fig. 4-10 C).

42



M1/M2 Markers Pro-Survival genes Growth factors

M1ExMa M2ExMa M1ExMa  M2ExMa

M1ExMa M2ExMa

Steriod biosynthesis Tight junction Top Candidates
M1ExMa M2ExMa

M1ExMa  M2ExMa M1ExMa_ _ M2ExMa

1600029D21Rk (Plet1)
Sortt

Grb2
Prkach
Picb3
Hir2d
Pdgfa
Adey3
Itpr

Ear12

Kazald1

Sleo2b1

o 90306 19P08Rik
X

Raft Cxcl10

Tubada

Tubbé

Csnk1d

Tubaib

Plcb1

Map2<2

Tubada 2 012

Gueyla2 -

Adcy8

Plcb2

Pdgh

Map32

Nras

Adey?

Tubbs

- N O ® O N © ©

Gnaid
Gnaq
Gnas
Mapk3
Prkcd
Pdgfc
Map2«5
Adcyd
Mapk1
Egf
Itpr2
Sos2
Hir2a
Tubbda
Plcb4
Prkeg

- N M w O N~ © v

L=

2 012
Figure 4-10 Heat maps showing gene expression patterns obtained by transcriptome analysisof M1 and
M2ExMa in 1AV induced lung injury. Flow sorted M1 (D7pi) and M2 (D21pi) exudate madrages
(ExMa) from bronchoalveolar lavage (BAL) of infedtéPR8-250pfu) mice were subjected to transcriptome
analysis as described in materials and methods tdaps showA. differentially expressed prototypic M1
and M2 markersB. pro-survival genes highly expressed in M2ExMa pamd to M1ExMaC. growth
factors highly expressed in M2ExMa compared to kNIE, D. molecules involved steroid biosynthesis
highly expressed in M2ExMak. tight junction (TJ) regulating molecules highéxpressed of in M2ExMa
compared to M1ExMa anH. top 5 most highly expressed genes of Mland M2EXMe array data was
developed from 4n samples of M1ExMa and M2 ExMa.
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In addition, genes involved in steroid biosynthesisre also observed to be highly
expressed in M2ExMa compared to M1ExMa (Fig. 4-)0wihich could be related to the
release one of the initial stimuli (gluco-corticastids, prostaglandin E2 (PGE2)) to drive
the M2 phenotype. There was a striking increasgeoks potentially involved in formation
of tight junctions (TJ) during macrophage/epitheligross talk in M2ExMa compared to
M1ExMa (Fig. 4-10 E). Some of the genes differdhjti@xpressed showed> 6 fold
increase or decrease in gene expression leveaixMa compared with M1ExMaP(<
0.001) (Fig. 4-10 F). Among them, the gene (Placexpressed transcript 1- Pletl) with
the highest fold increase of 7.001 compared withEkNIa (p < 0.001)was selected for

further evaluation.

4.7 Validation of highly upregulated genes of pro-survival mediators and growth
factorsin M1 and M2ExMafrom AV induced ALI

Some of the highly expressed genes on M1 and M2Exdditified in the transcriptome
screen were validated by the RT-PCR in flow soNtdand M2ExMa derived from 1AV
infected mice at D7pi and D21pi respectively. Thie-gpoptotic and pro-inflammatory
genes like TRAIL, IRF7, BAX and Daxx were found b@ upregulated in M1ExMa
compared to M2ExMa (Fig. 4-11 A). While PDGFIGF-1 and EGF failed to show a
significant increase, other growth factors like FB§ FGF-7 and 10 were found to be
significantly increased in M2ExMa compared to thaBtMa (Fig. 4-11 B). Similarly,
pro-survival genes like BCL2, Notchl, CcnD, TREMad Voppl showed a significant
increase in M2ExMa compared to M1ExMa (Fig. 4-11 C)
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Figure 4-11 mRNA expression of growth factors and pro-survival mediators in flow sorted M1 and
M2ExMa. Flow sorted M1 (D7pi) and M2 (D21pi) exudate madrages (ExMa) from bronchoalveolar
lavage (BAL) of infected (PR8-250pfu) mice were gegssed for RT-PCR analysis. The Bar graph represent
the A. mRNA expression of highly upregulated genes on ¥M&growth factors (PDGle; PDGF$, FGF-

10, IGF-1, FGF-7, and EGF) arf®l pro-survival mediators (Aven, BCL2, Notchl, CcnDdgppl and
TREM-2) in M1 and M2 ExMa. The mRNA analysis on Mhd M2ExMa genes is presented &GT
relative expression normalized ftoactin. The Bar graphs represent means + SD of d&pendent
experiments. *g0.05; **p<0.01; ***p<0.001. PDGF, platelet-derived growth factor; FGF, fibratilgrowth
factors; IGF, insulin-like growth factor; EGF, dprmal growth factor; Aven, apoptosis, caspase/atibin
inhibitor; BCL, B-cell lymphoma; CcnD, cyclin-D; \fp, vesicular, overexpressed in cancer, prosurvival
protein 1; TREM-2, Triggering receptor expressedhgreloid cells 2; IRF7, Interferon regulatory faci
TRAIL, TNF-related apoptosis-inducing ligand; BABcl-2-associated X protein; Daxx, Death domain-
associated protein 6.

When the gene (Pletl) with highest fold increasthentranscriptome screen was validated
by RT-PCR in flow sorted M1 and M2ExMa derived frdA&V infected mice at D7pi,
D14pi and D21pi. M2ExMa were found to express gigantly increased Pletl mRNA
levels when compared to M1ExMa (Fig. 4-12)
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Figure 4-12 High mRNA expression of Pletl in flow sorted M2ExMa. mRNA expression of Pletl in flow
sorted M1 and M2 exudate macrophages (ExMa) oldafn@m mice at D7pi, D14pi and D21pi were
analyzed by RT-PCR. The mRNA analysis of Pletl ih &hd M2ExMa was performed withCT relative
expression normalized f®actin. Bar graphs represent means + SD of 3 inukgre experiments. .05;
**p <0.01; ***p<0.001.

4.8 Evaluation of the protective effect of M2ExMa derived Pletlin AV induced AL

The genome array screen (Fig 4-10 F) and the ufaggn of Pletl mRNA in M2ExMa
confirmed by RT-PCR (4-12) suggested M2ExMa deriRétl as a potential candidate for
the observed protective effects, when M2ExMa vesleptively transferred (orotracheally)
in IAV induced ALI (Fig. 4-8, 4-9). Therefore, tv@uate the protective effect of M2ExMa
derived Pletl in the IAV induced ALIl, M2ExMa werWw sorted from IAV infected wt
(CD45.1 phenotype) mice at D21pi and adoptivedysferred via orotracheal application
along with 5ug of anti-Pletl antibody (M2-ab) oittwsug 1gG isotype control (M2-iso)
into IAV infected CCR2-/- mice (45.2 phenotype) @8pi. The number of rAM was
analyzed at D7pi in the M2-ab and M2-iso group<e Tésults showed significant increased
numbers of rAM in the M2-iso group compared to M2-ab group (Fig. 4-13), which
indicates that M2ExMa derived Pletl is involvedpireserving the rAM pool during IAV
induced ALL.
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Figure 4-13 Effect of Pletl inhibition by neutralizing antibody on the rAM pool size after adoptive
transfer by of M2ExMa 1AV infected CCR2-/- mice. Flow sorted M2 exudate macrophages (ExMa)
(obtained from D21pi) from the bronchoalveolar lgwa(BAL) of PR8 (250pfu) infected wt mice were
transferred along with the anti-Pletl antibody (Bt®- or IgG isotype (M2-isoprotracheally into PR8
(250pfu) infected CCR2-/- mice at D3pi. Bar graphkgresent the total number of the resident alveolar
macrophages (rAM) in BAL at D7pi of M2-iso and MB-groups. Bar graph show means + SD of 3n in each

group.

In addition, alveolar albumin leakage analysish&se mice (M2-iso and M2-ab groups) at
D7pi, showed a significant decrease in albumin dgekin the M2-iso group when
compared with the M2-ab group (Fig. 4-14). Thus ficonng the protective role of
M2ExMa derived Pletl on lung barrier function i thdoptive transfer model

*

Albumin leakage
(AV)

M2-iso M2-ab

Figure 4-14 Pletl inhibition by neutralizing antibody abolished the attenuating effect on alveolar
albumin leakage of M2ExMa transferred into IAV infected CCR2-/- mice. Alveolar albumin leakage was
analyzed in M2-iso and M2-ab groups at D7pi byawénous injection of FITC-labelled albumin and was
depicted as ratio of serum and bronchoalveolargaevifuid (BALF) FITC- fluorescence in arbitrary i
(AU). Bar graphs show means = SD of minimum 3n eadti2-iso and M2-ab group.

To evaluate the effect of M2ExMa derived Pletl ahproteins of AEC in IAV induced
ALI, the lungs were harvested from M2-iso and M2gabups and AEC from lungs were
flow sorted. The mRNA expression of TJ proteingha flow sorted AEC (Fig. 4-15 A)
from M2-iso and M2-ab groups were analyzed by RRPChe mRNA levels of TJ
proteins such as ZO-1, Claudin-1 and Occludin viewed to be significantly higher in the
M2-iso group compared to the M2-ab group at D7@PBB infection.
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Figure 4-15 Effect of Pletl inhibition by neutralizing antibody on AEC TJ molecule gene expression
after adoptive transfer by of M2ExMa into | AV infected CCR2-/- mice. A. Representative flow cytometry
gating for AEC sorting of lung homogenates (LH)}toé superior right lobe of mice from M2-iso and MR-
treated groups. The upper panel (LH before sortshg)vs representative dot plots before sortitng, Idwer
panel (LH after sorting) represents dot plotsragtating showing that live cells (7-AADAEC (CD31,

45 , EpCani ) were sorted with a purity af 97%. B. mRNA expression of ZO-1, E-Cadherin (E-Cad),
Occludin and Claudin-1 in AEC derived from the M@-ivs. M2-ab group. The mRNA analysis of genes
encoding TJ proteins were normalized by relatixpression normalized fizactin and are presented as fold
change (2*“Y) of the M2-iso to M2-ab group. Bar graphs show nsea SD of minimum 3n each in M2-iso
and M2-ab group.

To investigate the effect of M2ExMa derived Pletl cAEC proliferation and apoptosis,
AEC proliferation apoptosis analyzed by Ki67 andexin V staining were compared in
lung homogenates of M2-iso and M2-ab groups. TlZidd group showed significantly
increased Ki67 expressing AEC proportions compaoethe M2-ab group (Fig. 4-16 A)

whereas the proportion of Annexin V stained AEC ws@mificantly decreased in the M2-
iso group (Fig. 4-16 B) indicating that, the M2ExMerived Pletl is involved in enhancing
the proliferation and attenuating apoptosis of Ad@ing IAV induced ALI in the adoptive

transfer model.
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Figure 4-16 Effect of Pletl inhibition by neutralizing antibody on AEC proliferation and apoptosis after
adoptive transfer by of M2ExMa into 1AV infected CCR2-/- mice. Lung homogenates from M2-iso and
M2-ab groupsobtainedat D7pi were gated for alveolar epithelial (AEC- EpCanby flow cytometry
analysis.A. Bar graphs represent the percentageABLC stained for Ki67.B. Bar graph represents the
percentage of apoptot®EC based on Annexin V expression. Bar graphs sme@ans + SD of minimum 3n
each in M2-iso and M2-ab group.
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To evaluate the role of M2ExMa derived Pletl inokesg the lung inflammation after
IAV induced ALI, the total number of PMNs and lyngadytes in the BAL were analyzed
by flow cytometry (Fig. 4-17 A, B). The results stexd a significant decrease in the
number of both PMNs and lymphocytes in the M2-isoug compared to M2-ab group.
Additionally, hematoxylin and eosin (H&E) stainedny sections from M2-iso group
showed largely reduced infiltrations in the pemitechiolar space compared to the M2-ab
group (4-17 C). These results suggest that the MRExlerived Pletl has a role in

attenuating inflammatory responses in IAV inducdd.A
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Figure 4-17 Effect of Pletl inhibition by neutralizing antibody on inflammatory cell infiltration after
adoptive transfer of M2ExMa into AV infected CCR2-/- mice. The bar graphs represent the numbek of
PMNs andB. lymphocytes determined by flow cytometry analysibronchoalveolar lavage (BAL) obtained
at D7pi from CCR2-/- mice, adoptively transferredhwanti-Pletl antibody+M2ExMa (M2-ab) or IgG-
isotype antibody+M2ExMa (M2-iso) at D3pi. Bar grapthow means + SD of 3n in the M2-iso and M2-ab
group. *p<0.05; *p<0.01; *p<0.001. C. Representative lung sections from M2-iso and M2yatups stained
with hematoxylin and eosin (H&E) on D7pi. Boxes megent regions magnified in the lower panel. 3nemic
were used in each group.

4.9 Effect of Pletl on primary mAEC infected with AV

Pletl was predicted to be co-expressed and furathorelated to TJ proteins (211) that are
associated with the alveolar epithelial barrier.atidition, Pletl was shown to be highly
expressed in M2ExMa (Fig. 4-10 F and 4-12), sugggst role of Pletl in maintaining the
epithelial barrier function in 1AV induced ALI. Tmvestigate the effect of Pletl on trans-
epithelial resistance (TER) and TJ proteins, pnmaurine AEC (mAEC) were isolated
from uninfected wt mice, cultured in transwell pktand infecteéh vitro with PR8 (0.5
MOI) or mock infected and treated with recombiné&j®letl (20ng/ml) or control buffer.
TER was measured in transwells at different tim@tggost infection (0, 4, 6, 8, 12, 16, 24
and 30hr). TER dropped in mAEC after 4hrs po&tation, but addition of rPletl to
infected mMAEC significantly attenuated TER reduttat 6, 8, 12, 16, 24 and 30hr post
infection compared to the untreated IAV infectedEX (Fig. 4-18) indicating a protective
effect of Pletl on epithelial barrier integritly mfected mAEGn vitro.
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Figure 4-18 rPletl improves TER in primary mAEC after IAV infection in vitro in a transwell model.
Primary murine alveolar epithelial cells (MAEC) wewltured on transwells (0.3 x°I¢ells/insert). After 3-5
days, when the trans epithelial resistance (TERghred a plateau 0£600Q /cnf, confluent mMAEC were
mock (control) or PR8 infected and left untreatednfrol, PR8(0.5 MOI) and treated with rPletl (20nk
(PR8+rPletl). TER was measured at different timantpopost infection (0, 4, 6, 8, 12, 16, 24, 30hrs)
Baseline TER is determined in transwells withoutEB@\(Transwells wo cells). Results are the means afSD
at least 3 independent experiments<(95; **p<0.01; ***p<0.001.
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To determine whether the protective effect of rPleh TER in IAV infected cells was
related to preserved TJ function, we studied tifecebf rPletl on TJ proteins such as ZO-
1, claudinl, occuludin and E-cadherin in IAV infedtprimary mAEC. Mock or PRS8
infected AEC either rPletl treated or untreatedrewsmllected from transwells at 0, 4 and
12hrs post infection and mMRNA was extracted andgssed for RT-PCR analysis. rPletl
treatment significantly increased mRNA expressibZ©-1 and E-cadherin at 12hrs, and
of Claudin-1 and Occludin at 4hrs pi compared ttraated IV-infected AEC, suggesting
that Pletl induced the expression of TJ proteswntributes to maintaining TER of

primary mAEC after IAV infectionn vitro.
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Figure 4-19 rPletl upregulated the mRNA expression of TJ proteins in primary mAEC after 1AV
infection in vitro. Bar graphs represents mock infected (control) amaked with rPletl- 20ng/ml (rPletl) or
PR8 infected (MOI 0.5; PR8) and treated with rPIgR8+rPletl) mMAEC. mRNA expression df ZO-1B.
Claudin-1C. OccludinD. E-Cadherin at different time points post infecti®@R8- MOI 0.5). The mRNA
analysis on ZO-1, Claudin-1, Occludin and E-cadhesias performed withACT relative expression
normalized toB-actin. Results are represented as the mean +S& &dfast 3 independent experiments.
*p<0.05; **p<0.01; ***p<0.001.

To investigate the effect of rPletl on the membmx@ession of TJ protein ZO-1, cultured
MAEC were mock infected or infected with PR8 (MOb)0and treated with or without
rPletl (20ng/ml). Immunofluorescence staining wiémti-ZO-1 antibodies showed
increased ZO-1 surface expression in mMAEC at 1pbss infection after rPletl treatment

compared to un-treated infected mAEC.
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Figure 4-20 rPletl increased the expression of TJ protein ZO-1 in primary mAEC after IAV infection

in vitro. mMAEC were mock infected (control) and treated wittetl- 20ng/ml (rPletl) or PR8 infected (MOI
0.5; PR8) and treated with rPletl (PR8+rPletl). ¢éis were then fixed at 12hrs post infection atained
with ZO-1. The nuclei were stained with DAPI. Imagepresent 3 independent experiments.

DAPI
Z0-1

To elucidate the effect of Pletl on apoptosis anal veplication, caspase 3 activation and
expression of IAV nucleoprotein (NP) were analyreanock or PR8 (MOI 0.5) infected
MAEC treated with rPletl (20ng/ml) or left untrehteespectively. The cells were fixed at
6 and 12hrs post infection and analyzed by immumo$icence for caspase 3 and IAV
nucleoprotein (NP). Expression of active caspa@e@ 4-16 A) and NP (Fig. 4-16 B) was
found to be reduced in rPletl treated mAEC at 6 B2lars post infection indicating an
anti-apoptoic effect of Pletl in IAV infected mAEG@ssociated with reduced IAV
replication.
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Figure 4-21 rPletl treatment reduces apoptosis and viral replication in primary mAEC after 1AV
infection in vitro. Murine alveolar epithelial cells (MAEC) were moickected without (control) and with
addition of rPletl- 20ng/ml (rPletl) or PR8 (MOI5D.infected without (PR8) and with addition rPletl
(PR8+rPletl). Cells were fixed at 6 and 12hrs pofgtction and stained witlA. rabbit anti-mouse active
caspase3 antibody and phycoerythrin (PE) labefledondary anti rabbit Ig antibody aml mouse
monoclonal anti- NP antibody labelled with Fluomscisothiocyanate (FITC). The images are represient
of 3 independent experiments. IAV NP, influenzaifus nucleo-protein.
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4.10 Therapeutic intervention with rPletlin IVA induced AL
The protective effects of M2ExMa (section 4-5) aiikag transfer were largely abolished
when the M2ExMa were transferred (orotracheallyyngl with neutralizing anti-Pletl
antibody in vivo (section 4-7). In addition, rPletl treatment of PR8cted mAEC
increased the TJ proteins expression, improved T&Rl, reduced apoptosis and IAV
replicationin vitro (Fig. 4-19, 20, 21). These results identified Pkt promising candidate
for therapeutic intervention in IAV induced ALI.
To determine the effect of rPletl in IAV induced IAh vivo, wt mice were infected with
PR8 (250pfu) and PBS or rPletlufj in total volume of 60ul were delivered orotraalhe
on D3pi. The total number of rAM in BAL was analgzat D7pi of both PBS and rPletl
treated groups by flow cytometry. The rPletl trdajeoup showed a tendency of increase
in number of rAM compared to PBS treated group.(§ig2).
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Figure 4-22 rPlet1 showed a trend of increase in total number of rAM in |AV infected mice. A. The bar
graph represents the total number of the residebkar macrophages (rAM) in bronchoalveolar lavage
(BAL) at D7pi of PBS or rPletl (5ug) treated grolgysflow cytometry analysis. The bar graphs shovanse

+ SD of 8n each in PBS and rPletl treated group.

Alveolar albumin leakage analysis of PBS and dPte¢ated groups at D7pi, showed a
significant decrease in albumin leakage in thetiPteeated group compared to the PBS
treated group (Fig. 4-23)

0,6 *

Albumin leakage
(AU)

PBS rPlet1

Figure 4-23 rPletl treatment reduced alveolar albumin leakage in the 1AV infected mice. Alveolar
albumin leakage was analyzed in PBS and rPlettetlegroups at D7pi by intravenous injection of FITC
labeled albumin and is depicted as ratio of serachBALF FITC- fluorescence in arbitrary units (AlWBar
graphs show means + SD of minimum 6n each in PBISRIetl treated group.
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In addition, AEC proliferation and apoptosis in thumg homogenates of PR8 (250pfu)
infected and rPletl (f) or PBS treated mice was analyzed by flow cytoyneinimals
treated with rPletlanimals showed a significantigreased proportion of Ki67 stained
EpCami AEC and a reduced proportion of annexinV staindeiCAindicating a  pro-
proliferative and anti-apoptotic effect of orotraah Pletl application on AEC in IAV
infected mice.
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Figure 4-24 rPletl increased the proliferation and decreased the apoptosis of AEC in AV induced ALI.
Alveolar epithelial cells (AEC-EpCaMgated by flow cytometry analysis from lung homoages from PBS
and rPletl (hg) treated groups on D7pi were analyzed Aorproliferation based on the expression of Ki67
and B. apoptosishased on the expression of Annexin V. Bar graphesemts the percentage AEC Bar
graphs show means + SD of minimum 6n each in PBISRIletl treated group.

To evaluate the effect of rPletl treatment on Tigins of AEC in mice infected with PR8
(250pfu), the superior right lung lobes were hame@drom PBS and rPletl treated groups
and processed for single cell suspension and flosting of AEC (Fig. 4-18 A). Flow
sorted AEC from PBS and rPletl treated groups Wexe analyzed by RT-PCR for mRNA
expression of TJ proteins (Fig. 4-18 B). Levels @0-1 and Claudinl mRNA were found
to be significantly increased in the rPletl treageaup compared to the PBS treated group

at D7pi.
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Figure 4-25 rPlet1 treatment increased mRNA expression of TJ proteinson flow sorted AEC from AV
infected mice. Barsrepresent the mRNA expression of TJ proteins (Z&-Cadherin (E-Cad), Occludin and
Claudin-1) in flow sorted alveolar epithelial ce{(lSBEC) from lung homogenates of PBS and rPletlg}5
treated groups. The mRNA analysis on the genesJoprbteins was normalized by relative expression
normalized tof-actin and is presented as fold chang®%p of the rPletl compared to PBS treated group.
The Bar graphs represent means + SD of minimumaéh & PBS and rPletl treated group.
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Anti-Pletl antibody treatment diminished the anflammatory effect of transferred
M2ExMa in the adoptive transfer approach (Fig 4-Therefore, we investigated the effect
of orotrachally delivered rPletl on resolving tlkad inflammation in after IAV infected
mice by analyzing the total number of PMNs and lijogytes in the BAL by flow
cytometry (Fig. 4-25 A, B). In addition, the lungsere harvested from PBS and rPletl
treated groups and processed for H&E staining. Narmath both PMNs and lymphocytes
were found to be significant decreased in the tPletated group compared to the PBS
treated group. Accordingly, H&E staining of the dursections showed reduced cell
infiltrations in the peri-bronchiolar space in tHéetl treated group compared to the PBS
treated group (Fig. 4-25 C). These results dematestthe anti-inflammatory effect of
orotracheal rPletl treatment in IAV induced ALI.
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Figure 4-26 rPletl attenuate lung inflammation in 1AV infected mice. The bar graph represents the
number ofA. PMNs andB. lymphocytes in bronchoalveolar lavage (BAL) on pD@f PBS and rPlet1(&)
by flow cytometry analysis. Bar graphs show mearg&Dtof 8n in PBS and rPletl treated group<05;
*p<0.01; *p<0.001.C. Lung sections stained with hematoxylin and eoiK) from PBS and rPletl treated
groups on D7pi. Boxes represent regions magnifigtié lower panel. 8n mice were used in each group.

The effect of rPletl on the survival rates andrtieerresponding body weight loss during
IVA induced ALI was investigated in the PR8 (500piinfected wt mice. The rPletl (5uQ)
or PBS was delivered orotracheally on D3pi and tooed daily twice for their
physiological and clinical scores. Accordingly, tinece that received rPletl survived better
with corresponding increase in the body weight carag to PBS received mice, which
indicated that rPletl as a potential candidate taat reduce the outcome of mortality
during IAV induced ALI (Figure 4-27 A, B)
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Figure 4-27 rPlet1 improved body weight and survival ratein AV induced ALI. wt mice were infected
with 500pfu PR8 and treated with PBS or rPletig)5on D3pi by orotracheal administratigk. Body weight
(%) of mice in PBS and rPletl group (10n in eaabug). B. Represents survival rates (%) of mice in PBS
and rPletl group (Kaplan-Maier curve; 6n in eaabug). Mantel-Cox Chi square test was used to cateul
the significance for survival rate®* 0.05, ***P < 0.0001.
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5. Discussion

The pulmonary immune system is constantly respanttinpathogenic insult. Adequate
immune responses are crucially dependent on distiicrimination between non-
pathogenic and pathogenic antigens in the lunghdgeh sensing results in the
development of acute inflammation which may lead\td/ARDS upon severe infection
by lung pathogens such as IAV, or when pulmonafianmmation is not adequately
controlled by anti-inflammatory and injury-resolgincounter-mechanisms. Pulmonary
macrophages are known to be crucially involved alabcing pro-inflammatory host
defense mechanisms and anti-inflammatory respowsésinflammation resolution and
repair processes, in a well-coordinated action ndurihe course of pneumonia, and
therefore represent key players in orchestratiegdlprocesses in the alveolus (12, 13, 24).
Accumulating evidence suggests that, apart fronm thell-known role in phagocytosis and
recognition of foreign antigens, alveolar macrogsagre endowed with high functional
plasticity allowing them to acquire different pror anti-inflammatory as well as tissue-
reparative phenotypes during the course of inflattonadependent on the signals they
receive from surrounding cells or from the pathogsalf. The ability to integrate these
various signals in the course of inflammation awdntount a differential response
empowers the M2 polarized, alternatively activateaicrophage to terminate and resolve
alveolar inflammation in the later phases of ALI/BR and to tightly coordinate
parenchymal repair processes that are essentiabfiom to homeostasis (147, 189, 212,
213). Given that the injury specific signals dedverom the local alveolar
microenvironment are integrated to generate spatiéicrophage polarization patterns, it is
hypothesized that different injuries (eg. pathogerersus sterile inflammation; viral vs
bacterial challenge, etc) generate unique macrappatprization patterns at defined time
points during lung inflammation or infection to eerthe particular needs of the
infected/inflamed alveolar niche. Previous worknfr@ur research group suggested that
particularly the ExMa, in contrast to the tissusident macrophages revealed a broad
functional plasticity (64, 130, 32). A better unstanding of these processes would allow to
selectively target macrophage pool for better liegense and accelerated lung repair to
improve outcome of ALI/ARDS. However, a systemicpegach to define these
macrophage phenotypes, particularly during pneuazorduced ALlin vivo, has not been

established yet. Therefore, the first aim of thespnted work was to develop a protocol to
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distinguish pulmonary M1- versus M2ExMa in a timeurse-dependent manner during

IAV infection in vivo.

5.1 Definition of M1 versus M2 polarization phenotypes of ExMa in IAV-induced
ALI/ARDS by FACS reveals distinct gene expression profiles

To estimate M1 and M2 macrophage presence in thieFB# IAV-infected mice, a first
approach was to isolate the total alveolar macrgeligaction by positive selection using a
MACS technique allowed to isolate these cells ghhpurity using antibodies against the
alveolar macrophage markers CD11c and SiglecF (2AdAalysis of well-known M1
versus M2 marker expression by RT-PCR in the cowfsénfection (DO to D21pi),
however, revealed that expression of these madkdraot substantially change over time.
These data suggested that the macrophage pool etasniquely polarized towards a
defined phenotype, but suggested simultaneousiteent or presence of M1 and M2
macrophages in the alveolar air space. Also, mamndies recently revealed that there is a
notable difference between the rAM and the ExMalpetdh respect to functional
phenotypes and polarization capacity (215-217).r8fioee, a multi-colour FACS protocol
was used which allowed definition of alveolar (BALFersus lung-interstitial (lung tissue)
ExMa and rAM, respectively, and establishment gfating strategy to define M1 versus
M2 macrophage subsets in lungs of IAV infected noeer time. Established lineage
markers for rAM (CD45,GR-1, Siglec®, CD11¢", CD11"") and ExMa (CD4% GR-I,
SiglecF*", cD11¢', cD111") (64, 218) were used to define both alveolar andrstitial
ExMa and rAM. To evaluate the efficient markers agalifferent M1 (CD40, CD86,
CD80, ICAM-1, INOS, TNFe) and M2 (CD71, CD163, CD206) markers, combined 8-
colour flow cytometry approach including a dead esiclusion marker were used (219-
224). As a result, two M1 (CD86, CD40) and two MD(71, CD206) markers were found
to be differentially expressed particularly on theerstitial and alveolar ExMa population,
whereas the rAM populations did not reveal phemetpiasticity, at least not with the
markers used. As CD40 (M1) and CD206 (M2) were btmbe the most robust antigens
differentially expressed on the surface of the eespe ExMa phenotype both in the
interstitial and alveolar space, they were furtlezd to analyse ExMa polarization profiles
after 1AV infection in mice over time. Of note, mession of various M1 and M2
phenotype associated genes was analyzed on magepplaenotypes, flow sorted
according to this gating strategy on D10pi, a tpoent where both M1 and M2ExMa were

present in BALF. The data revealed that expreskeels of selected M1 markers (iNOS,
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IL-1B, TNFa) were significantly higher in CD40compared to CD286 ExMa, and
expression of the M2 markers Arg-1, Fizz-1, and Ig5Were significantly increased in
CD208" versus CD4® ExMa, confirming that the established FACS apphoapresented

a valid strategy to define M1 and M1ExMa.

Application of this multi-color antibody stainingatihhod and gating strategy to quantify
M1/M2 ExMa and rAM numbers in the course post IAWection revealed that, during the
acute phase of IAV infection (until D7pi), the rAMere depleted and newly recruited M1
polarized ExMa (CD4%) infiltrated the lung, particularly the alveolp tigh numbers. In
the early repair phase (until D14pi), both M1 an@ pblarized ExMa were found to be
present (CD4® and CD208, respectively), whereas exclusively M2ExMa werarfo at
low numbers at D21pi in the late repair phase. &hessults demonstrate successful
establishment of a novel, robust gating strategyetiine functional phenotypes of ExMa in
murine in vivo lung infection model, and reveal substantial jptegt of ExMa in 1AV
infection. Preliminary data recently showed thas thating strategy is also applicable to
mouse pneumonia models induced3tgeptococcus peumoniaadKlebsiella pneumoniae
with different kinetics and quantities of M1/M2ExMacumulation (Selvakumar, B et al,
unpublished). This is of particular interest, aa@such elaborated FACS strategy has been
accessible to date. Plenty of studies have usedtro polarization protocols for ExMa.
These protocols usually involve cytokines/lPAMPshsas IFNy, LPS, and GM-CSF
versus IL-4, IL-13, and G-CSF to artificially geat M1 and M2 macrophages,
respectively, for further functional studies. Asresult, depending on the polarization
protocol used, the M1 vs. M2 gene expression @m®fiary substantially among each other
and do not reflect macrophage M1/M2 programmingeoked in lung inflammation
modelsin vivo (225, 226), as such approaches do not take intouat that injury-
/pathogen-specific mediators are released fromirtfeeted alveolar cells, nor the direct
cell-cell interactions occurring during the diffatestages of infection/inflammation in the
alveolus, resulting in an injury and infection sjfiecmacrophage polarization pattern in
different models of ALI/ARDS (24).

5.2 Functional plasticity of M2-polarized ExMa involves rAM replenishment,
protection of therAM pool and restoration of epithelial barrier function

It has become increasingly evident that, althou@hdifferent ontogeny, macrophage
populations recruited from the bone marrow canemgh an emptied niche of tissue-

resident macrophages in different organs, sucheakihg and the liver (127).
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Therefore, an important task of an ExMa populatbhigh functional plasticity would be
to replenish the IAV depleted pool of rAM after neitment to the alveolar air space. To
address this in the current model, bone marrow ehanmice expressing the CD45.1
alloantigen on tissue-resident leukocytes (suchmAdd) and the CD45.2 alloantigen on
bone-marrow/ circulating leukocytes (such as bloodnocytes, the ExMa precursors)
were infected by IAV and the quantity of CD45.2 rfdq, circulation-derived) vs. CD45.1
(recipient, tissue-resident) rAM was quantified idgrthe course of infection. The data
revealed that indeed, CD45.2 alveolar recruited &xXid the capacity to differentiate into
a macrophage population of rAM phenotype (CDA®BR-I, SiglecF, CD11¢&
CD116°). Although the presented data cannot completdly out that these cells might
still differ from the preexisting, yolk sac-/fetiver-derived CD45.1rAM pool (227, 228)
with respect to gene expression profiles or epityet@ndscapes (229). They demonstrate
that their surface antigen phenotypes are identasa there is evidence in the literature
that they also display a functional profile equatissue-resident macrophages in lung and
other organs (35, 228, 230). Of interest, the rAddlenishment occurred between D14 to
D21pi where primarily M2ExMa are present in the ealv, suggesting that rAM
replenishment is a feature attributed to the MBeathan the M1ExMa phenotype. Future
experiments using orotracheal transfer of flow ebr€D45.1 M1 vs. M2 ExMa into
rAM-depleted CD45.2 CCR2-/- (ExMa recruitment—deficient) mice will pide further
insight into the properties of ExMa polarizationepbtypes with respect to replenishment
of an empty rAM niche, and into putative genetid @pigenetic changes associated with
this process, in ALI/ARDS models.

Adoptive orotracheal transfer of flow sorted M1 W2ExMa into IAV infected (ExMa
recruitment-deficient) CCR2-/- mice furthermore ealed that M2ExMa increased,
whereas M1ExMa decreased the numbers of rAM at .DVpis was not due to early
replenishment or induction of proliferation of rAkly M2ExMa resulting in increased
rAM numbers, but likely due to release of anti-ajtip/pro-survival factors promoting
survival of rAM. One such factor, TREM-2 was redgmtentified to maintain the alveolar
macrophage pool after sendai virus infection inem{t87, 231). This is of particular
importance, as rAM depletion has been describettifisal event in driving outgrowth of
colonizing bacteria such &reptococcus pneumoniaeStaphylococcus aureugesulting

in fatal bacterial super-infection, a frequent eviatiowing viral pneumonia (138, 232).
Indeed, mMRNA expression levels of TREM-2 were gignincreased in M2ExMa as

compared to M1ExMa, and alveolarly released TRENW®tein analyses revealed
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corresponding results. Although it is likely thatrther factors are involved in preventing
rAM cell death by M2ExMa, and vice versa in prokamimatory/pro-apoptotic depletion
of rAM by M1ExMa, it seems that TREM-2 is involvéd a protective ExMa-rAM cross-
talk (data in progress)

Importantly, flow sorted M2ExMa were found to pravéoss of alveolar epithelial barrier
function (alveolar albumin leakage) and to induodiferation of AEC, whereas M1ExMa
increased barrier leak and did not induce AEC fa@tion substantially when transferred
into 1AV infected CCR2-/- mice. These data sugghbstt M2 in contrast to M1ExMa
protected the alveolar barrier by acting in an-aptptotic and/or pro-proliferative way on
the lung epithelium, to prevent epithelial injuryndéor to drive epithelial repair.
Furthermore, the data reveal a profound functidiféérence in the two ExMa polarization
phenotypes, which were likely associated with dddtitranscriptomic profiles. Moreover,
DNA microarray analyses comparing the transcripmmeM1 vs. M2ExMa flow sorted
from BALF of IAV infected mice, revealed strikingiftrences between the two
macrophage phenotypes. First of all, heat map arlingt of known M1 and M2 marker
genes confirmed the distinct phenotypes of M1 v&erSI2ZExMa and provided further
evidence that the established FACS gating stratisfiyning the two polarization subsets
was highly valid. Furthermore, genes preferentialypressed in M2ExMa were
particularly associated with termination of inflamtion (steroid biosynthesis), with
epithelial repair and tight junction formation, amith cellular growth and survival. RT-
PCR confirmation of some of the highly regulatedegeconfirmed increased expression of
the growth factors PDGH (platelet-derived growth factor alpha/beta), IGKkisulin-
like growth factor-1), EGF (epidermal growth fagtoand FGF7/10 (fibroblast growth
factor 7/10), and of the pro-survival genes Avempofsosis and caspase activation
inhibitor), Bcl2 (B cell lymphoma 2), Notchl, CcndCyclin D1), TREM-2 (Triggering
receptor expressed on myeloid cells 2) and Voppdsidular, overexpressed in cancer,
survival protein 1), in M2 compared to M1ExMa. Vigersa, M1ExMa highly expressed
genes involved in antigen processing, pattern m@tog pathways (e.g., IRF7, Interferon
regulated factor 7), and inflammation (e.g., CXCLOXC chemokine ligand 10/IP-10)
(heat maps not shown). One particular gene higkjyressed in M1 compared to M2
ExMa was the pro-apoptotic TRAIL (TNF-related apmi$-inducing ligand), which is
directly inducing alveolar epithelial cell apop®sinflammatory injury and loss of barrier
function in IAV pneumonia (Fig. 4-11 A) (64, 10133. Importantly, a substantial number
of the highly differentially regulated genes wasasated with tissue development and

repair, and expressed in M2ExMa, such as Sortlti({a@r involved in neuronal
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development) or Kazaldl/IGFBP (insulin-like growthctor binding protein). Among
these, Placenta-expressed transcript 1 (Pletl)tinasnost differentially expressed gene
(+7.0380 Log FC). In summary, these results indithat the functionally different M1 vs.
M2 phenotypes have distinct gene expression psofiath the M1ExMa upregulating
inflammatory/pro-apoptotic and host defense patlsyashereas the M2ExMa expressing

anti-inflammatory, pro-survival and repair pathways

5.3 Epithelial barrier-protective properties of M2ExMa are widely mediated by Placenta-
expressed transcript 1 (Pletl)

Pletl1 (RIKEN cDNA 1600029D21) also known as Cllorf34 is a
glycosylphosphatidylinositol (GPI)-anchored glycoigin with N-linked carbohydrates in
addition to other post-translational modificatiof284, 23%. Mature mouse Pletl shares
less than 60% amino acid (aa) sequence identity thvé most closely related rat or human
equivalent. A potential 194 aa mouse splice varthverges after aa 149 but still contains
a hydrophobic sequence at the C-terminus. Plaexeessed transcript 1, opposite strand
(Pletlos) exist with 2 transcripts (splice variani&his protein is usually translated from
the Pletl opposite reading frame. Pletl was fownbet localized at the leading edge of
epidermal wounds, and modulates keratinocyte magraand cellular adhesion to matrix
proteins during wound-healing responses and thepebmyotes wound repair (236, 237).
Pletl is known to be a specific marker of earlyntity epithelial progenitor cells and is
highly expressed in placenta of mouse and pig (238). It is also found to be expressed
during embryogenesis, specifically in the distattpaf the extraembryonic ectoderm,
adjacent to the epiblast, and is therefore a pialecandidate for regulating early
patterning events (238). The tissue distributiohaalthy adult mice showes a widespread
and unique expression in proliferating epitheliachs as the hair follicle cell, sebaceous
gland of skin, ciliated epithelial cells of trachead bronchial tube, striated portion of sub-
mandibular gland, distal convoluted tubule cellskadney, ciliated epithelial cells of

oviduct, medulla of adrenal gland and anterior lobthe pituitary gland (236).

64



Table- 5 Predicted functional partners of PletiImouse

Co-expression with Pletland the score represenbitsescore of co expression (211)

Gene Protein and known function Co-exeron Score
Pqglcl PQ loop repeat containing 1 0.73
Cntdl cyclin N-terminal domain containing 1 0.632
Tmed5 transmembrane emp24 protein transport domain aontpb 0.551
Wdnm1-like RIKEN cDNA 1100001G20 gene 0.567
wdr81 WD repeat domain 81 0.595
Cldn claudin; major role in tight junction formatio yes 0.506
Esrpl epithelial splicing regulatory protein 1 yes 0.475
Cdh1 cadherin 1; establishment and maintenance of djaitloell yes 0.468

morphology
Epcam epithelial cell adhesion molecule; epithelial cdlt adhesion yes 0.456

Of note, the mammary epithelial transcriptome irstitig-resistant and -susceptible sheep
showed that Pletl was one of the 20 genes thahighty expressed istaphylococcus
sppinduced mastitigesistant animals (239). This suggests a role efflHh host defense
mechanisms. Interestingly, Pletl has been showetospecifically expressed in an
intestinal dendritic cell subset that is in closentact with Royt-expressing innate
lymphoid cells (ILCs) and seems to be involved athbpositive and negative regulation of
IL-22 derived mucosal innate immunity (240), sudmes that immune cell-expressed
Pletl might involved in epithelial repair processesdiated by ILCs and IL-22 (241, 242).
The database of the human protein atlas showsPleé#l is expressed in both respiratory
epithelial cells and in lung macrophages (243)t1Plgas also predicted to functionally
interact with proteins like claudin, cadherin-1jtleelial splicing regulatory protein 1, and
epithelial cell adhesion molecule (EpCam) in mo\$able-5) and with the unc-93
homologue A and ferritin in humans (211). The Pletceptor, however, is currently
unknown. These data suggest that Pletl, which wast mghly upregulated in M2 vs.
M1ExMa in the current work, is similarly involved repair and restoration of the alveolar
epithelium after severe insult, particularly aftAV infection, and therefore represented a

highly interesting candidate for further investigat
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Therefore, to confirm the inflammation resolvingdagpithelium repairing effects of M2
ExMa derived Pletl, flow sorted M2ExMa from BALF b&V infected wt mice, were
adoptively transferred along with a neutralizingi-étetl antibody or 1gG isotype control
antibody into IAV infected CCR2-/- mice at D3pi. &hresults showed that the rAM-
preserving effects of M2ExMa were related to Plexpression, and Pletl mediated the
beneficial effects of M2ExMa with regard to proteat of epithelial barrier function
(alveolar albumin leakage). However, it is spe@dahat the rAM-preserving effect might
be a secondary event associated with reductionjofyrassociated inflammation and its
putative anti-viral activity, the epithelial-protee effect observed was likely due to its
pro-proliferative and anti-apoptotic action toward&C, known to be endogenous
epithelial progenitor cells of the alveoli (244hdaassociated to upregulation of a variety
of tight junctional proteins in flow sorted AECs dhe recipient CCR2-/- mice.
Noteworthy, than vivo data were confirmed by am vitro approach where isolated murine
AECs in culture were IAV infected in presence orsetce of Pletl. The results
demonstrate that Pletl indeed prevents IAV indugpdptosis (shown by inhibition of
caspase 3 activation), and upregulates TJ gene paoigin expression, resulting in
significantly increased TER in transwell-cultured®@ monolayers. This is of particular
interest in the context of 1AV infection, as it weecently demonstrated that IAV disrupts
epithelial TJ by direct virus-host interaction be tepithelial interface in the absence of
inflammatory leukocytes (245). The Pletl regulafedl proteins have been recently
associated with both tightness of epithelial layansl barrier properties, but also with
proper polarization of the epithelium (246- 249)cB processes are of utmost importance
once new epithelial cells are emerging from thdif@rating stem cell niche, to build up a
tight and functional epithelial barrier.

Interestingly, the presented data also demonstrid@idPletl treatment of AE@ vitro
resulted in impairment of viral replication, as demstrated by immunofluorescence
staining for the 1AV NP. This is likely due to mddtion of various cellular signaling
pathways by Pletl, such as pro-proliferative, apoptotic or pro-survival pathways, or
due to its effects on cellular polarization proesssall known to be centrally involved in
proper propagation of 1AV during the viral life dgc In this respect, it has been recently
demonstrated that apoptotic caspase activationdisspensable for 1AV replication, as it
mediates nuclear export of the viral ribonucleopirag (250, 251).
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These data suggest that Pletl represents a théafmal to attenuate epithelial injury in
pneumonia induced by IAV or other pathogens. Tafyer putative therapeutic effect of
Pletl in lIAV-induced ALI/ARDS, infected wt mice werorotracheally treated with
recombinant Pletl at D3pi. Pletl treatment resuitednproved lung barrier function,
associated with increased expression of TJ pro{gagicularly Claudin 1, ZO-1 and, to
lesser extent, E-Cadherin), and induction of AEGIifaration as part of the epithelial
repair response. Of note, Pletl treatment resultedsignificantly reduced lung
inflammation, as demonstrated by the numbers of BMNd lymphocytes in the BALF
and by histology assessment. It remains currentblear, whether Pletl exerts a direct
anti-inflammatory action towards the epithelium uldag in down regulation of
chemokine and cytokine expression. More likely, th&rier-protective/-regenerative
effects of Pletl would result in earlier terminatiof inflammation due to i) closure of the
epithelial barrier with impaired trans-epitheliaigration, and due to ii) faster repair of
injured epithelial cells with less release of danggsociated molecular patterns (DAMPS)
such as HMGBL1, IL-d4, and others, which are ligands for PRRs amplifyimftammation
(252). Interestingly, Pletl also increased the nemolb rAM in the BALF at D7pi, which is
likely not due to a direct pro-survival effect @tl has been shown to exclusively target
the epithelial compartment of various organs bathind) embryogenesis and organ repair),
but might rather be related to earlier resolutionirdlammation and the anti-viral
properties of Pletl, which would protect the rAMopoNonetheless, the presented data
cannot fully exclude that rAM are a direct Pletig&t, particularly as the Pletl receptor
has not been defined yet. Finally, orotracheallPietatment resulted in improved outcome
after IAV induced lung injury in terms of morbidifppody weight) and, most importantly,
mortality. These data clearly indicate that alvedPdetl deposition might represent a
therapeutic strategy to attenuate ALI/ARDS indubgdAV or even by other pathogens or

insults.

In conclusion, the work presented provides evidehag during IAV induced lung injury,
different polarization phenotypes of ExMa with dist gene expression and functional
properties, defined by a newly established FAC$hgadtrategy, are present in the lung
during the course of infection. M2 polarized ExMee @&ndowed with the ability to
preserve and replenish the rAM pool which was dedleupon IAV infection. Most
importantly, M2ExMa act in an anti-inflammatory wayd protect and regenerate the
alveolar epithelial cell barrier, a function which dependent on the epithelial growth

factor Pletl. Orotracheal treatment of IAV infectedice with recombinant Pletl
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significantly attenuates inflammation and improadgeolar barrier function and outcome,
suggesting that Pletl might represent a putatieeafieutic option to treat humans with
ALI/ARDS.

healthy disrupted repaired
alveolar barrier alveolar barrier alveolar barrier

- ———

—v-*.-vv\ “' —*

4 AEC 4 AEC proliferation
SPapitsie 4 AEC TJ proteins
loss of
* rAM
homeostasis * acute phase AV resolving phase
vy g Plet1
TNF —a,IL-18 FIZZ-1, Arg-1, TGF-B,
iNOS, TRAIL, IRF7 PDGF-B,FGF7,10, YM-
\. © 1, TREM2, Notch1
M1ExMa
@/ CD206'%, CD40", M2ExMa
Py, M CD206", CD40'ow
rAM
M2ExMa
Infiltration of PMNs ‘
£ and lymphocytes U

PM [
L/ o w o

Figure 5-1 Schematic overview of AV induced alveolar barrier damage and M2ExMa derived Pletl in
attenuating the 1AV induced ALI. The left side shows the alveolus during homeostagils healthy
epithelial, endothelial barrier and resident aleeghacrophages (rAM)he center part of the figure shows
the acute phase of influenza A virus infection (DAffemonstrated by disrupted epithelial, endothelial
barriers, influx of polymorpho nuclear Ieukocyté%lV(Nsém;lflammatory monocytes, apoptotic rAM and
presence of M1 exudate macrophages (M1ExMa- CE30B40") that releases huge pro-inflammatory
cytokines like TNFe, IFN-y, INOS associated with high expression of TRAIL dRi#7. The right side
shows the resolving phase characterized by repapgtthelial barrier with increased tight junctiomJj
proteins on alveolar epithelial cells (AEC), pres=rof M2ExMa- CD206'CD40°" that releases several
growth factors (GFs) (PDGH3, FGF7,10) associated with increased levels of Notand TREM2. Anti-
inflammatory cytokines (TGRB; IL1ra, FIZZ-1, and YM-1) were also found increds@ M2ExMa. The
M2ExMa also expressed placenta expressed trandcppatein (Pletl) that accelerated the barrieaireipy
increasing the proliferation, TJ proteins and rédyche apoptosis on AEC. Pletl also showed aativir
effects, reduced the infiltration of polymorpho tear leukocytes (PMNSs) leukocytes and improved auie

in IAV induced ALI. The round head arrow ( ) denoths inhibition effects; the up arrowt ( ) denotes th
increased effects.

68



6. Summary
Influenza A Virus (IAV)-induced acute lung injurglate respiratory distress syndrome

(ALI/ARDS) is a severe complication of IAV infectian humans with often fatal outcome
due to lack of effective therapeutic options. Icisracterized by severe inflammation in
the alveolar compartment of the lung, associateith &poptotic injury of the alveolar
epithelium, resulting in loss of barrier functioedema formation and impaired gas
exchange capacity with respiratory failure. Alveotxudate macrophages (ExMa) have
been shown to be key players in both driving infiaaory injury to the alveolar
epithelium, but also in promoting resolution oflamhmation and driving tissue repair
processes, and these different functions have deggested to be associated with the M1
versus M2 polarization phenotype of macrophagespewively. However, to date,
methods to define these phenotypes in pneumoniaelsiod vivo have not been
established, nor have the functional propertiedMdf and M2ExMa and the signaling
pathways or mediators associated with these fumgtien elucidated, particularly in the
context of IAV infection.

The presented data provide evidence that ExMa réngh functional plasticity during
IAV-induced ALI/ARDS. Different polarization phengies, M1 and M2ExMa, can be
defined and separated by a newly established FAdTi@gystrategy, allowing analyses of
their gene expression profiles and correlatiorh®&rtfunctional properties in IAV-induced
lung injury. Quantitative analyses revealed thathi& early, acute phase of IAV infection
(D7pi), large numbers of M1ExMa infiltrate the abvar and, to lesser extent, the
interstitial space of the lung. Later on, ExMa nemsbdecline and increasing proportions
of M2ExMa are present. By D21pi, low numbers of ExMre present which are
completely polarized towards an M2 phenotype. Genbone marrow chimeric mouse
models and adoptive ExMa transfer studies into Ex&tauitment-deficient CCR2-/- mice
demonstrated that the functional phenotype of M2Bxh associated with both
preservation and replenishment of the rAM pool deggl upon IAV infection, and with
regeneration of the alveolar epithelium and impdoepithelial barrier function in 1AV-
induced ALI/ARDS. Transcriptomic profiling of M1 v&s M2ExMa revealed highly
distinct gene expression profiles, with M1ExMa egsing pro-inflammatory/pro-
apoptotic and host defense-associated genes, wghévi2ExMa upregulating anti-
inflammatory/anti-apoptotic genes and a high numitfeepithelial growth factors. The
most highly regulated gene in M2 versus M1ExMa ¥@asd to be Placenta-expressed
transcript 1 (Pletl), a growth factor previouslg@sated with development of epithelial

layers, epithelial cell proliferation and formatiari epithelial tight junctionsin vitro
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infection experiments using primary murine alve@githelial cells (MAEC) demonstrated
that recombinant Pletl prevented AEC apoptosis |[AMdreplication, upregulated tight

junction-associated proteins and increased tigbtoégshe AEC monolayer. Blockade of
Pletl in M2ExMa by neutralizing antibodies abolidhbe epithelial-protective properties
of M2ExMa in IAV infectionin vivo. Orotracheal treatment of IAV infected mice with
recombinant Pletl attenuated inflammation, indusEE repair, improved alveolar barrier
function and increased survival of IAV-induced AARDS. Together, these data indicate
that M1 and M2ExMa are functionally distinct pheypss evolving during IAV infection,

and that M2 programming of ExMa vivo is protective with respect to alveolar barrier
function due to expression of Pletl. Moreover, dpeutic intervention using alveolar
deposition of Pletl might be a useful strategympriove outcome after ALI/ARDS in

humans.
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7. Zusammenfassung
Das Influenza A Virus (IAV) induzierte akute Lungemsagen/’Acute Respiratory

Distress Syndrome™ (ARDS) ist eine schwere Kompiltkeder humanen IAV Infektion
mit haufig toédlichem Ausgang aufgrund fehlendeektiiver therapeutischer Optionen. Es
ist charakterisiert durch eine schwere Entzindueg alveolaren Lungenkompartimentes
mit apoptotischer Schadigung des Alveolarepithelas zum Verlust der pulmonalen
Schrankenfunktion mit Lungenédem und schwerer Gadaaschstorung fuhrt. Alveolar
rekrutierte (Exudate) Makrophagen (ExMa) sind zdrdowohl an der inflammatorischen
Gewebsschadigung des Alveolarepithels als auch en Eshtzindungsauflosung und
Gewebereparatur beteiligt und diese differentereésse wurden jeweils einer M1 bzw.
M2 Polarisation der beteiligten ExMa zugeschrieb&msher wurden jedoch weder
Methoden etabliert, die es erlauben, diese Potarsphénotypen in Pneumonie Modellen
in vivo zu unterscheiden, noch wurden bislang isshdere im Kontext der IAV Infektion
das funktionelle Repertoire von M1 vs. M2 polanitga ExMa und die daran beteiligten
Signalwege und Mediatoren aufgeklart.

Die in dieser Arbeit prasentierten Daten geben Heises darauf, dass ExMa im Verlauf des
IAV-induzierten Lungenversagens/ARDS eine hohe finmelle Plastizitat aufweisen. Mit
Hilfe einer neu etablierten "FACS- Gating” Stra¢eieRen sich M1 und M2 ExMa als
distinkte Polarisationsphanotypen identifizieremrathflusszytometrisch separieren und
hinsichtlich ihres Genexpressionsprofils sowie ihféunktion im IAV-induzierten
Lungenversagen charakterisieren. Quantitative Assalyzeigten, dass in der frihen akuten
Phase der IAV Infektion (Tag 7 nach Infektion) MIxNEa in groRer Zahl den
Alveolarraum und in geringerem Ausmald das Lungemstitium infiltrieren. Spater im
Infektionsverlauf sinkt die Zahl der ExMa wéahrendr dAnteil der ExMa mit M2
Polarisierung zunimmt. An Tag 21 nach Infektion dsimur noch wenige ExMa
nachweisbar, die alle einen M2 Phéanotyp aufweisBrch Untersuchungen in
Knochenmarks-chimaren Mausmodellen und adoptiveansfer von ExMa in CCR2-/-
Mause mit einem endogenen ExMa Rekrutierungsdelie® sich zeigen, dass der
funktionelle Ph&notyp von M2ExMa zur Erhaltung Relgenerierung des durch die 1AV
Infektion depletierten Zellpools residenter Alvaeotakrophagen (rAM) beitragt, was zur
Regeneration des Alveolarepithels und verbessep#helialer Barrierefunktion im 1AV
induzierten Lungenversagen/ARDS flhrte. Transkn@palysen von M1 vs M2ExMa
zeigten distinkte Genexpressionsprofile, wobei MWEax pro-inflammatorische/pro-
apoptotische und Wirtsabwehr-assoziierte Gene ex@rien, wahrend in M2 ExMa anti-

inflammatorische/anti-apoptotische Gene sowie ehmhe Anzahl von Genen, die
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epitheliale Wachstumsfaktoren kodieren, hochreguligaren. Das am starksten in M2
versus M1ExMa hochregulierte Gen war "Placentaesgad transcript 1 (Pletl), ein
Wachstumsfaktor, dem bereits eine Rolle bei dewkektung von Epithelzellschichten,
bei der Epithelzellproliferation und der Formierumgn epithelialen “Tight Junctions’
zugeschrieben worden war. In in vitro Infektionsesimenten an primaren murinen
Alveolarepithelzellen (AEC) liel3 sich zeigen, dasisombinantes Pletl die AEC Apoptose
und IAV Replikation verhindert, “Tight Junction  saziierte Proteine hochreguliert und
die Dichtigkeit von AEC Monolayern erhoht. Blockagten Pletl in M2ExMa durch
neutralisierende Antikorper fihrte zum Verlust &@githel-protektiven Eigenschaften von
M2ExMa im Rahmen der IAV Infektion in vivo. Intraitheale Behandlung von 1AV
infizierten Mausen mit rekombinantem Pletl attertei die Inflammation, induzierte AEC
Reparatur, verbesserte die alveolare Barrierefanktind erhéhte die Uberlebensrate von
Tieren mit IAV-induziertem ALI/ARDS. Insgesamt gen diese Ergebnisse, dass M1 und
M2 ExMa funktionell distinkte Phanotypen im Verladér 1AV darstellen und dass eine
M2 Programmierung von ExMa durch die Expression Rtetl in vivo protektiv fir die
alveolare Barrierefunktion ist. Die alveoldre Ddpos von Pletl als therapeutische
Intervention kénnte deshalb eine nttzliche Stratsgin, um das Behandlungsergebnis bei

Patienten mit ALI/ARDS zu verbessern.
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