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ZUSAMMENFASSUNG

Bakterielle Pneumonien gehdrenuzden schwerwiegendsten Komplikationen nach
Schlaganfall deren zugrundeliegenden pathophysiologischen Mechanismen unzureichend
verstandensind Ene Uberaktivierung desutonomen und insbesondere audties cholinergen
Systemsnach Schadigung des zentraledervensystemyZNS)tragt mafRgeblichzu einer schnell
einsetzenden, temporarenimmunsuppressionund damit zwur Entwicklung von Schlaganfall
assoziierten Pneumonien (SAB®i. 5 S NJ nikotinerge Acetylcholinrezeptor(nAChR) wurdém
experimentellen Schlaganfadils wichtiger Mediator der beeintrachtigten Immunantwart einer
spontanen SAP identifiziert. ®in vitro Versucheauf eine Beteiligung von nicht’/nAChR an einer
pulmonalen Immunsuppression hinwiesenurde in derersten Studiedie Rolle vorden in der Lunge
exprimierten "2, h5 h7 und h9/10nAChRin einem Mausmodell der Aspiratioisduzierten
PneumokokkefPneumonie nach Schlaganfall untersucBie AbwesenheitverschiedenernAChR
hatte keinenEinfluss auflie Rekrutierungzon Leukozyten in Lunge und Milawiedie pulmonalepro-
und antiinflammatoriste Zytokinantwortund fuhrte letztlichnicht zur werbesserten Beseitigundes
Erregers was dafurspricht dass nAChRdie gestdrte Immunantwort gegenPneumokokkennach
Schlaganfall nichtermitteln. Das cholinerge Systekann auf der Ebender Acetylcholisynthese, des
Transportes, deFreisetzung, dekognatenRezeptorenaber auckdurchdie Regulation der Expression
der zugrundeliegendeiGene mittels kleiner RNA®einflusst werdenln derzweiten Studiewurden
daherkleine RNA$m Blut von 8hlaganfallpatienten untersucht uneine Verringerung deMikro-
RNAs(miRs) und eiren Anstieg derTransferRNAFragmente(tRF3 zwei Tage naclSchlaganfall
nachgewiesen Die Schlaganfalhduzierten tRFs enthielten komplementare Motive zu aktiven
Transkriptimsfaktoren in Monozyten, die unteranderem cholinerge Geneund Inflammation
regulieren Diese Befundsprechen daflirdass tRFsine fundamentale Rolle ider Regulation der
Immunantwort nachSchlaganfakspielen Neben der cholinergen Uberaktivierung kommt es auch zu
einer Stimulation des sympathischen Nervensystems, was unter anderem zu iEiNeADefizitund
damit zu einer gaérten bakteriellen Abwehfiihrt. In derdritten Studiewurdedie intratrachealdFN
1 Administrationbei SAP im Mausmodell getestddie pulmonalelFN! Behandlunghatte keinen
negativen Einfluss auf die Infarktreifungnd kann daher in Bezug auf mogliche negative- pro
inflammatorische Effekte im ZNS ad&cher betrachtet werden Trotz einer Verbesserung der
LungenzelFunktionalitat in den IFNY behandelten SchlaganfalMausen konnten spontane
Pneumoniensowie Aspirationsinduzierte PneumokokkeRneumoniennicht verhingert werden.
Obwohl diese Arbeit experimentellen Schlaganféllodellkeinen Nachweis daflr erbringen konnte
dass durch eine cholinerge Blockadeoder durch gezielte pulmonale ZytokifiTherapie die SAP
verhindett werden kann bietendie Ergebnisseine Grundlagefir neue Therajgansatze Basierend
auf den hier vorgelegten Datenkdnnten Kombinationstherapi@ mit verschiedenen
Immunstimulatoren oder die Manipulation kleiner RNAs zur Behandlung desiSémlle Optionen

darstellen
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ABSTRACT

Bacterial pneumonialselong tothe most serious complications after strolk#oseunderlying
pathophysiologial mechanisms are poorly understoodOveractivation of th@autonomic, especially
the cholinergic systemafter central nervous systemCN$ injury contributes toa rapid onset of
temporaryimmunosuppression and thus to the developmentstrfoke-associated peumonia(SAB.
¢ K S ni¢otinic acetylcholine receptqnAChRwas identifiedin the experimental stroke models an
important mediator of the impaired immune response against spontaneous Sieein vitro
experiments indicaté that nonh T y | / K w aute @2pyiioNdrydimmunosuppression, tHest
study investigated theroleof HX h p 3 h 1 | \opredsat innhe gl akneudse model
of an aspiratioAnduced pneumococcal pneumonia after stroKéne absence afifferent nAChRs did
not affect laikocyte recuitment to the lung and spleemas well apro- and antiinflammatory cytokine
responses in théungand ultimately did not improve pathogen clearansaggesting that nAChRs do
not mediate the impaired immune response paeumococcafter stroke.The cholinergic system can
beinfluencedat the level of acetylcholine synthesike transport, therelease, the cognateeceptors
but also bythe regulation othe expressiomf underlying genes using small RNikwhe second study
smallRNAs in the blood of stroke patiemt&re analyzednddemonstrated a decrease of microRNAs
(miRsyand an increase dfansfer RNA fragmen($RF3two days after stroke. The strokaduced tRFs
contained complementary motifs to active transcription fastdn monocytesregulating among
others, cholinergic genes andhflammation suggesting that tRFs play a fundamental role in the
regulation of the immune response after strok&esidescholinergic overactivation, the sympathetic
nervous systenis also activated after strokeesulting among othersin an IFN -deficit and thus to
an impaired bacterial defensén the third study, intratracheal IFN G NS G YSy G 2F { !t
mouse model. Pulmonary IFN I RY A Y A & (0 NI { A 2 y't oKihf&ct iffaturayoiS ahdl dak & S
therefore be considered safe with respect to possible negativeirftammatory effects in the CNS.
Despite an enhancedung cell functionality in the IFN treated stroke miceboth spontaneous
infections and aspiratioinduced pneumococcal pneumonias were not preventatihough this work
failed in an attempt to prevent SAP in the experimental stroke model by cholinergic blockade or by
pulmonary cytokine therapy, the data provide basis for new therapeutic approaches. Guiobin
therapy with different immunostimulators or manipulation of small RNAs to treat SAP would be

conceivable here.
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1 INTRODUCTION

1.1 Strokeassociated pneumoniathe most severe medical complication

Stroke is an infarction or hemorrhage in the brgih The gldal burden of disease studyf
2017showedthat 6.2 million people died as@nsequence of a strokenaking itthe second leading
cause of death after ischemic heart disesg®. Patients, who surviveften suffer frommoderate or
severe disabilitieg3]. Medical complicationandthe resultingongterm care as well asshabilitation
after strokelead to rising healthcare costarhich demand stroke prevention ameduction ofstroke
related disability[4].

Up to 85% of all stroke patientauffer from medical complicatics) including neurological
recurent stroke, epileptic seizurénfections, mobility relatedalls, falls withserious injury, pressure
sores,thromboembolism pain, psychologicatlepression, anxiety, emotionalisndlysphagia, fever,
incontinenceand confusion[5,6]. Therein pneumoniais the most severe medical complicatjon
occurring in p to 3 of all stroke patient$7,8]. Dysphagia andaspiration were identified as
significantrisk factorsfor the development ofSAH9,10]. It was shown that ¥sphagia occurs in up to
78%and aspirationdue to impaired swallowg, in up to 30%of all stroke patientsresultingin an
enormousincreased risk to suffer from pneumonida-13]. Nevertheless, not all patients who aspirate
develop pneumonigl0,14] It has lecome cleathat these risk factors magot be sufficient to induce
pulmonary infectios after stroke. Previous experiments have shown @akSnjurieslike stroke result
in secondary immunosuppression due to overactivation of sfpatisways whichwas dentified as an

independent risk factor contributing t8AH7].

1.2 Strokeinduced immunosupressionby activating neurohumoral stress pathways

The CNS can influentiege immune systenthrough soluble mediatorssuch asigh mobility
group box (HMGBZ1)directly released from damaged tiss[i®], but also due to the activation of the
three stresgpathwaysthe hypothalamiepituitary-adrenal (HPAxis, the sympathetic nervous system
(SNS) andhe cholinergic signalinF]. Clinical studies demonstrateithat stroke is linked withan
activation of theHPAaxisin the hyperacute phaseBlood analysis of stroke patients showed initial
increased levalof adrenocorticotrophic hormone (ACTH) and cortisol. In a second phesgida®CTH
decrease mediated by a negative feedback mechanism was observed. In contrast, high cortsol level
in blood persisteddue toprolonged activation of the adrenal gland AZTH16-18]. On the one hand
stroke causes physiological stresesulting in the direct or indirect activation of the HBERs by
differentregions of the brainincludinghippocampus, amygdala and bed nucleus of the stria terminalis

[19]. On the other handpro-inflammatory cytokinesreleased in the brain aftertoke, can directly
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activate the paraventricular nucleus (P\fthe hypothalamusleadingto an increasedecretion of
the corticotropin-releasing hormone (CRFubsequently, CRH stimulates the releads@@THy the
anterior pituitary following glucoaticoid (GC) secretion by the adrenal corté3C suppress
immunity by inhibiting prenflammatory cytokine (interleukin (L) -1, IL-6, tumor necrosis factor
(TNB-h, 1L-:12), chemokines (KB), prostaglandins and nitric oxidAdditionally GC stimulates anti
inflammatory mediators including 1E10 and transforming growth factor (TGF ) and induces
apoptosis of immune cell§urthermore, GC downregulates the expressiomajor histocompatibility
complex  class I, diminishes antigen pestation to lymphocytes by
monocytes/macrophagesendritic cellsDC$, promotes development of regulatory @ells as well as
differentiation of Th2 celland induces lymphopenia in blood and sple€he hypothalamus does not
only induce immunosuppressiday activating the pituitanadrenalpathway, but also by activatirtge
SNSandthe cholinergic signaling,20-22].

The SNS ianother stress pathway, which is activated by strokeflammation or injury
stimulate preganglionic sympathetic fibeimoming from the grey matter or the lateral horn of the
spinal cord andynapse with the postganglionic sympathetic fibers in the ganglia of the sympathetic
chain[23]. Postganglionic nerve fibersleasecatecholamins, includingadrenaline noradrenalne and
dopamine among othersinto the blood the primary as well as the secondary lymphoid organs and
modulate immune cell functiof24]. Among otherscatecholaminesact 2 y -adrenergic receptors
which are expressed on almost all leukocytesulting inan initialincrease of blood lymphocytes and
granulocytes originating from marginal pool and peripheral reservoirsirfgiadn animals have shown
that persistent increased catecholaminencentrationsn the bloodinduce apoptosis of lymphocytes,
reduce TNF, Il-m iand 1112 secretion diminishnatural killer celli{Kcell) activity and lead to atrophy
of spleen, thymus and lymph nodesurthermore, it was shown that catecholamin@shibit the
expression ointerferon (FN-' andIL-2 by Th1 cells and stimulatke expressiorof IL-4 and IL5[7,20].

Besides the SNS, theholinergic signalinglso interacts with the immune systeamd plays a
key role in the regulation and control of inflammatiolm brief, danaged tissue activates the afferent
limb stimulating preganglionic parasympathetic fibers the brainstem nuclei or sacral spinal cord
which synapse with postganglionic fibers near different orgactuding the eye, heart, lung, stomach,
intestine, gallbladder, pancreas and kidrieg]. Efferent parasympathetic nerve fibetacluding he
efferent vagus nerve innervate most of the thoracic and abdominal orgarig5,26] release
acetylcholine ACh)to the cells of the effector organand induceanti-inflammatory signaling via
different nAChR. In addition, nonneuronal cel such as lymphocytes, DCs, macrophages and the
airway epithelium produce and secret A@hd thus actively contribute to cholinergic signaling in
homeostasis and disea§e7,28] In vitro studiesshowedthat nicotine or ACh diminishNFh -1, ILl-[

6 and IE18, but not theanti-inflammatory IE10 response to endotoxin by human macrophages.
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Experiments in mice could confirm the airtflammatoryeffect of cholinergic signaling/agotomy in
rats raised TNF £ SSn&&dim and liver in response iotravenously applied endotoxin ancdgus
nerve stimulation diminished TNF  f s3nZ&rtim, liver and heart and prevented shock of animals
treated with a lethal dose of endotoxif26,29] Thisanti-inflammatory pathwaywas shown to be
regulatedandpotentiated by miRs LipopolysaccharidéLP $inducedmiR 132, targetingandinhibiting
acetylcholinesteras¢ranscription[30]. LPS stimulation dRAW264.7 cellgesulted in an increase of
miR124 via thé" 7nAChR diminishing-iiand TNF* production[31].

It is well known that the cholinergic antiflammatory pathway plays avmtal role in the
control of inflammatiorin different diseasesncluding sepsis and ischemic strg&e,33} Experiments
in mice demonstrated thattain ischemidedto a rapid increase of the cholinergic signalidggotomy
prevented pulmonary infection after experimental stroksuggesing that increased cholinergic
signaling contributeso the development of spontaneouAPR[33]. Findings in patients confirmed the
important role of the cholinergic activation in the development®APR Patients showed sigmnsantly
increased ACh production by blood lymphocytes 24ter stroke onset compared to healthy controls
Lymphocytes of stroke patients wiineumonia produced significdgthigher ACh levelcompared to
stroke patients without pneumonia Additionally, regression analysis demonstratea positive

correlation between ACh production and infarct volume or infarct severity with pneunj@4iia

1.3 The role of nicotinic acetylcholine receptors in the modulation of the immune system

Cholinergic signaling occurs via acetylcholine receptors, which are activated bypdogenous
neurotransmitter ACtand are divided into muscarinic amAChRsnAChRs are fast excitatory ligand
OAYRAY3I A2y OKI yySft-&dzd deyRAMINGNIS 0k @48 \Ay0A41[36R Diffedent h
02 Yo Ayl Gy Kdunisttanform heteromeric receptorgth 5 subunitsd 9 E Of dza A @St & X
YR h ¢ &dzo dmyomericrécgptors, vidasi K S 1 o isdldeocdpgbietiforming a
KSGSNRBYSNAO NBOSLI 2[rg. Buk fokthe highScalchum permiatabtylzyiACHRS
contribute to the regulation osecond messenger signaling pathwaysludingthe PI3kinase/AKT
pathway, activation of transcriptional systems and prdjgic processesnAChRs are expressed by
neuronal as well as nomeuronal cells such as lymphocytBs;sand macrophagegs]. Especially the
h2,h5,h6,h7, 19 andh 10 subunitsare detectable onimmune cell§27]. In vitroandin vivostudies
demonstrated that immune celunction is mediated by its own nemeuronal cholinergic signaling via
0KS hr1ty!l /[ Kkivp3d ad ©OS '+ V! / Kwly idcie@sgdddrinflaminatef cytaking v
secretion compared to WT littermates in response to ovalbumin immunizateh LPSpplicdion
36370 { GAYdzE F GA2y 2F GKS h1y!l /[ Kw 2y diMihisDedPTNK | 353 N
production and releasg87]. Agonists oftheé T y! / Kw LINB @Sy (i SRNRFBgthwap G A G G A
and inhibited HMGBgecrdion[38].¢ KS A YLER2 NI Fy i NRfS 27F {guton Ty ! / Kw
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of inflammationsparkedi KS Ay i SNBad (2 Mmhddeidbgmantdndpathogedesist y! / K
of different diseasesExperiments in mice have exhibitédK & a G A Ydz | G§A2y 2F (GKS !
reduction of brain edema after experimental stroke andeuroprotectiveeffect on stroke due to

reduction of inflammation and oxidative stre§39,40} Ly O2 y i NI & (i Was &hgvd toh Ty ! / K
mediateimmunosuppression in the lung after experimental strogentributing to the development

of spontaneous pneumonia, mayntaused by Gramegative bacteriaButin vitro experiments have
demonstratedthat cholinergic stimulation resultis impaired IL6 secretion by macrophages isolated

from WT mice, as well ast N2 YhAChRknockout (KO mice, suggsting a contribution ofhon-

h nAChR to the cholinergic asitiflammatory pathway[33].

1.4 Immunomodulatory treatment as a neVitreatment option of strokeassociated pneumonta

Beside the antibiotic therapy immediately after diagnosis tbe pulmonaryinfection in stroke
patients [13], the prevention of aspiration, standardized swallow screening and oral ar@ralso
pivotal measures in the treatment of SER]. In addition, pophylactic antibiotic treatmento prevent
SAPwas tested in different clinical studiewith contradictory result442]. Finally, 2 phase Il trials
demonstrated that proplactic antibiotic treatment neithemprevents SAP nor improgestroke
outcome [43,44] The longasting immunosuppression after stroke and the growing emergence of
antibiotic-resistant bacteria raised the interesh immunomodulatory therapy for the treatmentfo
SAPCytokine immunotherapwas already tested faifferent diseases in mouse modeés well asn
human trialswith promising results Patientswith a sepsisassociated immunosuppression treated
with granulocytemacrophage colongtimulating factor(GM-CSkor IFN!, as well agpatients with
postoperative immunosuppression treated with @8KEhowed aeconstituted immune function and
an improvedclinical coursg45-47]. The administration ofjranulocyte colomstimulating factor(G-
CSFK, IFN!, I:12 andGM-CSRo prevent and treat pneumoniaesulted in an enhancegathogen
clearancedependent on the type of application and bacteria specigsspite possible complicatians
such asunsolicited systemic effects atoselimiting toxicity, the cytokinetreatment represents a
mechanistically reasonable therapeutpproachfor the treatment of SAP[48]. Subcutaneous (s.c.)
administration of GMCSFwas alreadytested in an experimental mouse model of spontaneously
developing infections after stroke andghowed increased peripheral and pulmonalgukocyte
numbers, an improved peripheratytokine responsesand diminished bacterial burden in the
bronchoalveolar lavage fluiBALIr[49]. An n vivostudy demonstratedthat stroke inducesmpaired
IFN'  LINR RrdziOad &ridl yisceral organas well as apoptosis of IPN LIN2 RdzOAy 3 A YYdzy S
lymphatic organs[22]. Sincethe pulmonary [RN- f sSage Satso significaht diminished after
experimental strokg50], a local pulmonary administration of IFN Y Ab&8 & diitabletreatment

optionto prevent or treat SAP.

10
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1.5 Importance and aimof the PhD thesis

Despite preventive antibiotic treatmenthe overall frequency of SAP remained unchanged over
the last decadefb1]. Also the administration of -blockerto reverse adrenergic immunosuppression
did not guarantee the prevention opulmonaryinfections after stroke7,20]. Further therapeutic
approaches foithe prevention and treatment of SAPremain scarceTherefore,it is importantto
identify and investigatdurther factorscontributingto SAPand to develop new therapeutic strategies
The aim of this work wa$o better understand underlying mechanisms resulting in cholinergic
immunosuppression after strokes well ago evaluate a pulmonary cytokine therapy in a mouse
model of SAP

1. The firstaim of this PhD projectvas to analyzé¢he roleof then2,h5,h7 andh 9/10nAChR,
expressed in the lungin an impaired immune response agaireh aspiratiorinduced
pneumococcal pneumonia after experimental stro&ed thus to identifypossibletarget
structures fornew therapeutic concepts to reverse cholinergic immunosuppression after

stroke.

2. The secondtady aimedto investigateif LPSnduced preinflammatory cytokine secretion in
human monocytes is regulated by the cholinergic systamd if tRFs play a role in this
inflammation controlThe datavereanalyzed comparativelyith the investigation oEhanges
in the leves of small RNAs in the blood of stroke patierimnadly, this study aimedo identify
potential therapeutic targets to manipulate the geregulation of the cholinergic systeatter

stroke.
3. The third aim was teeconstitute lungantibacterial defensafter strokeby local pulmonary

IFNY administration and therefore to preversipontaneous pneumonjas well ago improve

bacterialclearancdn an aspiratiorinduced pneumococcal pneumonigodelafter stroke

11
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2 METHODS

2.1 Animalsand housing

Experiments were performed in accordance with the European directive on the protection of
animals used for scientific purposes and the respective German legislation after approval by the
relevant authority, Landesamt fiir Gesundheit und Sozifl#sSESO), Berlin, GermaMijice were
placed in cages with chip bedding and environmental enrichroend 12 h light/dark cycleith ad
libitum access to foodtandard chowand water Analysis ohAChR expressidn brain and lungas
well asIFN! treatment was performed by usind2-weeksold male C57BL/6J mice (The Jackson
Laboratory, Bar Harbor, Maine, USAJo investigate the impact of nAChRNn poststroke
pneumococcal pneumonjd2-to-20-weeksold malemice 01 Ay 3 (G KS h HEACRgnd "1 |V
WT littermateswere used(information about the mouse strains are described in st@dy2]). Since

all strains carry th€57BL/6JCrl bagtound,mixed WT littermates of all strains served as a control.

2.2 Expression analysis nicotinic acetylcholine receptors

Total RNA from lung and brain tissue was isolated using TRpth, Karlsruhe, Germgn RNA
was incubated with DNase (Promega, Fichtburg, MA, USA) followed by purification with Phenol
Chloroform to remove genomic DNAnd reverse transcribed using ProtoSctipt Reverse
Transcriptase (New England Biolabs, Ipswich, TH mRNA expressiai genes was analyzed using
a LightCycler 480 (Roche, Mannheim, Germany) and the LightCgsiStarDNAMasterSYBR
Greenl-YA Ul O0w2O0KS> alyyKSAYXI DSNX¥YIyeOo IwiihdetNdgaay 3 (2
protocoldescribedn studyl [52]. Target gene expression was normalized {actinas housekeeping
gene Primer were used as dasbed in table 1Analysis was performed usii§00 Software v2.3 (Life
Technologies, Carlsbad, CaliforrikSA)

PRIMER FORWARBEQUENCE REVERSHEQUENCE

mChrnaalpha2 TGGATGGGCTGCAGAGAGACAG GGTCCTCGGCATGGGTGTGC
mChrnaalpha5 ATCAACATCCACCACCGCTC CTTCAACAACCTCGCGGACG
mChrnaalpha7 TCCGTGCCCTTGATAGCACA TCTCCCGGCCTCTTCATGCG
mChrnaalpha9 CGGACGCGGTGCTGAACGTC AGACTCGTCATCGGCCTTGTTGT

mChrnaalphal0 ACCCTCTGGCTGTGGTAGCG GCACTTGGTTCCGTTCATCCATA

Tablel: Primer used foguantitative Reverse Transcriptase Polymerase Chain ReacfRoARCR

12
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2.3 Experimental stroke

Middle cerebral artery occlusion (MCAo0) was performed as described else#igrén brief,
animals were anesthetized with isofluraneAbptt, Wiesbaden, Germahyin a 1:2 mixture
oxygen/nitrous oxide. Ailiconcoated filameni{Docol Cgooration, Sharon, USAvas introduced over
the common carotid artery and the internal carotid artery into the circle ofis\ilocking the origin of

the middle cerebral dery for 60 min.

2.4 Analysis of infarct size

Brains wee removed frozen in 2Methylbutan Carl Roth, Karlsruhe, Germaion dry iceand cut
into 25um thick cryosectiondnfarct size was determined lnematoxylin staining according to Harris.
Total area of contralateral hemispherfHAns) and area of not injured part ofhe ipsilateral
hemisphere(HANLs) were measuredn 5 sectionsat defined regionsising SigmaScan PrgSystat
Software GmbH, Erkraht, Germamg follows:

A = Aectionn + 2 * Aectiore + 2* Asectiors + 2 * Asectiort + Asectiors.

Infarct size was calculated with the following equation:

P) T ARGRAA— MM zp 1.1

2.5 Aspiratiorinduced pneumonia model witB pneumoniae

Spontaneously developing infections were prevented by antibiotic treatmeatijoflaxacin, 5.0
g/kg BW, Vétoquinol GmbH, Ravensburg, Germappglied intrgeritonealy (i.p.) one day before and
on the day of MCAo0. Animals were anesthetizedviph midazolam (5.0 mg/kg BW, Roche Pharma
AG, Grenzackivhylen Germany) and medetomidin (0.5 mg/kg BW, Orion Corporation, Espoo,
Finland). nAChR KO mieead WT littermateswere infected intratracheally (i.t.). To this end a
bronchoscope was inserted until the bifurcation of the trachea asd pneumoniaéD39seraype 2,
Rockefeller University, New York, NY, USA) suspension ¢2@0% forming unitfCFW/50 ul) was
applied[52,54] To investigate the effect of IFNtreatment on an aspiratiofinduced pneumococcal
pneumonia, C57BL/6J mice werdected intranasally(i.n.) with a suspension of 10,000FW20 pl
(PN36, NCTC 7978erotype 3. Anesthsia was antagonized s.with flumazenil 0.5 mg/kg BW,
Inresa, Freibug, Germanyand atipamezol (5.0 mg/kg BWrion Corporation, Espoo, Finlgnd
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Mice were anesthetized andantagonizedas described for the pneumococcal infection. 4FN
(PeproTech GmhHHamburg, Germanyliluted in solvent or solveninly (phosphatebuffered saline
(PBS), Gib@life technologiesTMValtham, Massachusett&)SA wereapplied bronchoscopguided

in the bifurcation of the tracheas established in our laboratofy4].

2.7 Microbiological analysis

Bronchoalveolar lavagéBAL)was performedas describeclsewhere[55]. Lungs were dissected
and homogenized in 5001 PBSBIood collection was performed from the abdominal aorftaing
homogenate, BAE and blood were plated orColumbiaAgar plates (BD Bioscience, Heidelberg,
Germany)r LBAgarandincubated at 37°C for 18 h. Badtd colonies were countetb calculatethe

CFUs per ml tissue/liquid.

2.8 Analysisof leukocytes in lung and spleday flow cytometry

Single cell suspensions from spleetd lungwere preparedas describe@lsewhere22,33] 2x1¢
cells were stained for 2@in in the darkvith anti-mouse monoclonaintibodies(Biolegend, San Diego,
USA or BD Bioscience, Heidelberg, Germtgd in table 2Cell phenotyping was performed on LSRII
flow cytometer using FACS Diva software (BD Bioscience, Heidelberg, Germany) and Flaafe soft
9.6.6(Tree Star IncSan Carlos, California, USA

MARKER FLUOROCHROME
Lymphoid panel CD45 PerCP
CD11b APC Cy7
NKL.1 PE
CD19 FITC
CD3 APC
CD4 A700
CD8 PB
Myeloid panel CD45 PerCP
Grl PE
Cdl1lb PECy7
F480 APC
Siglec F APCCy7
CD11c PB

Table 2 List of antibodies used for flow cytometry
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2.9 Analysis ofeukocytes irbloodand BALF

Blood was collected iathylenediaminetetraacetic aciDTAtubes and analyzed with an animal
blood counter (Scil Vet abc, Saterinary excellence, Viernheim, Germargytocentrifugation of BAL
cells was performed to prepare cytospimdacrophages, neutrophils and lymphocytes became visible

by May-GriinwaldGiemsa staining. Cells per ml BAlere calculated.

2.10 Analysis of ytokines in BAEand plasmaand permeabilityof the alveolarcapillary barrier

BAL waperformedas described elsewhe[g5]. Cytokineconcentratiors were measured iiBALF
and plasmaisinga commercially available Milliplex Map Kit (Merk Mdlip, Darmstadt, Germany)o
investigate the permeability of the alveolaapillary barrier, albumin concentratisrweremeasured
in plasma and BAusing an enzyméinked immunosorbent assay (ELISA) (Bethyl Laboratories Inc.,
Montgomery, AL, USA).

2.11 Isolaion andex vivostimulation of lung and BAL cells

BAL (100,000 cells/ml) and lung cells (Zxadis/ml) were isolated and stimulated withpiy/ml
LPS (O55:B5, Sigmia)roswell park memorial institutdRPM) medium (Biochrom GmbH, Berlin,
Germany with 10% fetal calf serum (FCH 10% talanytL-glutamine and 100 U/ml
penicillin/greptomycin (Biochrom GmbH, Berlin, Germdnfor 12 h at 37°C TNF" Fy-R L

concentrations were measured by using a commelscaalailableELISAeBioscience, San Diego, USA)

2.12 Isolation of human monocytes amx vivastimulation

The studywas approved byhe ethics committee of the Charit@niversitatsmedizin BerlitMG
Cohort: EA1/281/10Peripheral blood mononuclear ce(RBMCsjrom healthy donors were purified
by densitygradient centrifugation over Ficoll (Biocoll separating solution, Biochrom) and underwent
magnetic cell separation to isolate untouched monocytes by a commercially available Pan Monocyte
Isolation Kit (Miltenyi BiotecMonocytes(2x1® cells/ml)were stinulated with LPSIL(ng/ml, 0127:B8;
Sigma), LPS and nicotine (300 uM, Sigonaicotine inRPMI medium with 1% penicilstreptomycin
(Biochrom), 2 mM-glutamine (Biochrom), and 10% autologous serum for 6 h, 12 h and 18 h at 37°C.
TNFh O 2 y O Ssyh dulidre(supé@ryatant wereletermined by using a commercial DuoSet ELISA kit
(R&D Systems).
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2.13 Statistics

Datawere analyzed usinBrism 6.0 Software (GraphPad, San Diego, CA,dd8A)ersion 3.4.1)
Valuesare shownas scatter dt plots with mean + stadard deviation $D),box plots with whiskers
minimum to maximunor bars P-values of less than 0.05 were considered statistically signifiCare
tailed MannWhitney test,Oneway analysis of variance (ANOY#&yo-way ANOVAand Pearson

Correlationwas peformedas indicated in the legendis the of the publications listed in the appendix

16



DISSERTATIQISandra Jatmann

3 RESULTS

3.1 Study 1The role of nicotinic acetylcholine receptorssinoke-associated pneumonia

311 hwI hp3 h mAChRage exprédRediniha lumg naive mice

We hypothesized that additionaAChRs besid¢he h nAChRmight beinvolved in the cholinergic
pulmonary immunosuppressiofs3]. Therefore, the expression afifferent nAChRs in whole lung
tissue fomogenate isolated from naiveC57BL/6Jdnice was investigatedBrain tissue served as a
positive controlWefound thath H = hhpd | yrRCHR areexpressedh the lung, suggesting a

role in cholinergic pulmonary immunosuppress{@l Selected pultations: Study 1, Figure Y[52].

3.1.2 Impaired bacterial clearance in pneumococcal pneumonia aftperimentalstrokedoes not
involveh H X hp3>X hmACHRY R " bk M~

We previouslydemonstrated that the clearance of an induced pneumococcal pneumoniaSwith
pneumoniaestrain D39 is impaired after experimental strgké]. To investigate the effect dfifferent
NAChRs on the course of an induced pneumococcal infection after stroke, a pneumococcal suspension
of 2000CFUwas applied at the bifurcation of the tracheahH = h p & MAChRKOM@Aonice
and WT MCAdittermates, three days afterstroke Naive mice without MCAo surgery were also
infected and served as controls. CFU in lungF&Ad blood, as well asfarct sizewere determined
one day after infectionKigurel). Microbiological analysis of the lung showed that out of 15 naive
mice, 12 naive mice were able to completely clear the induced infection. Three naive mice
demonstrated slight infections without &nclinical symptomssuggesting near complete bacterial
clearance. In contrast, 40 out of A8CAomice showed severe pulmonary infectioBacterial burden
inlungsfromh H X " 17 EOMCAoand WT MCAanmice was significantly increased compared to
naive WT mice. Microbiological analysis of Béhe day after infection revealed similar results.
Additionally,h ¢ k KDMCAomice showed significalytincreased bacterial burden in blood compared
to naive WT rnce. However, bacterial burden in lung, BA&nd bloodand infarct sizedid not
significantly differ betweerany type ofMCAonAChR KO mice and MCAo Wite using MCAo WT
littermates as reference grouf8.1 Selected publicationStudy 1 Figure 2 [52].
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MCAo Intratracheal Sampling
a2 KO, a5 KO, a7 KO, S.p. infection
a9/10 KO, WT o®
o 0
L X ‘
.
e . ‘
L
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d-1 do di d2 d3 d4

| |
Antibiotics
Figure 1. Experimentalsetup to investigate the impact ofdifferent nAChRs on the course of amspiratiorrinduced
pneumococcal pneumoniad-1/d0: spontaneously developing infections were prevented by antibiotic treatment with
marbofloxacin; d0: MCAo, dduced pneumococcal infection #te bifurcation of the trachea; d4: analysis of bacterial
burden, infarct size, cellular composition of lung and spleen, cytokine secretion laBdlpermeability of thealveolar
capillary barrierFigure 1 wasreated by Sandra Jagdmaand is not basedmany previously published figure

313 hyX hp3X h nNACIRghBRve hodimpact orpulmonary immune responsaplenic
leukocyte composition andlveolarcapillary barrier permeability during pneumococcal
infection after stroke

Lung and spleen cells were isolated one day after infection and quantifidbJycytometric

analysisThe srategy for the analysis of lung leukocytes is presentdeigure2.
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Figure2: Gating strategy for defining lymphoid and myeloid cells in the luri@pt plots show the strategy to evaluate
neutrophils (Grg"), interstitial macrophages IMs) (GrE/Siglec/CD1bheFA480), T cells (CD1#CD3), B cells
(CD11bt/CD19), NK (NK1CD3) cells and NKT cells (NK1CD3). Figure 2 wasreated by Sandra Jagdmaand is not
based m any previously published figure
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28 FT2dzyR AaA3IYAFAOlIYy Gt & RAYAY MTKSH WOMBECAD mice2 dzy G &
compared to naive WT littermatesuggesting a contribution to the impaired pathogen clearance after
stroke, whereas MCAo0 had no effect d¢ime cell count of lymphogtes and neutrophils ithe lung.
Analysis of splenielkocytes revealed significdptR S ONBS I a SR OSftt O2dzyida 2F
MCAomice and WT MCAo micsignificanty diminished numbes2 ¥ Y I ONZ LK A8GAo A Yy h ¢k
mice and WT MCAo mi@nd significanty NB RdzOSR OStf O2dzyia 2F f & YLIK?2(
MCAomice compared to naive WT mige]. Butthe number ofpulmonary and splenic leukocytes did
not differ between nAChR K@CAomice and WIMCAaolittermates (8.1 Selected publicationStudy
1, Figure3d). Analysis opro-inflammatorycytokine response in BRbne day afterinfectionrevealed
increasedMIP-m ' Z andfTNF" levek in someMCAomice compared to naive miceorrelating with
bacterial burden in BAL The antiinflammatory cytokine H10, measured in BAELone day after
infection, tended to be increased in MCAo mice compat@daive miceHowever, cytokine leveHdid
not differ between nAChR KKACAomice andWT MCAdittermates. Albumin concentratios were
measured in BALas well as irplasmaand the ratio (albumin BALF/albumin plasma) calculdted
investigate thepermealility of the alveolarcapillary barrier We found no differences between the

groups one day after infectiof8.1 Selected publicationStudy 1 Figured) [52].

3.2 Study 2:Stroke induces an upregulation of tRFs contributing to the regulation of the cholinergic

signalingafter droke

To analyze #troke induces changén smallregulatoryRNAexpressionwhole blood was collected
from 33 male patients two days after stroke onset and 10-agel sexmatched controls to perform
Principal Component Analysis of sequenced smallsRA#alysis showed significant increase of tRFs
(87%/143)and a significant declin@3%/420)of miRs in stroke patient§.argeting analysis revealed
that 131 miRs and 64 tRFs contain complementary motives to 5 cholinergic transodjatating a
role in the regulation othe cholinergicignalingafter stroke(8.2 Selected publications: StudyRigure
1). 77 of the upregulated stroke tRFs were found to be expressed in immune cells, from which 10 tRFs
contained complementary motives to cholinerdranscripts suggesting a impact on posstroke
leukocyte immune responsé.2 Selected publications: Study, Figure3). To identify in which
immune cells small RNAs might regulate pstsbke cholinergic signalintpng RNA regulatory circuits
[57] from different lymphocyte subsets, monocytes and neutrophitse analyzed anghowed that
CD14+ monocytes were the main cell type expressing the highest amounts of cholinergic transcripts.
Stroke induced an upregulation of 204 long RNA transcnrgtech were relevant to innate immunity,
vascular processes and cholinergic li&& Selected publications: Study Bigure4). In addition, we

found that activetranscription factorTF3 in monocytesincluding TFs regulating cholinergic genes
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were targeted by strokénduced tRFssuggesting that strokénduced tRFs regulate trangational

state in monocytes after strok@.2 Selected publications: Study Rigureb). To investigate if stroke
induced tRFs contribute to regulation of the inflammatory response of monocytes, murine RAW 264.7
cells and human monocytes were stimulated witPS. gRFPCR revealed thaeveral of the top 6
stroke-induced tRF$8.2 Selected publications: Study EBigure2) were also pregulated upon LPS
stimulationin muring as well as human monocyteghe presence of nicotine resulted in an addidibn
induction and the administration of dexamethasone to a suppression of these (82 $elected
publications: Study 2Figureb). To investigate if the TEiRduced preinflammatory cytokine response

in monocytes is regulated by the cholinergic signalingp&in monocytesvere stimulatedex vivowith

LPSor 6 h, 12 h and 18 im the presencer absencef the nAChR agonist nicotiraad TNF* S @S £
were measured in supernatantnstimulated monocytes served as a con{fgure 3A). We found

that nicotine mpaired LP$hduced TN & S Q Buigdestimyyhat Tl-Rduced TNE A SONB A 2y
monocytes igegulated by cholinergic signals as a part of the cholinergicirffaimmatory pathway
(Figure 3B) [58].

A Experimental setup B Monocyte stimulation
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Figure 3 TLRinduced preinflammatory cytokineresponse in human monocytes was regulated by the cholinergic signaling

(A) Experimental setupFigure 3 Avascreated by Sandra Jagdmaand is not basedmany previously published figuré)

The nAChR agonist nicotine significantly impaired - TNFA SONB G A2y o0& [t { Dafalftory dafe¢ G SR Y2y
independent experimentare shown as scatter plots SD compared to LPS stimulated monocgeseference group using

two-way ANOVA followed bpunnett’s multiple comparison tesNIC = nicotineFigure 5B wapublished in modified form

in Winek et al., 202{68].

3.3 Study 3The effect of intratracheal IFNtreatment on poststroke pneumonia

3.3.1 Local pulmonaryFN- treatment improvel in trendlung cell functionality in stroke mice
Naive mice were treatelt. with different dosesof IFN (12 Ay @dSad A INFli&d 6 KS S¥F
IFNY -induced protein 1{IP-10) secretion in BALF and plasnaa well aseukocyte recruitment in the
lung12 h after applicatiorfFigure4 A). We found thatl ug IFN' was enough tanducelP-10 in BALF
and plasmand TNF" Ay Howeyedilular composition of leukocytes in lung and Béidmot
differ between mice treated with 1 pg IPNand solveni8.3 Selected publications: Study Bigurel).

In addtion, to evaluate the effect of IFNtreatment on functionality of pulmonary immune cellsng
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and BAL cells were isolated 1after application and stimulated with LPS for 1ZZNFh sSe@ided
to be increased in supernatant of lung celidhereaslL-6 levek showed no differences compared to
solvent treated mice. In contrast, -6 and TNP f SiwSipernatant of BAL cellsere non-
significanty decreased compared to solvent treated mi@3 Selected publications: Study Bigure
2). Treatmentwith 10 pgor 50 pg resulted in aneven strongetinduction of TNF and IR10 in the
BALF,increasedlymphocyte and neutrophil recruitmenin the lung as well as an improved
functionality of lungcells but was not suitable since mice showed an intoleioss of weight,
hunched posture and diminished activi{®.3 Selected publications: Study Bigure1-2). Therefore,

for subsequent experiments, an FNloseof 1 pg was usefb9].

To investigate the effect of IFN (i NB In th¥e&périmentalstroke mode] mice were treated
withIFNe' 2 NJ a2t @Sy i 2NAiBe mive servdd asth&iy contriti@ude 4B). Cytokine
analysis in BALF 12 h after administratienealed that IFN g | & O #ing TN® 23aTS OWNBRI A 2 v
in naive micebut not in stroke miceln order to evaluate pulmonary cytokine responseL®$lung
cells were isolated frontFN+ or solventtreated strokeor naivemice 12 h after administratioand
stimulatedex vivowith LPS for 12 HCytokine analysis of supernatastitowedthat IFN/ treatment
resulted in animproved TNF response in sbke mice compared to solvent treatextroke mice.
However, TN levels were still significantlpwer than in naivemice In contrast, IL6 secretionin
supernatant of lung cellwasimproved in IFN G NBIF 4GSR aGNRB1S YAOS O2YLJI
stroke mice as well as to healthy mice. Infarct size, cytokine secretion in plasma and leukocyte
recruitment in the lung did notsignificantly differ between the studied groups (8.3 Selead

publications: Study 3Figure3) [59].

A IFN-y/ Sampling TNF-a/IL-67 MCAo/ IFN-y/ Sampling TNF-a/IL-67
Solvent naive Solvent
» .l .l
o'y o'g v ey o’s e
d\(x 12 h 24h 24h 36h 48 h

‘ v LPS Stimulation | | LPS Stimulation ‘

Figure 4 Experimentaketup to test the effect of local pulmonary IFN LJLJt A OF G A2y AY.(AyD:@@s ' yR &adGN
ka2t @Syl FLIWIX AOFGARY AY yI OBS YA OS:IF amwell &% vivosfilndlaiioa sfa 2 F
BALIlung cells with LPS fo2h, 24 h: Measuremenbf cytokines in supernatanEigure4 Awascreated by Sandra Jagdmann

and is not basedmany previously published figuréB) dO: MCAo, 24 h: i.t. application of Wksolvent, 36 h: analysis of

infard size, cytokines in BAlffasma and leukocyte composition of the lyag well agx vivostimulation of lung cells with

LPS, 48 h: Measurement of cytokines in supernatgigure 4B waspublished inmodified form in Sandra Jagdmann ¢t a

2021[59].
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3.3.2 IFN' (i NXB Hidinst®névienspontaneous pulmonary infections after experimental stroke

To testour hypothesis that local pulmonatfN' G NBF G YSy i LINB@Syia alLRyd
infections after stroke, mice weteeatedi.t. with IFN' 2 NJ 42t @Sy (i 2ZTyiddayR &fer | FG SN
administration,mice were examined regarding bacterialrten in the lung, cytokine responsetime
BALF and plasmas well as leukocyte numbein BALF, lung and spleéfigure 5. We found slightly
diminished infarct size and bacterial burden in BALF and lungin IFE NS+ 6 SR YA OS 02 YLJ N
treated mice, howeverthe infarct size did not correlate with bacterial burdem the lung.IFN
administration had no effect on cytokine lesé@h BALF and plasmas well aseukocyte composition

in BALF, lung and spleéh3 Selected publications: Study Bigure 4) [59].

MCAo/ IFN-y/ Sampling
naive Solvent
k
do di d2 d3

Figure 5 Experimental setupto investigate the effect of i.t. IFN treatment on spontaneougpneumoniaafter stroke. d0:
MCAOo, d1ii.t. application of IFN/solvent, d3: analysis of infarsize, bacterial burden in lunBALF, cytokines in BApsma
and leukocyte composition of BALF/lurgpleen Figire Swas published inmodified form in Sandra Jagdmann ét, 2021
[59].

3.3.3 IFN (i NI Imipryvai gyiokine response and lymphocyte recruitment in the BALBithut
not improve the clearance pheumococcal infection after stroke

Experiments in micalemonstrated that stroke resits in diminished clearance of induced
pneumococcal pneumonia compared to sham mif]. To investigatewhetherIFN G NB I (0 YSy
improves thepathogen clearancef an inducedoneumococcalnfection after stoke mice werei.n.
infected with 10,000 CFB. pneumonia®N36one day after IFN or solvent administrationwhich
was performedthree days after MCA@Figure6). Analysis otbacterial burden revealed that IFN
slightly reducd pneumococcal clearancempared to solvent treated mice, whereas infarct size did
not differ between the groups. IFNtreated mice showedignificanty increased H6 levet, aswell as
slightly increaed MIR1" and IR10 levesin the BALEompared to solvent treated mic&dditionally,
IP-10 was found to be significaty increased in plasma from IPN G NBF 6§ SR YAOSI 4K
inflammatory cytokinesincluding IFN, showed no differences compared to solvent treated mice.
Leukocyteanalysis revealedon-significanty reduced number of macrophages in the lung and
significantly increased numbers of lymphocytes in spleed BALK8.3 Selected publications: Study
3, Figue 5) [59].
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Figure6: Experimental setup to investigate the effecif i.t. IFN! treatment on the course of a pneumococcal pneumonia
after experimental stroke d-1/d0: spontaneously developing infections were prevented by antibiotic treatment with
marbofloxacin; d0: MCAo, dBt. application of IFN/solvent, d4:i.n. S pneumoniaePN36infection, d6: analysis of infarct
size,bacterial burdencytokine secretion in BAL plasma.cellular composition oBALF/lung/spleerFigure Bnvaspublished

in modified form in Sandra Jagdmann &t 2021[59].
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4 DISCUSSION

Pneumonia is the most relevant medical complication after stroke and ootuisto 33% of
all stroke patients. Despite prophylactic antibiotic treatment and other general measures to prevent
SAP, the overall frequency pbststroke pneumoniaemained urthanged over the last yeaf8,51].
Therefore, it igssentiato develop new therapeutic approaches on the basis of a better understanding
of the underlying mechanisnsontributing to SAPThe CNS and the immune system regulate each
other in a wellbalanced interfay. Stroke results in a disturbance of this homeasis due to activation
of neurchumoral stress pathways and the development of a severe temporary immunosuppression
contributing to the development of SAHhe specificaims of this PhD thesigere on the one hando
investigate mechanisms of the cholinergic syst@mluding nAChRs and small RNZestributing to
strokeinduced immunosuppression On the other hand as a proobf-concept of an
immunomodulatory therapyani.t. IFN! therapyto reconstiute the pulmonary anbacterial immune

response was tested in an experimental mouse model to preven(Hgire 7.
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Figure 7:Most important pathophysiologicamechanismgesulting in strokeinduced immunosuppressiogontributing to
SAPand the associatedresearchquestionsof studies 1-3 of this PhD thesisStroke leadto an activation othe HPAaxis,
the cholinergic signalingndthe SNS receiving inputs fratime hypothalamus (HWia the nucleus tractus solitarii (NTShe
release of norad¥naline (NA) and acetylcholine (A@h}he lung and the lymphatic organs lestd the activation of the 2
adrenergic receptor 2 AR) and the nicotinic acetylcholireceptor (nAChR)nediating impaired prenflammatory cytokine
secretion by macrophages and alveolar epithelia cells, an impaired $ebretion by Tcells in the lungas well as in the
spleenand apoptosis of splenic-Bnd NK cells. In this PhD thestee role ofthe h2,h 5 h 7 h9/10nAChR¢study 1) as well
as small RNAs (study 2) in the cholinergic immunosuppression after stroke and the effect of ittelEhent on SAP (study
3)was investigatedrigure 7 wasreated by Sandra Jagdmaand is not based on anygviously published figute
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4.1 Study 1: nAChRs dimbt mediate impaired immune response agaistpneumoniaafter stroke

Experiments in animals and humans demonstrated thamong others cholinergic
overadivation results inmmunosuppressiof83,34] In vitroexperimentgevealed that the cholinergic
control of LPSnduced IL6 secretion byalveolar macrophagefAMs) is partly independent of the
h 7nAChR33]. Moreover, we foundthat beside$ 7nAChRY 2,h 5andh 9/10nAChRarealsoexpressed
in the lung suggesting a role in the impaireduimonay immune response after stroke and
investigated these receptors in a mouse model of an aspiratidnced pnemococcal pneumonia
after stroketo mimic the clinicasituationof increased aspiration in stroke patienterefore, MCAo
mice werei.t. infected with 2000 CF&. pneumoniaeWe used the strain D38erotype 2 whose
pathogenesisvas very well investigated in thexperimentalmouse model ovethe last yearq60].
Snce it. infection was shown to resuith a reproducible infection rates well as consistent lacterial
load in the lung ofnfected mice[61], we used this infection technique study 1 The infection dose
of 2000 CFU, applied three dagfter stroke onset, was already established in our group and resulted
in severe pneumococcal pneumarin MCAo mice one day after infection, whereas naive mice were

capable of clearing bacteria within 24 h.

Therecruitment ofCD4 lymphocytes, neutrophils aAd/isto the lungis essentiain the innate
immune response again&. pneumoniaeExperiments in me demonstrated that thdack of CD4
lymphocytes or neutrophilgesults inan impaired clearance of induced pneumocooshereas
depletion of AMs leads to an increased mortality r@264]. Moreover,in animals andumans it was
shown that asplenia is associated with an impaired immumssponse to pneumococci and an
increased mortality rate]65,66} suggesting a pivotal role of the spiean the immunity toS.
pneumoniae Further investigationsrevealed that especially theantibody response of theB
lymphocytes in the marginal zone of the spleme essential fothe clearance of a pneumococcal
infections[67]. Therefore, we analyzed the KO ofthe "2, h5, h7,h9/10nAChR has an effect on
leukocyte composition in the lung argpleen and thus mght improve pneumococcal clearance after
stroke.We found no differences in the number of pulmonary and splenic leukocytes between nAChR
KOMCAo0 mice antVT MCAolittermates, suggesting no impact of cholinergic signaling on impaired

immune cell recruitment after stroke

Our group demonstratedi K I ihAChRr KQnice showsignificantly diminished bacterial
burden in the BALF during the course of a spontane€aB[33], mainly caused by Gramegative
bacteria[22]. In @ntrast,in study lwe demastrated that mice lackingAChRgncludingl KS h 1y ! / Kw
exhibitno improved bacterial clearance of i.t. inducdampositiveS. pneumoniaafter stroke[52].
The mechanism of the pulmonary cholinergic anfiammatory pathway is already well described.

Inflammation results in the activation of the nervus vagsmulating postganglionic cholinergic
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neurors that innervate capillary vessels in the intdveolar septumas well as mucous membrane of

the bronchi and bronchubfthe lung tissugegld ! / K A& NBESIFaSR Ay GKS f dzy.
immune cellsand airway epithelia cellsesulting in impaired prénflammatory cytokine secretion.
Stimulation of macrophagesnd DCsvith LPS and nAChR agonisthoved diminished TNF Z-1, IL-[

18, Imi 2-10 bBrd 112 secretion compared to LPS stimulated cel#9,69,70] Interestingly,
experiments in humans and animals actualhmonstrated that the cytokineesponse by AMs and

DCs to Granpositive and Granmegative bacteria varies greatly, which could explain the contradictory
data concerning the anthflammatoryeffectt YSRAFF G SR o0& GKS hrty!l / KsyY adGAY
with LPS(major component of the outer surface of Gramgative bacteriajnduced significantly
increased Wmi 36, INP' | 1R levedin a dosedependent mannerin contrast, only very gh

doses oflipoteichoic acidLTA (component ofGram-positive bacteria) resulted in TMF 4 SONB G A 2 vy .
whereas Ikm i 26 ahd[IE10 were not induciblg71]. Analysis of human AMs revealed similar results
[72]. Investigation of cytokine responsef human DCslemonstratedthat Gramnegative bacteria

were capable of inducing significytncreasedTNF" X -6 anf IELO leves, whereas Granpositive
bacteria did notinduce TNFh X -6 anf IE10 secretion[73]. In accordance with these data, we also
found in studyl that cholinergic blockade does not improVBIF" secretion in the lung during@rant
positive pneumacoccal pneumonidserotype 2)after stroke.Therefore, it would be interesting to
investigate the role off2, h5, "7 and h9/10nAChR in a mouse model of Gramegative or
spontaneous pneumoniafter stroke Howevergexperiments in mice showetthat NAChR stimulation
impaired clearance 0. pneumoniaéserotype 3)suggestingn turn that cholinergic signaling may,
after all, contribute tothe impaired immune response toneumococcal infection. Here, cholinergic
stimulation did also not influece proinflammatory cytokine secretignsuggesting an impaired
functionality of leukocytes due to cholinergic signalirgj. Indeed, i was already demonstrated that
cholinergic receptor stimulation results in impairexhtimicrobial functions of neutrophils and
monocytes as well as dn a reduction of antimicrobial peptide in epithelia celisicreasing the
susceptibility toS aureusand S pneumoniagnfections[75,76] Nevertheless, in stud$, cholinergic
blockade did not lead to improved pneumococcal clearance after stAakexplanation could benat
different pneumococcal serotypes were used in the studies eliciting different immune responses. Also
possible would be thastrokeiinduced oveactivation of the SNS or the HR#is plays a more
significant role in the impaired immunity agairf&pneumoniaedd39 and that the cholinergic blockade

is not sufficient to reconstitute the immunity t&. pneumoniaeNotably, we found significalyt
diminishednumbers oflMs innAChR KO and Vé¢lroke mice compared to naive misapporting this
considerationSince data on IMare scarce, the role of this leukocyte subpopulation shoulduvther

analyzed in SAEven though the KO of the2, h5,h7 andh9/10nAChRs did natesult in a clear
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improved clearance ofS. pneumoniaestrain D39 serotype 2 after strokdhe regulation of the

cholinergic signalintp prevent SAP is still of importance.

4.2 Study 2:Strokeinduced small RNAs regulate inflammatiomianocytes

The activation of the cholinergicsystem can be influencedamong others through the
regulation of cholinergicgene expression Small RNAdncluding miRsand tRFs were identified as
important regulators of gene expression &yolishingranscripts @ repressinghe translation[77,78]

It was already shown thahe small RNAprofile changes with different diseasemcluding cancer,
cardiovascular , inflammatory- and neurodegeneration disease Owing to their stability in blood
small RNAsre very suitable as biomarkefg]. Moreover, target analysis can provide information
about the regulated genesnd thus also about the underlying pathbysiologyof a disease
Investigations of small RNAs in the blood after stroke demonstrated an upregulation ofrmoany
coding RNA# the acute and subacute phase of strokegulatingpathophysiological mechanisms
includingprogrammed cell dedt, inflammationand bloodbrain karrier breakdowr{80]. However, the
role of small RNAs irme cholinergic antinflammatory pathway after stroke was not investigated so
far. In study2, we soughttRFsand miRNAsregulating cholinergic transcripia blood from stroke
patientsand founda significant decline of miRs andiacrease otRFgwo days after strokg¢58]. The
stroke-induced tRFs targetl genesregulating among otherscholinergic signaling or inflammatiam
monocytes from stroke patientdncludingthe Signal transducer and activator of transcription 1
(STAT), transcription factor EC (TFE@hd ZDNAbinding protein 1(Zbpl) STAT1promotes
inflammation byinducing chemokine expression and the production of reactive oxygen spetjes
whereasTFEC is activated bydlas well agegulatesthe GCSF receptds2] and Zbp was shown to
regulate cell death and indudEN responss3]. Thesedata suggesthat stroke-inducedtRFsactively
contribute tothe regulation of inflammation after strok&urthermore, we demonstrated that the top

6 upregulatedtRFs in stroke patientwere alsoincreasel in LPS stimulated human monocytes. The
presenceof the nAChR amist nicotineresulted in a further increase of these tRFs in LPS stimulated
monocytes indicating thatthese small RNAs agecharacteristic of the cholinergic darbflammatory
signalingwo daysafter stroke Further studiesinvestigating if these 6 upregulated tRFs two days after
stroke correlate with an increased infection riskpatientsand therefore are suitable fgorognosis
and diagnosisare required.Small RNAs could also act as biomarkers to distinguish betweeamma G
positive and a Gramegative SAP. Recent studies could already elaborate miRs profiles in Gram
positive as well as Gramegative infection§s4]. It is tempting to speculate thavenan identification

of pathogens might be possible by small RNA anadysigherefore an individually adapted therapy

Additionally, analysisf the small RNA praé in the lung tissue after stroke could also be of critical
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importance.lt is already known that miRs are pivotal molecular reguladdisflammation in theung.
Pulmonary infections indugamong othersmiRs155, miRs233andmiRs302 in the lungresulting in
improvedTNF" secretion granulocyte activatiomnd theregeneration of alveolar epithelial celiad
thus in an enhanced host response and recoy@$yse} In contrast,ex vivoexperimentswith human
macrophagesdlemonstrated thatpneumococcinduced miR-146A targets inflammatory genes and
prevent overshooting inflammatior{87]. Whether or not small RNAs species are involved in the
disturbance of the pulmonary defense after stroke is not yet kndvunther stidies should investigate
the small RNAprofile in the lung after stroke and identify target gen&s elucidate further
pathophysiolgical mechanismsontributing to the impaired immunity and to find new therapeutic

approaches

4.3 Study 3:Efficacy of local pulmonary IFNreatment on SAP

Increased cholinergic signalirdiminishes among others the IFN' secretion by T cells
whereasthe strokeinduced overactivation of the SNS results in apoptosis of [fifdducing immune
cells in lymphatic organg2,88] The reducedFN! levek in blood [22] and the lung[50] are a
characteristic of the immunosuppression after stroke and mainly contribute to the diminished
antibacterial responsg2]. In study3, we treated stroke mice with IFN  (pa2tially) reconstitute the
immune function after stroke and investigated the effect on S&periments in mice have shown that
IFNe  O2 Yy G NRA 0 dzli Sa i and bfebdisvdadge Sf@rSyoBenNdo]Ta @event a worsened
neurological outcomeywe chose a locgdulmonary IFN adminigration. On the one handye tested
the efficacy of i.t. IFN in the mouse model apontaneous posstroke pneumoniawhichsimulates
the course of SAP in patierasdis therefore well suitable to investigate SAP in midp to one-third
of patients develoglSAPwithin the first2-5 daysafter stroke[5,7,91,92] In line with these datastudy
3 demonstrated that40% of stroke mice suffer from SAP within three dalarthermore,
microbiological analyses showed that SAP is mainly causedabyr@gative lacteria, but also to a
lesser extent bytreptococcusand staphylococcs speciesn both humans and micg2,9395]. Since
study1 demonstrated that different infection mouse models with different bacteria types might result
in contradictory results, wanvestigatedthe effect of local pulmonary IFNin the aspirationinduced
model of poststroke pneumococcal pneumoniia study3. Experimental data demonstratetiat i.n.
and i.t. infectionin micewith 2x10” CFU ofs. pneumoniaeesultsin the same bacterial load in the lung
12-24 h after inoculationsuggesting that both infection routes are suitable for the pneumococcal
infectionand lead to comparable resulfg6]. Since.n. infectionis easynon-invasiveand most likely
mimics the natural rowt of infection, we used this infection technique in stulyExperiments in mice

showed that especially infection with the strain DS&otype 2 used in study lead to highgrade
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sepsis, whereas a serotype 3 infection causes pngumonia[97]. Thesedata were in line with our
observations. Terevent sepsis in stroke mice and gaarantee the survival for 48 h post infection,
we used theS. pneumoniaestrain PN36 sertype 3 in study 3. In summary,if the individual
components including infection route and bacteria strain are coordinated with each othuer,
aspirationrinduced model of posstroke pneumococcal pneumonia is algtable to investigate SAP
in mice.

In study 3, we foundcontradictory results regarding the efficacy of i.t. #/FNFN' G NB I G Y Sy (i
tended to diminish the frequencgf a mainly Grarmegativespontaneouspneumonia, whereashe
course of a Grampositive pneumococcgineumonia was tended to worseby the IFN I NB I G YSy (i
after stroke The effectof IFN 2y | Ll Sdzy2 02 OO f LIl SdzViesyitdlFN g & (S
1 -receptordeficient 129/Sv/Ev mice infected with serotypst®wed an improved bacterial clearance,
whereas IFN deficient C5BL6/Jmice infected with ®rotype 2 revealed diminished survival rate
[98,99] In study 3, we found atendencyto impaired clearance o$. pneumoniaeerotype 3 and
excessive increased-IP levesof up to 4 ng in the BALRIFN' (1 NB I ( SR Expéri@gnts® YA OSd
mice showedthat influenz virus infection resultsn significany increased IFN £ s§up $£7.5
ng/ml) in the BALFiminishing thepneumococcatlearanceserotype 3y AMs. I.n. inoculation of IFN
1 Ay & 0 SnfluenzervitusinfektiBnconfirmed diminished phagocytosis and significantly increased
bacterial buden in BALF compared to PBS treated nfi©®]. These data suggest that excessively
elevated IFN O2y OSYy i N} GA2ya Ay GKS . IS pDeunddBedhethdre A Y LI
or not the pneumococcal serotype the infected mouse shin play a role in the IFN-induced
impaired clearance was not investigated, so far.contrast spontaneous infections after stroke
mainly caused by Gramegative bacteriagid not seem to result in such high PN 02 y OSy (i NI G A 2
BALFand thereforenot to an impaired phagocytosiExperiments in mice already demonstrated that
IFN LI Fe&a |y AYLERNIFyYyG Nadg&ive batteridifcihdingideBsieldl y OS 2
pneumonia Legionella pneumophilar Pseudomonas aerugino§e01-104]. Nevertheless, in study,
IFNd GNBFGYSYld RAR y2i NBadzZ G Ay | &dl o6t®keSTFFAOL
induces a loss of lynpcytes in the lung independent of apoptasidditionally, thelymphocyte
chemoattractant CCL5 was also shown to be reduced in the lung after stroke, which could explain the
diminished number of pulmonary lymphocytgg]. In line with this observatiorin study3, stroke
mice showed also significdptdiminishednumbers of pulmonary lymphocytes compared to naive
mice, suggesting a contribution to the impaired immune function and the development of
spontaneous SAPTherefore, apulmonary CCL5 administration after stroke might result in an
improved lymphocyte recruitment to the site of inflammation, subsequently to a stronger cytokine
response and thus would be an interesting therapeutic approach to preventNgARrthelessboth
the IFN' | YR (KS astdkefiog Showedlyrhphdpdiia in the spleermhis apoptosis
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induced loss of splenic lymphocytes was shown to contribute to the development o2SAG5]

Ultimately, the question arisesvhether a locapulmonaryadministrationis suitable to prevent SAP

triggered by a systemic immunosuppressi@ystemic IFN G NB I G4 YSyd wn K | F34SNJ
already tested in an experimental mouse modgspontaneous infectioand significantly diminished

bacterial burdenin lung and blood72 h after strokeAnalysis of the eurological outcome was not
performed but is essential taonsidera systemiclFN' administration forthe treatment of SAP in

patients[22].

4.4 Limitations

A critical aspect of study is that an i.t. infection avoglthe medanism ofmucociliary
clearancen the trachea and therefore, a potential impact of stroke on the mucociliary clearance and
the effectof the receptor KO would remain unnoticeBurthermore, investigations of NnAChRs in the
mouse model of spontaneous SARIanGramnegative SABre essential to completessess the role
of NAChR#& the impairedpulmonary immune response after strokgmitations of study8 are, on the
one handthat a sufficient distribution of the i.t. applied IPN Ay { KS mbteastir&antiazy 3 A &
the other hand that we tested only a single IPN | R Y A y Na@invhstigata the/efficacy of i.t.
applied IFN we used the mouse model of spontaneous S3iRce our data suggest that the type of
bacteria influemes the effect of #herapeutic the analysis of the bacterial spectrum would have been
of critical importanceHowever one cannot exclude that both the i.t. IFN G NBF G YSy 4 | y R (i K
KO have an effect on SAgnce sample size causeddwrent strict animal protectiorlaws, are very
small in studyl and 3. Therefore, small to modest effects between the groups might not be detected
due to the insufficient statistical poweAnother critical aspect is that in the mouse model of SAP
factors including the heterogeneity aftroke, comorbidities, the age and gendannot be considered

and therefore the results may not be transferable to humgrs).

4.5 Conclusion

In conclusionwe found thatthe cholinergic blockade by the KO'&, " 5,h 7 andh 9/10nAChR
did notimprove thestroke-perturbedantibacterialdefense againss. meumoniag suggestinghat the
cholinergic immunosuppression plays a minor role in the defengme@imococchafter stroke Since
the depletion off NAChRs showed promising results in the prevention of spontaneous pneumonia
F FGSNI &adNR1 S 22 hE&8h 9/A0fiACKFOnhl disa lye a potential therapeutapproach
to treat infections mainly caused by @Gmanegative bacteria. A further possibility to reverse cholinergic

immunosuppression would be the manipulation of the cholinergicegegulation. We founé decline
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of miRs and an increase of tRRghe blood of stroke patientsStrokeinduced tRFs target TFs in
monocytesregulating inflammation and the cholinergic systemmggesting a pivotal role of tRiRthe
strokeiinduced antiinflammatory pathway.In study 3 we tested an i.t. IFN application to
reconstitute pulmonary antiacterial immune respase and prevent SAP. Local pulmonary-IFN
administration was d&, having no effect on infarct maturation and slightly improved lung cell
functionality in stroke mice. However, these effeatere not sufficient to significarty prevent

spontaneous infectins or improve the course of an aspiratiolduced pneumococcal pneumonia.

4.6 Outlook

ThisPhD thesidas laid the groundwork for novel therapeutic approaches with the aim to
reverse strokeénduced immunosuppression and prevent SARRure experiments wilifid answers to
the remaining open aspects amadsuitable immunomodulatory therapy to prevent SAPsubsequent
studiesfurther immunostimulatory cytokineshould be testedincluding GCSF and {12 but also TLR
ligands should be considered for the prevention of SA&R. TLRigands MALR and CpG have already
been successfully tested as immunostimulators to reveirsenunosuppression after influenz
infection [107] or by myeloidderived suppressor cellfl08] in a mouse model.Therefore, the
investigationof MALR2 or CpQor the prevention of a SAP would also be interestingstudy3 was
shown tha IFN' G NBF G YSy G NBadzZ Ga Ay | LINRPy2dzyOSR 0@ (2
impaired leukocyte recruitment after stroke. Therefore, the administration of a single
immunostimulator seemed to be insufficient to completely reconstitute the pulmoriamnune
response. Here, a combination of immunostimulatargprevent SARvould bea further therapeutic
approach Data on a combined immunostimulation are scarce, but the treatment of an abdominal
mucormycosisiue to a traumanduced immunosuppression with IFN O 2 Y 0 A givBIBmaldn (i K
antagonist of PEL, inhibitingT-cell proliferationand cytokine productiof showed promising results
[109]. Besides the administration of immunostimulators, the manipulation of small RNA prodilgs
also be a new therapeutic approach to reverse immunosuppressiim.the one hand, the
administration of strokenduced tRFs targets would be possible to prevent the inhibition of the gene
expression of inflammatory gendacluding STAT1 or Zbpl. e other hand, the administration of
small RNAs inhibiting cholinergic or adrenergic signadifigr stroke could also be of critical
importance.MiRs were already identified Yy KA AGAy 3 3ISyS SELINBaarzy 27
[110]or the nNAChRL11] andtherefore could possiblglsoused as alterapy for the prevention of SAP.
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Abstract: Pneumonia is the most frequent severe medical complication after stroke. An overactivation
of the cholinergic signaling after stroke contributes to immunosuppression and the development
of spontaneous pneumonia caused by Gram-negative pathogens. The «7 nicotinic acetylcholine
receptor (@7nAChR) has already been identified as an important mediator of the anti-inflammatory
pathway after stroke. However, whether the a2, «5 and «9/10 nAChR expressed in the lung also
play a role in suppression of pulmonary innate immunity after stroke is unknown. In the present

study, we investigate the impact of various nAChRs on aspiration-induced pneumonia after stroke.

Therefore, &2, a5, a7 and ®9/10 nAChR knockout (KO) mice and wild type (WT) littermates were
infected with Streptococcus prewmonine (S. preuntoniae) three days after middle cerebral artery occlusion
(MCAo). One day after infection pathogen clearance, cellularity in lung and spleen, cytokine secretion
in bronchoalveolar lavage (BAL) and alveolar-capillary barrier were investigated. Here, we found
that deficiency of various nAChRs does not contribute to an enhanced clearance of a Gram-positive
pathogen causing post-stroke pneumonia in mice. In conclusion, these findings suggest that a single
nAChR is not sufficient to mediate the impaired pulmonary defense against S. pneumoniae after
experimental stroke.

Keywords: MCAo; immunosuppression; nicotinic acetylcholine receptor; aspiration-induced
pneumonia; Streptococcus preumoniae

1. Introduction

Stroke is a leading cause of death worldwide. The outcome depends on the cccurrence of
complications. Up to 95% of stroke patients experience medical complications in the first three months
after stroke. Among these, infection is one of the most frequent, severe complications [1-4]. Long-lasting
immunosuppression due to overactivation of neurohumoral stress pathways, besides other factors

Vaccines 2020, 8, 253; doi:10.3390/vaccines8020253 www.mdpi.comfjournal/vaccines
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such as neurological deficits leading to dysphagia and aspiration, contribute to the high incidence
of pneumonia in stroke patients [5-7]. We have previously shown in an experimental mouse model,
that excessive cholinergic signaling induced by stroke results in impaired innate immune responses in
the lung [8]. In this cholinergic anti-inflammatory pathway, acetylcholine (ACh) released by vagal
efferents and by non-neuronal cells was shown to impair antibacterial responses in the lung via the
a7 nAChR expressed on alveolar epithelial cells (AECs) and macrophages (M®), contributing to
an increased susceptibility to spontaneous Gram-negative bacterial pneumonia [8-12]. Nicotine as
well as the a7 nAChR-specific agonist PNU282987 diminished LPS-induced IL-6 secretion in AECs
isolated from WT but not o7 nAChR KO mice in a dose-dependent manner. In contrast, nicotine and
PNU282987 dose-dependently reduced LPS-induced IL-6 secretion in M® from WT as well as «7
nAChR KO mice. Thus, nicotine suppressed the TLR-induced pro-inflammatory cytokine secretion in
the absence of &7 nAChR, suggesting that suppression of pulmonary immune responses after stroke
by the cholinergic anti-inflammatory pathway may in part be independent from the a7 nAChR [8].
nAChRs are homomeric or heteromeric combinations of «2-10 and $3-4 subunits. Beyond the «7
nAChR subunit, mRNA expression of ®2 nAChR, a5 nAChR, a6 nAChR, a9 nAChR and «10 nAChR
was detected in immune cells including mononuclear leukocytes, dendritic cells (DCs), M® and T-cells
supporting our hypothesis that not only «7 nAChRs are involved in the regulation of immune response
after stroke [12-14].

Clinical studies have shown that impaired swallowing, aspiration and stroke-induced
immunosuppression contribute to the increased incidence of bacterial pneumonia after stroke [7,15].
Microbiological analysis identified especially Gram-negative bacteria such as Pseudomonas acruginosa,
Klebsiella pneumoniae, Enterobacter, Escherichia coli and Acinetobacter in blood and lung of patients.
However, also Gram-positive bacteria such as S. preumoniae, the leading cause of community-acquired
pneumonia, are relevant pathogens causing post-stroke pneumonia [16-18]. We have previously
shown in an experimental mouse model, that nasal infection with 200 colony-forming units (CFU)
of 5. pnewumoniae resulted in severe pulmonary infection after stroke, whereas sham operated mice were
able to clear bacteria [19]. -adrenoreceptor blockade by propranolol treatment significantly reduced
bacterial burden in the lung suggesting sympathetic hyperactivity contributes to impaired pulmonary
defense after experimental stroke [19-21].

In the present study, we aimed to investigate the role of various nAChRs expressed in the lung
in the impaired antibacterial responses after stroke in an aspiration-induced model of post-stroke
pneumococcal pneumonia.

2. Materials and Methods

2.1. Animals and Housing

Experiments were executed in accordance with the European directive on the protection
of animals used for scientific purposes and further applicable legislation, and approved on
31 March 2016 by the relevant authority, Landesamt fiir Gesundheit und Soziales (LAGeSo), Berlin,
Germany (project identification code: G0244/15). Male o2 nAChR KO (MMRRC_030508-UCD
B6.129 % 1-Chrna2tm! Ibo“,/l\./[n’mcd; University of California Davis Mutant Mouse Regional Resource
Center (MMRRC)) [22], &5 nAChR KO (MMRRC_000421-UNC B6.12957-Chrna5™1 M4t mNc;
University of North Carolina MMRRC) [23], 7 nAChR KO (JAX #003232B6.129 §7-Chrna7'm1 Bayj.
The Jackson Laboratory, Bar Harbor) [24], ®9/10 nAChR KO (JAX #005696 CBACa];129 S-Chrnagm1 Bedv T,
The Jackson Laboratory, Bar Harbor and MMRRC_030509-UCD 129 $4-Chrnal0t™! RCdV/Mmccl;
University of California Davis MMRRC) [25,26] mice and corresponding WT littermates were used
for infection experiments. Standard-genotyping using STR-marker and C57BL/6 substrain-specific
mutation analysis confirmed that a2 nAChR KO, a5 nAChR KO and a7 nAChR KO strains carry
an autosomal C57BL/6]Crl background (GVG genetic monitoring). «9/10 nAChR KO strain was
backcrossed for 8 generations to C57BL/6JCrl. Since all mouse strains carry the same genetic
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background, mixed WT littermates from all strains were used as control groups (WT MCAo and
WT naive). C57BL/6] mice (The Jackson Laboratory, Bar Harbor, ME, USA) were used for nAChR
expression analysis in lung and brain. All animals were housed with identical conditions in cages
with chip bedding, mouse tunnel and mouse igloo on a 12 h light/dark cycle with ad libitum access to
standard food and water. Experiments were performed with 12-20 weeks old mice.

2.2. Experimental Model of Stroke

The surgical procedure of MCAo was performed according to the standard operating procedures
of the Department of Experimental Neurology, Charité-Universititsmedizin Berlin [27]. Under general
isoflurane anesthesia, a silicon-coated filament (7019PK5Re, Doccol Corp. Redlands, CA, USA)
was introduced into the left common carotid artery and advanced to the origin of the middle cerebral
artery (MCA) for 60 min. Infarct volume and success of MCAo was verified by hematoxylin staining
from fresh-frozen brains. Animals without infarcts were excluded from the study.

2.3. Antibiotic Treatment

Spontaneously developing infection after MCAo was prevented by intraperitoneal (i.p.) injection of
marbofloxacin (5 g/kg BW, Vétoquinol GmbH, Ravensburg, Germany) one day before and on the day
of MCAo.

2.4. Bronchoscopy-Guided Application of S. Pneumoniae Three Days after MCAo

S. prieumoniae (D39 capsular type 2 S. prewmoniae, Rockefeller University, New York, NY, USA)
was grown as described elsewhere [19] and diluted in PBS to 2000 CFU/50 L. In previous experiments,
an optimal dose of bacterial load of 200 CFU for intranasal infection in 12956SvEv mice was
established [19]. Since the C57BL/6] mouse strain used in this study is less susceptible te bacterial
infection including S. preumoniae D39 as compared to 129565vEv mice [28,29], we established 2000
CFU for infection in previous experiments when developing a miniaturized bronchoscopy protocol in
mice [30]. Therefore, we used 2000 CFU for all experiments in this study. The same batch of bacteria
from Rockefeller University was used for all experiments.

Under anesthesia with midazolam (5.0 mg/kg BW, Roche Pharma AG, Grenzach-Whylen, Germany)
and medetomidin (0.5 mg/kg BW, Orion Corporation, Espoo, Finland) the bronchoscope (Polydiagnost,
Pfaffenhofen, Germany) was inserted under visual control into the trachea and advanced to the
bifurcation. Subsequently, 50 1LL of defined pneumococcal suspension was applied in the main bronchi.
Afterward, anesthesia was antagonized subcutaneous (s.c.) with flumazenil (0.5 mg/kg BW, Inresa,
Freiburg, Germany) and atipamezol (5 mg/kg BW, Orion Corporation, Espoo, Finland) injection [30].

2.5. Microbiological Investigation

Bronchoalveolar lavage (BAL) was performed as described elsewhere [31]. Lungs were removed
and homogenized in 500 uL PBS. BAL fluid, bloed and lung tissue homogenate were serially diluted,
plated on Columbia-Agar plates (BD Bioscience, Heidelberg, Germany), incubated at 37 °C for 18 h
and bacterial colonies were counted to calculate the CFUs per ml tissue/liquid.

2.6. Flow Cytometry

Isolation of lung cells and splenocytes was performed as described elsewhere [8]. Cell phenotyping
was performed on LSRII flow cytometer using FACS Diva software (BD Bioscience, Heidelberg,
Germany) and Flowjo software 9.6.6 (Tree Star Inc, San Carlos, CA, USA) with the following anti-mouse
monoclonal antibodies: CD45 Peridinin-Chlorophyll-protein (PerCP), CD11b Allophycocyanin-cyanine
dye 7 (APC-Cy7), NK1.1 phycoerythrin (PE), CD19 Fluorescein (FITC), CD3 APC, CD4 Alexa Fluor
700 (A700), CD8 Pacific-Blue (PB), Gr1PE, CD11bPE-Cy7, F480 APC, Siglec F APC-Cy7, CD11 ¢ PB
(Biolegend, San Diego, CA, USA).
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2.7. Analysis of Cytokines in BAL and Albumin in BAL and Plasma

Macrophage inflammatory protein-lToc (MIP-1¢), TL-10, keratinocyte chemoattractant (KC)
and tumor necrosis factor o (TNFe) concentration in BAL were measured by using a commercially
available Milliplex Map Kit (Merk Millipore, Darmstadt, Germany). Albumin level in BAL and
plasma were quantified by an enzyme-linked immunosorbent assay (ELISA) (Bethyl Laboratories Inc.,
Montgomery, AL, USA).

2.8. Quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR)

RNA from naive lung and brain was extracted in Trizol according to the manufacturer’s protocol
(Roth, Karlsruhe, Germany). All samples were subsequently incubated with DNase (Promega,
Fichtburg, MA, USA) followed by purification with Phenol-Chloroform. ¢cDNA  synthesis was
performed using ProtoScript® II Reverse Transcriptase (New England Biolabs, Ipswich, UK) and the
expression of nAChRs was quantified using a LightCycler 480 (Roche, Mannheim, Germany)
and the LightCycler-FastStart-DNA-Master-SYBR-Green-I-Kit (Roche, Mannheim, Germany)
according to the manufacturer’s guidelines. [3-actin was used as “housekeeping gene” for normalization.
The following primers were used: mChrnaalpha? (F: TGGATGGGCTGCAGAGAGACAGG,
R:  GGTCCTCGGCATGGGTGTGC), mChrnaalpha5 (F:  ATCAACATCCACCACCGCTC,
R: CTTCAACAACCTCGCGGACG), mChrnaalpha7 (F: TCCGTGCCCTTGATAGCACA,
R:  TCTCCCGGCCTCTTCATGCG), mChrnaalphad (F:  CGGACGCGGTGCTGAACGTC,
R: AGACTCGTCATCGGCCTTCTTCT), mChrnaalphal0 (F: ACCCTCTGGCTGTGGTAGCG,
R: GCACTTGGTTCCGTTCATCCATA). The amplification of Chrna 2, Chrna 7, Chrna 9, Chrna 10 and
B-actin was performed at 95 °C (5 s), 66 °C (10 s) and 72 °C (15 s) for 45 cycles. Chrna 5 was amplified
with the following conditions: 95 °C (5 s), 60 °C (10 s) and 72 °C (15 s) for 45 cycles. Melting curve
analysis was performed to exclude the measurement of non-specific products. PCR products were
sequenced to verify primer specificity.

2.9. Statistics

Statistical analysis was performed using Prism 6.0 Software (GraphPad, San Diego, CA, USA).
Nonparametric one-way analysis of variance (ANOVA) with Dunn’s multiple comparison test was
used to compare the mean rank of each group with WT naive group as a control group.

3. Results

3.1. @2, a5, a9 and 10 nAChR Subunits are Expressed in Lung and Brain of Naive Mice

We previously demonstrated expression of a7 nAChR in M® and AECs [8]. To investigate which
additional nAChR subunits are expressed in lungs and brain, «2, &5, «9 and «10 nAChR mRNA
expression in whole organ tissue isolated from naive mice was quantified by qRT-PCR and compared
to a7 nAChR mRNA expression. All subunits were found to be expressed in both lung and brain,
however with higher levels in brain compared to lung except for the «10 subunit (Figure 1). These data
suggest that other nicotinic receptors in addition to a7 nAChR may be involved in cholinergic
suppression of pulmonary immune response after stroke.

3.2. Role of Various nAChRs in an Aspiration-Induced Post-Stroke Pneumeococcal Pneumonia

To investigate the impact of various nAChRs on the clearance of aspiration-induced pneumococcal
pneumonia after experimental stroke, a pneumococcal suspension was applied at the tracheal bifurcation
from «2, &5, a7, «9/10 KO mice and WT littermates three days after MCAo. Infected naive WT mice
served as controls. Bacterial burden in the lung, BAL and blood was determined one day after
infection. Whereas naive WT mice were able to clear bacteria, MCAo treated mice showed increased
bacterial burden in lung and BAL one day after infection (Figure 2A,B), although the effect in BAL
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was not significant compared to naive WT mice. In contrast to naive WT mice and stroked a7 KO
mice, several MCAo-treated a2, &5, «9/10 KO mice and WT littermates suffered from bacteremia after
bacterial challenge, whereby «9/10 KO mice exhibited significantly increased bacterial burden in blood
compared to naive WT mice (Figure 2C). However, bacterial burden in lung, BAL and blood was not
significantly different between all nAChR KO and WT MCAo groups using WT MCAo mice as the
reference group (Figure 2A,C). The infarct size was determined by histological staining and did not
differ significantly between WT mice and nAChR KO mice (Figure 2D).
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Figure 1. Expression of nAChR subunits in lung and brain tissue. a2, o5, o7, ¢9 and x10 nAChR
subunits are expressed in lung and brain tissue of naive wild type (WT) mice suggesting a possible role
in anti-inflammatory cholinergic signaling after stroke. RNA was isolated from lung and brain tissue,
and expression levels were determined by qRT-PCR. Target gene expression was normalized to p-actin

as the housekeeping gene. Values are given as mean + SD (1 = 5).
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Figure 2. The susceptibility to aspiration-induced pneumococcal pneumonia after experimental stroke
is not altered in nAChR knockout (KO) mice. (A—C) Untreated WT mice (naive) or WT and nAChR KO
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mice subjected to MCAo surgery were infected with S. pnewmonige three days after MCAo.
Microbiological analysis of lung, bronchoalveolar lavage (BAL) and blood was performed one day
after infection. Deficiency of &2, a5, &7 and 9/10 nAChRs had no effect on bacterial burden in lung,
BAL and blood after experimental stroke. (D) nAChRs does not have an impact on infarct size assessed
four days after MCAo by histological staining. Data from 6 independent experiments are shown
(n =7-15 per group) as box plots compared to WT naive mice as a reference group for bacterial analysis
and compared to WT MCAo mice as the reference group for infarct analysis using the Kruskal-Wallis

test followed by Dunn’s test for multiple comparisons.

3.3. a2, a5, a7, a9/10 nAChRs Have No Effect on Immune Cell Recruitment after Stroke

To investigate the underlying mechanisms of impaired clearance of induced pneumococcal lung
infection after stroke and the impact of nAChRs on immune cell recruitment, cellularity in the lung
and spleen was determined by flow cytometry one day after infection, which was induced on day
three after stroke onset. The number of pulmonary interstitial macrophages (IM) was significantly
reduced in o7, 29/10 KO mice and WT littermates and non-significantly reduced in a2 and «5 KO mice
compared to naive WT mice one day after infection. In contrast, MCAo surgery had no effect on the
number of neutrophils and lymphocytes in the lung (Figure 3A,C,E). Investigation of cellularity in the
spleen revealed a significant decrease in the number of macrophages in «9/10 KO and WT MCAo mice,
neutrophils in &5 KO and WT MCAop mice and lymphocytes in a5 KO and «9/10 KO mice compared to
infected naive WT mice (Figure 3B,D,F). The Kruskal-Wallis test using WT MCAo mice as the reference
group showed that cell counts of leukocytes in lung and spleen were similar in a2 KO, «5 KO, a7 KO,
«9/10 KO and MCAo treated WT mice one day after infection.
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Figure 3. Impact of S. pneumoniae infection on cellularity in the lung and spleen of WT and nAChR KO mice.
Lung and spleen cells were isolated and quantified by flow cytometry one day after infection with
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S. pneumoniae. WT mice without MCAo surgery show significantly increased numbers of
interstitial macrophages (IMs) (CD45/Grl1-/SiglecF—/CD11 bhig"/FAISO) in the lung (C) and increased
number of neutrophils (CD45+/CD11 b"i8%/Gr1sh), macrophages (CD45+/Gr1-/CD11 b+/CD11c-)

and lymphocytes (B cells: CD45+/CD11 b—/CD19+; T cells:

CD45+/CD11 b-/CD3+; NK cells:

CD45+/NK1.1+/CD3—; NKT cells: CD45+/NK1.1+/CD3+) in the spleen (B,D,F) compared to MCAo
mice. No differences between MCAo mice and naive WT mice in the number of pulmonary lymphocytes
and neutrophils were found (A,E). Cellularity of the lung and spleen does not differ between WT
MCAo mice and nAChR KO MCAo mice. The grey area represents numbers of leukocyte subsets in
healthy mice (median with IQR). Data from 6 independent experiments are shown (1 = 5-15 per group)
as box plots compared to naive WT mice as a reference group using the Kruskal-Wallis test followed by

Dunn’s test for multiple comparison.

3.4. Effect of a2, a5, a7, a9/10 nAChRs on Alveolar-Capillary Barrier and Cytokine Secretion in BAL after Stroke

To investigate the inflammatory response during pneumococcal pneumonia after stroke, MIP-1¢,
IL-10, KC and TNF« concentrations in BAL were measured one day after infection. Cytokine levels
tended to be lower in naive WT mice compared to MCAo mice. MIP-1a, KC, IL-10 and TNFx
concentrations were only increased in some mice and did not differ significantly between groups.
(Figure 4A-D). Regression analysis between cytokine concentrations and CFU in BAL showed positive
correlation between MIP-1ct, KC and TNFx level and bacterial burden in BAL (KC: r = 0.5186, p = 0.0004;
MIP-1ei: ¥ = 0.3391, p = 0.028; TNF«: r = 0.4492, p = 0.0028) (Figure 4E).
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Figure 4. nAChR deficiency has no impact on the alveolar-capillary barrier or cytokine response in lung
during S. preumoniae infection after experimental stroke. MIP-1e, IL-10, KC and TNF« concentrations
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in BAL were measured one day after infection as described in Material and Methods. MIP-1«, IL-10,
KC and TNFa level did not differ between groups (A-D). Positive correlation between MIP-1a, KC and
TNFa concentrations and bacterial burden in BAL was found (Pearson Correlation, two tailed) (E).
To investigate the effect of &2, a5, a7 and x9/10 nAChRs on the permeability of the alveolar-capillary
barrier after MC Ao, albumin concentrations in BAL and plasma were measured and the ratio of BAL
albumin and plasma albumin was calculated. Albumin ratio is increased in several mice but does
not differ between nAChR KO mice and WT mice (F). Data from 6 independent experiments are
shown (n = 5-11 per group) as box plots compared to naive WT mice as a reference group using the
Kruskal-Wallis test followed by Dunn'’s test for multiple comparison.

To investigate changes in permeability of the alveolar-capillary barrier in the model of
aspiration-induced post-stroke pneumonia, we measured albumin concentrations in BAL and plasma
one day after infection. Since the plasma albumin concentrations fluctuate, the ratio of BAL albumin
and plasma albumin was calculated. It has been shown that albumin ratio in healthy mice is up to
three [32]. Here, we found that albumin ratio one day after pneumococcal infection was only increased
in some mice and did not differ significantly between the study groups (Figure 4F).

4. Discussion

The main finding of the present study is that the depletion of single & nAChR subunits has no
effect on the course of an aspiration-induced pneumococcal pneumonia after stroke. Experimental
stroke results in severe pneumococcal pneumonia after induced aspiration of S. priettimontiae three days
after stroke onset, which was harmless for naive mice. a2 KO, a5 KO, «7 KO, «9/10 KO mice do not
show significant differences in the clearance of pathogens, recruitment of immune cells in the lung or
pro-inflammatory cytokine secretion compared to WT littermates following stroke.

Pneumonia is the most frequent complication of acute stroke and increases acute and long-term
mortality. Besides old age, diabetes mellitus and dysphagia, immunosuppression is recognized as
an important contributor for the development of spontaneous infection after stroke. Findings in
animals and patients have shown that this impaired peripheral cellular immune response after central
nervous system (CNS) injury is a result of activation of the hypothalamic-pituitary-adrenal (HPA) axis,
the sympathetic nervous system (SNS) and the cholinergic signaling [5,6,33-37].

Overactivation of the cholinergic signaling in response to infection or inflammation-induced
tissue damage is also called ‘the cholinergic anti-inflammatory pathway” and is described as a
protective mechanism that controls the inflammatory response [11]. Peripheral inflammation is
sensed by vagal afferent fibers, which leads to an activation of vagal efferent fibers resulting in ACh
release in the reticuloendothelial system and interacts with various muscarinic receptors (mAChRs)
and nAChRs [10,11]. ACh is not only synthesized as a classical neurotransmitter by parasympathetic
nerve fibers but also by non-neuronal cells including airway epithelia cells [38]. This excessive ACh
release by non-neuronal and neuronal cells following nervus vagus activation suppresses via nAChRs
endotoxin-inducible pro-inflammatory cytokine production, such as TNFe, IL-1(3, IL-6 and 1L-18 [39].

Until now, five mAChRs subtypes (M1-M5) were found expressed by neuronal and non-neuronal
cells including epithelial cells, fibroblasts, smooth muscle cells, macrophages, lymphocytes, mast cells
and neutrophils. Non-neuronal mAChRs were shown to mediate inflammation and tissue remodeling
in the airways [40]. In the CNS, mAChRs have been associated with the cholinergic anti-inflammatory
pathway. An anti-inflammatory and anti-oxidant effect in the hippocampus of rats was demonstrated
by stimulation of mAChRs with the agonist oxotremorine [41]. Furthermore, adrenocorticotropin
treatment of rats diminished hemorrhagic shock by activation of the cholinergic anti-inflammatory
pathway via mAChRs in the CNS [42]. Stimulation of the central localized M1 and M2 receptors
resulted in a decrease of TNFa level in blood in an endotoxemia model. Interestingly, a blockade
of peripheral mAChRs did not enhance TNFx secretion [43]. These data indicate that stimulation
of the mAChRs in the CNS elicits—through cholinergic and potentially other neurotransmitter
systems—an anti-inflammatory response in the periphery, whereas anti-inflammatory cholinergic
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effects in the periphery do not appear to be mediated by mAChRs. Thus, the immunomodulatory
effects of cholinergic signaling via mAChRs differ considerably from nAChRs such as «7, which directly
exert anti-inflammatory responses in the periphery. Nonetheless, whether central mAChRs play a role
in mediating stroke-induced immunosuppression remains to be elucidated.

nAChRs are composed of different combinations of a (a2-a10) and p subunits (32-34) and found
both in the nervous system and in non-neuronal cells. Structural analysis has shown that 10 subunits
form functional channels, when they are co-expressed with a9 and that «9 and «7 subunits are able
to form homomeric receptors [44]. So far, especially the «7 nAChR was identified as an important
mediator of the cholinergic anti-inflammatory pathway. Previous studies have reported that electrical
stimulation of the vagus nerve inhibits the macrophage TNFx release from WT mice but not from
«7 NnAChR KO mice [9]. Furthermore, it was shown that stimulation of nAChRs with nicotine is
associated with decreased neutrophils migration by inhibition of adhesion molecule expression both
on the endothelial surface and neutrophils, whereas deficiency of «7 leads to a faster recruitment of
neutrophils and decreased bacterial burden after i.p. infection with Escherichia coli [45,46]. In addition,
o7 nAChR has been demonstrated to play an important role in the development of spontaneous
infection after experimental stroke. Depletion of the o7 nAChR by using KO mice reduced bacterial
burden in BAL significantly compared to WT littermates [8]. However, the role of nAChRs including
the &7 nAChR in pulmonary infections caused by Gram-positive bacteria such as 5. preumoniae after
stroke had not been investigated, so far.

Expression analysis has shown that a5, «7, ®9 and 10 are the most frequently expressed subunits
in non-neuronal cells including immune cells [12,13,44]. Besides the anti-inflammatory effect of ACh
on macrophages, a cholinergic immunosuppressive effect on human DCs was observed. mRNAs
encoding the o2, &5, a6, a7, 010 nAChRs and 32 were found in DC isolated from C57BL/6 J mice
suggesting that these subunits mediate anti-inflammatory signaling of DC [47,48]. While the o7 and o9
subunits form either homomeric cr, in case of &9 together with the «10 subunit, heteromeric nAChR
receptors, respectively, the «2 and o5 subunit co-assembles with other alpha (3-5) and beta subunits
(32, 34) to different heteromeric receptors [44]. Findings that the 332 and «3[34 receptors can also
be functional without the &5 subunit suggested that depletion of a5 has no impact on physiological
processes and diseases [49]. Nevertheless, a5 KO mice showed reduced hyperalgesia and allodynic
responses to carrageenan and complete Freund’s adjuvant (CFA) injections and reduced sensitivity
to nicotine-induced seizures and hypolocomotion [23,50,51]. Furthermore, it was shown that the
«5 subunit influences the affinity and sensitivity of agonists and antagonists. A 50-fold increased
acetylcholine sensitivity was detected if the o5 subunit incorporated with 332 [49,52]. Depletion of
the &2 subunit resulted in major changes in immune-adipose communication including compromised
adaptation to chronic cold challenge, dysregulation of whole-body metabolism and exacerbates
diet-induced obesity [53]. In this study, we found expression of a2, 5, a7, a9 and «10 subunits in
lungs of naive mice and suspected that depletion of these subunits may modify the immunomodulatory
effects of cholinergic signaling after stroke.

In our experimental stroke model, we have previously shown that signs of immunosuppression
in blood, spleen and thymus started as early as 12 h after MCAo with a maximum at day three.
Already after five to seven days, lymphocyte numbers and pro-inflammatory cytokines in blood started
to recover. Correspondingly, spontaneous bacterial infections in mice were observed between days
three and five after experimental stroke [54]. This is in accordance with the clinical observation that
the risk to develop infections in stroke patients is highest within two to five days after stroke onset [55].
Therefore, in a translational approach we choose to infect MCAo mice before day five, in the phase of
maximum immunosuppression. This time window has been used in aspiration-induced post-stroke
pneumonia models using a low number of 5. preumoniae capable of inducing severe pneumonia with
high bacterial burden in lung of MCAo but not sham animals [19]. Moreover, bacterial burden in lung
was lower at day two compared to day one after inoculation [56]. Since naive mice require usually 24 h
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to clear induced infection, we used this time point to assess immune parameters and bacterial burden
after inoculation of S. prieuntoniae.

In the present study, we have demonstrated that induced aspiration with S. pneumoniae by applying
a bacterial suspension at the tracheal bifurcation leads to severe pneumonia after experimental stroke
but remains harmless in naive mice. Microbiological analysis demonstrated significantly lower bacterial
burden in WT naive mice compared to stroked animals (Figure 2A). Analysis of the lung showed
that out of 15 WT naive mice, 12 mice were able to completely clear inoculated bacteria within 24 h
compared to only 3 out of 43 stroked mice (Figure 2A). Microbiological analysis of BAL obtained from
the same animals showed similar results (Figure 2B). Moreover, all naive mice remained symptomless
in contrast to the MCAo mice suggesting near complete bacterial clearance. This finding corroborates
previous findings that stroke impairs the antibacterial defense [7,8,19-21,34,54]. S. pneumoniae infection
in healthy mice leads to neutrophil recruitment in BAL starting 12 h after infection. A reduction of
neutrophil numbers was observed 60 h after infection due to cell death [57,58]. Investigation of the
lung showed up to 100 neutrophils/mL 24 h after infection, whereas 104 neutrophils/mL were reported
in the Iung of uninfected mice [59]. In the present study, we could also observe increased numbers of
neutrophils in the lung (up to 10° neutrophils/lung) of natve WT mice and MCAo mice. We found
no differences between stroke and naive mice in terms of neutrophil numbers in the lung at day one
after infection. One explanation could be a faster kinetic of neutrophil recruitment in naive animals
with already decreasing numbers of neutrophils in the lung one day after bacterial inoculation due to
clearance of bacteria. Therefore, a diminished neutrophil recruitment after MCAo would not have
been detected with our experimental design. Nevertheless, since we also not observed differences in
lung neutrophil counts between WT and nAChR KO mice after stroke, the nAChR subunit status does
not seem to have a major impact on neutrophil recruitment into the lung due to S. preumoniae infection
after stroke.

Stroke has been demonstrated to induce a long-lasting lymphopenia in blood and spleen starting
very early after stroke onset, which is a hallmark of stroke-induced immune depression [54]. In addition,
investigations of the lung immunity after stroke have shown a significant reduction of CD4+,
CD8+ and B cells 24 h and 72 h after MCAo [60]. Here, we did not observe a significant difference in
lung lymphocyte counts between naive WT and MCAo mice. Investigation of the spleen showed a
significant reduction of lymphocyte numbers only in MCAo treated o5 and «9/10 nAChR KO mice
compared to naive WT mice, whereas MCAo treated o2, o7 nAChR KO mice and WT littermates
showed no differences compared to naive WT mice. Notably, we found that infected WT naive mice
also showed diminished lymphocyte counts in the lung compared to normal lymphocyte numbers
in untreated WT mice. Clinical data from patients with pneumococcal infections have shown that
the acute phase of infection was associated with a diminished number of lymphocytes in blood.
Further analysis demonstrated increased apoptosis among lymphocytes [61]. This is in line with
experimental data showing increased lymphocyte apoptosis in a mouse model of pneumococcal
pneumonia [62]. In addition, S. preumoniae D39 strain has been shown to mediate activation-dependent
death in human lymphocytes [63]. Nevertheless, it was reported that the number of CD4+ cells reached
normal levels in blood one week after infections suggesting trafficking of CD4+ cells instead of inflow
of de novo-generated cells after apoptosis-induced lymphopenia. Therefore, it was assumed that the
reduced number of lymphocytes in blood is also caused by migration of lymphocytes to the site of
inflammation [61]. This was supported by experiment findings in mice showing that pneumococcal
infection increased the number of lymphocytes in BAL compared to uninfected mice [64]. These data
suggest that in the present study naive WT mice developed lymphopenia in spleen and lung due
to pneumococcal infection, and consequently, the number of lymphocytes differs only marginally
between MCAo mice and naive WT mice.

Besides alveolar macrophages, a smaller subset of interstitial macrophages (IMs) is found in
the lung. While generally IMs are believed to have homeostatic and immunomodulatory functions,
these cells may also play an important role in host pathogen defense. Experiments in mice have shown
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