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ZUSAMMENFASSUNG

Bakterielle Pneumonien gehéren zu den schwerwiegendsten Komplikationen nach
Schlaganfall, deren zugrundeliegenden pathophysiologischen Mechanismen nur unzureichend
verstanden sind. Eine Uberaktivierung des autonomen und insbesondere auch des cholinergen
Systems nach Schadigung des zentralen Nervensystems (ZNS) trdgt maRgeblich zu einer schnell
einsetzenden, tempordren Immunsuppression und damit zur Entwicklung von Schlaganfall-
assoziierten Pneumonien (SAP) bei. Der a7 nikotinerge Acetylcholinrezeptor (nAChR) wurde im
experimentellen Schlaganfall als wichtiger Mediator der beeintrachtigten Immunantwort in einer
spontanen SAP identifiziert. Da in vitro Versuche auf eine Beteiligung von nicht-a7nAChR an einer
pulmonalen Immunsuppression hinwiesen, wurde in der ersten Studie die Rolle von den in der Lunge
exprimierten a2, o5, o7 und a9/10nAChR in einem Mausmodell der Aspirations-induzierten
Pneumokokken-Pneumonie nach Schlaganfall untersucht. Die Abwesenheit verschiedener nAChR
hatte keinen Einfluss auf die Rekrutierung von Leukozyten in Lunge und Milz sowie die pulmonale pro-
und anti-inflammatorische Zytokinantwort und fihrte letztlich nicht zur verbesserten Beseitigung des
Erregers, was dafiirspricht, dass nAChR die gestérte Immunantwort gegen Pneumokokken nach
Schlaganfall nicht vermitteln. Das cholinerge System kann auf der Ebene der Acetylcholinsynthese, des
Transportes, der Freisetzung, der kognaten Rezeptoren, aber auch durch die Regulation der Expression
der zugrundeliegenden Gene mittels kleiner RNAs beeinflusst werden. In der zweiten Studie wurden
daher kleine RNAs im Blut von Schlaganfallpatienten untersucht und eine Verringerung der Mikro-
RNAs (miRs) und einen Anstieg der Transfer-RNA-Fragmente (tRFs) zwei Tage nach Schlaganfall
nachgewiesen. Die Schlaganfall-induzierten tRFs enthielten komplementdre Motive zu aktiven
Transkriptionsfaktoren in Monozyten, die unter anderem cholinerge Gene und Inflammation
regulieren. Diese Befunde sprechen dafir, dass tRFs eine fundamentale Rolle in der Regulation der
Immunantwort nach Schlaganfall spielen. Neben der cholinergen Uberaktivierung kommt es auch zu
einer Stimulation des sympathischen Nervensystems, was unter anderem zu einem IFN-y-Defizit und
damit zu einer gestorten bakteriellen Abwehr fihrt. In der dritten Studie wurde die intratracheale IFN-
v Administration bei SAP im Mausmodell getestet. Die pulmonale IFN-y Behandlung hatte keinen
negativen Einfluss auf die Infarktreifung und kann daher in Bezug auf mogliche negative pro-
inflammatorische Effekte im ZNS als sicher betrachtet werden. Trotz einer Verbesserung der
Lungenzell-Funktionalitdt in den IFN-y behandelten Schlaganfall-Mausen konnten spontane
Pneumonien sowie Aspirations-induzierte Pneumokokken-Pneumonien nicht verhindert werden.
Obwohl diese Arbeit im experimentellen Schlaganfall-Modell keinen Nachweis dafiir erbringen konnte,
dass durch eine cholinerge Blockade oder durch gezielte pulmonale Zytokin-Therapie die SAP
verhindert werden kann, bieten die Ergebnisse eine Grundlage firr neue Therapieanséatze. Basierend
auf den hier vorgelegten Daten konnten Kombinationstherapien mit verschiedenen
Immunstimulatoren oder die Manipulation kleiner RNAs zur Behandlung der SAP sinnvolle Optionen

darstellen.
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ABSTRACT

Bacterial pneumonias belong to the most serious complications after stroke whose underlying
pathophysiological mechanisms are poorly understood. Overactivation of the autonomic, especially
the cholinergic system, after central nervous system (CNS) injury contributes to a rapid onset of
temporary immunosuppression and thus to the development of stroke-associated pneumonia (SAP).
The a7 nicotinic acetylcholine receptor (nAChR) was identified in the experimental stroke model as an
important mediator of the impaired immune response against spontaneous SAP. Since in vitro
experiments indicated that non-a7nAChRs contribute to pulmonary immunosuppression, the first
study investigated the role of a2, a5, a7 and a9/10nAChRs, expressed in the lung, in a mouse model
of an aspiration-induced pneumococcal pneumonia after stroke. The absence of different nAChRs did
not affect leukocyte recruitment to the lung and spleen, as well as pro- and anti-inflammatory cytokine
responses in the lung and ultimately did not improve pathogen clearance, suggesting that nAChRs do
not mediate the impaired immune response to pneumococci after stroke. The cholinergic system can
be influenced at the level of acetylcholine synthesis, the transport, the release, the cognate receptors,
but also by the regulation of the expression of underlying genes using small RNAs. In the second study,
small RNAs in the blood of stroke patients were analyzed and demonstrated a decrease of microRNAs
(miRs) and an increase of transfer RNA fragments (tRFs) two days after stroke. The stroke-induced tRFs
contained complementary motifs to active transcription factors in monocytes regulating, among
others, cholinergic genes and inflammation, suggesting that tRFs play a fundamental role in the
regulation of the immune response after stroke. Besides cholinergic overactivation, the sympathetic
nervous system is also activated after stroke, resulting, among others, in an IFN-y-deficit and thus to
an impaired bacterial defense. In the third study, intratracheal IFN-y treatment of SAP was tested in a
mouse model. Pulmonary IFN-y administration had no negative effect on infarct maturation and can
therefore be considered safe with respect to possible negative pro-inflammatory effects in the CNS.
Despite an enhanced lung cell functionality in the IFN-y treated stroke mice, both spontaneous
infections and aspiration-induced pneumococcal pneumonias were not prevented. Although 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. Combination
therapy with different immunostimulators or manipulation of small RNAs to treat SAP would be

conceivable here.
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1 INTRODUCTION

1.1 Stroke-associated pneumonia — the most severe medical complication

Stroke is an infarction or hemorrhage in the brain [1]. The global burden of disease study of
2017 showed that 6.2 million people died as a consequence of a stroke, making it the second leading
cause of death after ischemic heart diseases [2]. Patients, who survive, often suffer from moderate or
severe disabilities [3]. Medical complications and the resulting long-term care as well as rehabilitation
after stroke lead to rising healthcare costs, which demand stroke prevention and reduction of stroke
related disability [4].

Up to 85% of all stroke patients suffer from medical complications, including neurological-
recurrent stroke, epileptic seizure, infections, mobility related-falls, falls with serious injury, pressure
sores, thromboembolism, pain, psychological-depression, anxiety, emotionalism, dysphagia, fever,
incontinence and confusion [5,6]. Therein, pneumonia is the most severe medical complication,
occurring in up to 33% of all stroke patients [7,8]. Dysphagia and aspiration were identified as
significant risk factors for the development of SAP [9,10]. It was shown that dysphagia occurs in up to
78% and aspiration, due to impaired swallowing, in up to 30% of all stroke patients, resulting in an
enormous increased risk to suffer from pneumonia [11-13]. Nevertheless, not all patients who aspirate
develop pneumonia [10,14]. It has become clear that these risk factors may not be sufficient to induce
pulmonary infections after stroke. Previous experiments have shown that CNS injuries like stroke result
in secondary immunosuppression due to overactivation of stress pathways, which was identified as an

independent risk factor contributing to SAP [7].

1.2 Stroke-induced immunosuppression by activating neurohumoral stress pathways

The CNS can influence the immune system through soluble mediators, such as high mobility
group box 1 (HMGB1), directly released from damaged tissue [15], but also due to the activation of the
three stress pathways: the hypothalamic-pituitary-adrenal (HPA)-axis, the sympathetic nervous system
(SNS) and the cholinergic signaling [7]. Clinical studies demonstrated that stroke is linked with an
activation of the HPA-axis in the hyperacute phase. Blood analysis of stroke patients showed initial
increased levels of adrenocorticotrophic hormone (ACTH) and cortisol. In a second phase, a rapid ACTH
decrease mediated by a negative feedback mechanism was observed. In contrast, high cortisol levels
in blood persisted due to prolonged activation of the adrenal gland by ACTH [16-18]. On the one hand,
stroke causes physiological stress, resulting in the direct or indirect activation of the HPA-axis by
different regions of the brain, including hippocampus, amygdala and bed nucleus of the stria terminalis

[19]. On the other hand, pro-inflammatory cytokines, released in the brain after stroke, can directly
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activate the paraventricular nucleus (PVN) of the hypothalamus, leading to an increased secretion of
the corticotropin-releasing hormone (CRH). Subsequently, CRH stimulates the release of ACTH by the
anterior pituitary following glucocorticoid (GC) secretion by the adrenal cortex. GC suppresses
immunity by inhibiting pro-inflammatory cytokines (interleukin (IL) -1, IL-6, tumor necrosis factor
(TNF)-a, 1L-12), chemokines (IL-8), prostaglandins and nitric oxide. Additionally, GC stimulates anti-
inflammatory mediators, including IL-10 and transforming growth factor B (TGF-B) and induces
apoptosis of immune cells. Furthermore, GC downregulates the expression of major histocompatibility
complex class I, diminishes antigen presentation to lymphocytes by
monocytes/macrophages/dendritic cells (DCs), promotes development of regulatory T cells, as well as
differentiation of Th2 cells and induces lymphopenia in blood and spleen. The hypothalamus does not
only induce immunosuppression by activating the pituitary-adrenal pathway, but also by activating the
SNS and the cholinergic signaling [7,20-22].

The SNS is another stress pathway, which is activated by stroke. Inflammation or injury
stimulate preganglionic sympathetic fibers, coming from the grey matter or the lateral horn of the
spinal cord and synapse with the postganglionic sympathetic fibers in the ganglia of the sympathetic
chain [23]. Postganglionic nerve fibers release catecholamines, including adrenaline, noradrenaline and
dopamine, among others, into the blood, the primary, as well as the secondary lymphoid organs and
modulate immune cell function [24]. Among others, catecholamines act on B-adrenergic receptors,
which are expressed on almost all leukocytes resulting in an initial increase of blood lymphocytes and
granulocytes originating from marginal pool and peripheral reservoirs. Findings in animals have shown
that persistent increased catecholamine concentrations in the blood induce apoptosis of lymphocytes,
reduce TNF-a, IL-1 and IL-12 secretion, diminish natural killer cell (NK cell) activity and lead to atrophy
of spleen, thymus and lymph nodes. Furthermore, it was shown that catecholamines inhibit the
expression of interferon (IFN)-y and IL-2 by Th1 cells and stimulate the expression of IL-4 and IL-5 [7,20].

Besides the SNS, the cholinergic signaling also interacts with the immune system and plays a
key role in the regulation and control of inflammation. In brief, damaged tissue activates the afferent
limb stimulating preganglionic parasympathetic fibers in the brainstem nuclei or sacral spinal cord,
which synapse with postganglionic fibers near different organs, including the eye, heart, lung, stomach,
intestine, gallbladder, pancreas and kidney [23]. Efferent parasympathetic nerve fibers, including the
efferent vagus nerve, innervate most of the thoracic and abdominal organs [25,26], release
acetylcholine (ACh) to the cells of the effector organs and induce anti-inflammatory signaling via
different nAChRs. In addition, non-neuronal cells such as lymphocytes, DCs, macrophages and the
airway epithelium produce and secret ACh and thus actively contribute to cholinergic signaling in
homeostasis and disease [27,28]. In vitro studies showed that nicotine or ACh diminish TNF-a, IL-1, IL-

6 and IL-18, but not the anti-inflammatory IL-10 response to endotoxin by human macrophages.
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Experiments in mice could confirm the anti-inflammatory effect of cholinergic signaling: Vagotomy in
rats raised TNF-a levels in serum and liver in response to intravenously applied endotoxin and vagus
nerve stimulation diminished TNF-a levels in serum, liver and heart and prevented shock of animals
treated with a lethal dose of endotoxin [26,29]. This anti-inflammatory pathway was shown to be
regulated and potentiated by miRs. Lipopolysaccharide (LPS) induced miR-132, targeting and inhibiting
acetylcholinesterase transcription [30]. LPS stimulation of RAW264.7 cells resulted in an increase of
miR-124 via the a7nAChR diminishing IL-6 and TNF-a production [31].

It is well known that the cholinergic anti-inflammatory pathway plays a pivotal role in the
control of inflammation in different diseases, including sepsis and ischemic stroke [32,33]. Experiments
in mice demonstrated that brain ischemia led to a rapid increase of the cholinergic signaling. Vagotomy
prevented pulmonary infection after experimental stroke, suggesting that increased cholinergic
signaling contributes to the development of spontaneous SAP. [33]. Findings in patients confirmed the
important role of the cholinergic activation in the development of SAP. Patients showed significantly
increased ACh production by blood lymphocytes 24 h after stroke onset compared to healthy controls.
Lymphocytes of stroke patients with pneumonia produced significantly higher ACh levels compared to
stroke patients without pneumonia. Additionally, regression analysis demonstrated a positive

correlation between ACh production and infarct volume or infarct severity with pneumonia [34].

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

Cholinergic signaling occurs via acetylcholine receptors, which are activated by the endogenous
neurotransmitter ACh and are divided into muscarinic and nAChRs. nAChRs are fast excitatory ligand-
binding ion channels and are composed of a-subunits (a1-10) and B-subunits (B1-4) [35]. Different
combinations of a- and B-subunits can form heteromeric receptors with 5 subunits. Exclusively, the a7
and a9 subunit can form homomeric receptors, whereas the a9 subunit is also capable of forming a
heteromeric receptor with the al0 subunit [27]. Due to the high calcium permeability, nAChRs
contribute to the regulation of second messenger signaling pathways, including the PI3-kinase/AKT
pathway, activation of transcriptional systems and proteolytic processes. nAChRs are expressed by
neuronal, as well as non-neuronal cells such as lymphocytes, DCs and macrophages [35]. Especially the
a2, a5, a6, a7, a9 and al0 subunits are detectable on immune cells [27]. In vitro and in vivo studies
demonstrated that immune cell function is mediated by its own non-neuronal cholinergic signaling via
the a7nAChR. Mice lacking the a7nAChR showed significantly increased pro-inflammatory cytokine
secretion compared to WT littermates in response to ovalbumin immunization and LPS application
[36,37]. Stimulation of the a7nAChR on macrophages resulted in significantly diminished TNF-a
production and release [37]. Agonists of the a7nAChR prevented the activation of the NF-kB pathway

and inhibited HMGB1 secretion [38]. The important role of the a7nAChR in the control and regulation
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of inflammation sparked the interest to investigate the a7nAChR in the development and pathogenesis
of different diseases. Experiments in mice have exhibited that stimulation of the a7nAChR results in a
reduction of brain edema after experimental stroke and a neuroprotective effect on stroke, due to
reduction of inflammation and oxidative stress [39,40]. In contrast, the a7nAChR was shown to
mediate immunosuppression in the lung after experimental stroke, contributing to the development
of spontaneous pneumonia, mainly caused by Gram-negative bacteria. But in vitro experiments have
demonstrated that cholinergic stimulation results in impaired IL-6 secretion by macrophages isolated
from WT mice, as well as from a7nAChR knockout (KO) mice, suggesting a contribution of non-

a7nAChR to the cholinergic anti-inflammatory pathway [33].

1.4 Immunomodulatory treatment as a novel treatment option of stroke-associated pneumonia?

Besides the antibiotic therapy immediately after diagnosis of the pulmonary infection in stroke
patients [13], the prevention of aspiration, standardized swallow screening and oral care are also
pivotal measures in the treatment of SAP [41]. In addition, prophylactic antibiotic treatment to prevent
SAP was tested in different clinical studies with contradictory results [42]. Finally, 2 phase lll trials
demonstrated that prophylactic antibiotic treatment neither prevents SAP nor improves stroke
outcome [43,44]. The long-lasting immunosuppression after stroke and the growing emergence of
antibiotic-resistant bacteria raised the interest on immunomodulatory therapy for the treatment of
SAP. Cytokine immunotherapy was already tested for different diseases in mouse models, as well as in
human trials with promising results. Patients with a sepsis-associated immunosuppression treated
with granulocyte-macrophage colony-stimulating factor (GM-CSF) or IFN-y, as well as patients with
postoperative immunosuppression treated with GM-CSF showed a reconstituted immune function and
an improved clinical course [45-47]. The administration of granulocyte colony-stimulating factor (G-
CSF), IFN-y, IL-12 and GM-CSF to prevent and treat pneumonia resulted in an enhanced pathogen
clearance, dependent on the type of application and bacteria species. Despite possible complications,
such as unsolicited systemic effects or dose-limiting toxicity, the cytokine treatment represents a
mechanistically reasonable therapeutic approach for the treatment of SAP [48]. Subcutaneous (s.c.)
administration of GM-CSF was already tested in an experimental mouse model of spontaneously
developing infections after stroke and showed increased peripheral and pulmonary leukocyte
numbers, an improved peripheral cytokine responses and diminished bacterial burden in the
bronchoalveolar lavage fluid (BALF) [49]. An in vivo study demonstrated that stroke induces impaired
IFN-y production in blood and visceral organs, as well as apoptosis of IFN-y producing immune cells in
lymphatic organs [22]. Since the pulmonary IFN-y levels are also significantly diminished after
experimental stroke [50], a local pulmonary administration of IFN-y might be a suitable treatment

option to prevent or treat SAP.

10
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1.5 Importance and aims of the PhD thesis

Despite preventive antibiotic treatment, the overall frequency of SAP remained unchanged over
the last decades [51]. Also the administration of B-blocker to reverse adrenergic immunosuppression
did not guarantee the prevention of pulmonary infections after stroke [7,20]. Further therapeutic
approaches for the prevention and treatment of SAP remain scarce. Therefore, it is important to
identify and investigate further factors contributing to SAP and to develop new therapeutic strategies.
The aim of this work was to better understand underlying mechanisms resulting in cholinergic
immunosuppression after stroke, as well as to evaluate a pulmonary cytokine therapy in a mouse

model of SAP.

1. The first aim of this PhD project was to analyze the role of the a2, a5, a7 and a9/10nAChRs,
expressed in the lung, in an impaired immune response against an aspiration-induced
pneumococcal pneumonia after experimental stroke and thus to identify possible target
structures for new therapeutic concepts to reverse cholinergic immunosuppression after

stroke.

2. The second study aimed to investigate if LPS-induced pro-inflammatory cytokine secretion in
human monocytes is regulated by the cholinergic system and if tRFs play a role in this
inflammation control. The data were analyzed comparatively with the investigation of changes
in the levels of small RNAs in the blood of stroke patients. Finally, this study aimed to identify
potential therapeutic targets to manipulate the gene regulation of the cholinergic system after

stroke.
3. The third aim was to reconstitute lung antibacterial defense after stroke by local pulmonary

IFN-y administration and therefore to prevent spontaneous pneumonia, as well as to improve

bacterial clearance in an aspiration-induced pneumococcal pneumonia model after stroke.

11
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2 METHODS

2.1 Animals and 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 fir Gesundheit und Soziales (LAGESO), Berlin, Germany. Mice were
placed in cages with chip bedding and environmental enrichment on a 12 h light/dark cycle with ad
libitum access to food standard chow and water. Analysis of nAChR expression in brain and lung, as
well as IFN-y treatment was performed by using 12-weeks-old male C57BL/6J mice (The Jackson
Laboratory, Bar Harbor, Maine, USA). To investigate the impact of nAChRs on post-stroke
pneumococcal pneumonia, 12-to-20-weeks-old male mice lacking the a2, a5, a7 and a9/10nAChR and
WT littermates were used (information about the mouse strains are described in study 1 [52]). Since

all strains carry the C57BL/6JCrl background, mixed WT littermates of all strains served as a control.

2.2 Expression analysis of nicotinic acetylcholine receptors

Total RNA from lung and brain tissue was isolated using Trizol (Roth, Karlsruhe, Germany). RNA
was incubated with DNase (Promega, Fichtburg, MA, USA) followed by purification with Phenol-
Chloroform to remove genomic DNA and reverse transcribed using ProtoScript” 1l Reverse
Transcriptase (New England Biolabs, Ipswich, UK). The mRNA expression of genes was analyzed 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 with the thermal
protocol described in study 1 [52]. Target gene expression was normalized to B-actin as housekeeping
gene. Primer were used as described in table 1. Analysis was performed using 7500 Software v2.3 (Life

Technologies, Carlsbad, California, USA).

PRIMER FORWARD SEQUENCE REVERSE SEQUENCE
mChrnaalpha2 TGGATGGGCTGCAGAGAGACAGG GGTCCTCGGCATGGGTGTGC
mChrnaalpha5 ATCAACATCCACCACCGCTC CTTCAACAACCTCGCGGACG
mChrnaalpha?7 TCCGTGCCCTTGATAGCACA TCTCCCGGCCTCTTCATGCG
mChrnaalpha9 CGGACGCGGTGCTGAACGTC AGACTCGTCATCGGCCTTGTTGT
mChrnaalphal0 ACCCTCTGGCTGTGGTAGCG GCACTTGGTTCCGTTCATCCATA

Table 1: Primer used for quantitative Reverse Transcriptase Polymerase Chain Reaction (qRT-PCR).
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2.3 Experimental stroke

Middle cerebral artery occlusion (MCAo) was performed as described elsewhere [53]. In brief,
animals were anesthetized with isoflurane (Abott, Wiesbaden, Germany) in a 1:2 mixture
oxygen/nitrous oxide. A silicon-coated filament (Docol Corporation, Sharon, USA) was introduced over
the common carotid artery and the internal carotid artery into the circle of Willis blocking the origin of

the middle cerebral artery for 60 min.

2.4 Analysis of infarct size

Brains were removed, frozen in 2-Methylbutan (Carl Roth, Karlsruhe, Germany) on dry ice and cut
into 25 um thick cryosections. Infarct size was determined by hematoxylin staining according to Harris.
Total area of contralateral hemisphere (HAwntra) and area of not injured part of the ipsilateral
hemisphere (HANi.si) were measured in 5 sections at defined regions using SigmaScan Pro 5 (Systat
Software GmbH, Erkraht, Germany) as follows:

A = Asection1 + 2 * Asectionz + 2 * Asections + 2 * Asections + Asections.

Infarct size was calculated with the following equation:

HAcontra— HANipsi %

% Infarct size = 100.

HAcontra

2.5 Aspiration-induced pneumonia model with S. pneumoniae

Spontaneously developing infections were prevented by antibiotic treatment (marbofloxacin, 5.0
g/kg BW, Vétoquinol GmbH, Ravensburg, Germany) applied intraperitoneally (i.p.) one day before and
on the day of MCAo. Animals were anesthetized i.p. with midazolam (5.0 mg/kg BW, Roche Pharma
AG, Grenzach-Whylen, Germany) and medetomidin (0.5 mg/kg BW, Orion Corporation, Espoo,
Finland). nAChR KO mice and WT littermates were infected intratracheally (i.t.). To this end, a
bronchoscope was inserted until the bifurcation of the trachea and a S. pneumoniae (D39 serotype 2,
Rockefeller University, New York, NY, USA) suspension (2000 colony forming units (CFU)/50 ul) was
applied [52,54]. To investigate the effect of IFN-y treatment on an aspiration-induced pneumococcal
pneumonia, C57BL/6J mice were infected intranasally (i.n.) with a suspension of 10,000 CFU/20 pl
(PN36, NCTC 7978, serotype 3). Anesthesia was antagonized s.c. with flumazenil (0.5 mg/kg BW,

Inresa, Freiburg, Germany) and atipamezol (5.0 mg/kg BW, Orion Corporation, Espoo, Finland).
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2.6 IFN-y treatment

Mice were anesthetized and antagonized as described for the pneumococcal infection. IFN-y
(PeproTech GmbH, Hamburg, Germany) diluted in solvent or solvent only (phosphate-buffered saline
(PBS), Gibco® life technologiesTM, Waltham, Massachusetts, USA) were applied bronchoscopy-guided

in the bifurcation of the trachea as established in our laboratory [54].

2.7 Microbiological analysis

Bronchoalveolar lavage (BAL) was performed as described elsewhere [55]. Lungs were dissected
and homogenized in 500 ul PBS. Blood collection was performed from the abdominal aorta. Lung
homogenate, BALF and blood were plated on Columbia-Agar plates (BD Bioscience, Heidelberg,
Germany) or LB-Agar and incubated at 37°C for 18 h. Bacterial colonies were counted to calculate the

CFUs per ml tissue/liquid.

2.8 Analysis of leukocytes in lung and spleen by flow cytometry

Single cell suspensions from spleen and lung were prepared as described elsewhere [22,33]. 2x10°
cells were stained for 20 min in the dark with anti-mouse monoclonal antibodies (Biolegend, San Diego,
USA or BD Bioscience, Heidelberg, Germany) listed in table 2. 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, California, USA).

MARKER FLUOROCHROME
Lymphoid panel CD45 PerCP
CD11b APC Cy7
NK1.1 PE
CD19 FITC
CD3 APC
CD4 A700
CD8 PB
Myeloid panel CD45 PerCP
Grl PE
Cd11b PE-Cy7
FA80 APC
Siglec F APC-Cy7
CD11c PB

Table 2: List of antibodies used for flow cytometry.
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2.9 Analysis of leukocytes in blood and BALF

Blood was collected in ethylenediaminetetraacetic acid (EDTA) tubes and analyzed with an animal
blood counter (Scil Vet abc, Scil veterinary excellence, Viernheim, Germany). Cytocentrifugation of BAL
cells was performed to prepare cytospins. Macrophages, neutrophils and lymphocytes became visible

by May-Griinwald-Giemsa staining. Cells per ml BALF were calculated.

2.10  Analysis of cytokines in BALF and plasma and permeability of the alveolar-capillary barrier

BAL was performed as described elsewhere [55]. Cytokine concentrations were measured in BALF
and plasma using a commercially available Milliplex Map Kit (Merk Millipore, Darmstadt, Germany). To
investigate the permeability of the alveolar-capillary barrier, albumin concentrations were measured
in plasma and BALF using an enzyme-linked immunosorbent assay (ELISA) (Bethyl Laboratories Inc.,

Montgomery, AL, USA).

2.11 Isolation and ex vivo stimulation of lung and BAL cells

BAL (100,000 cells/ml) and lung cells (2x10° cells/ml) were isolated and stimulated with 1 pug/ml
LPS (O55:B5, Sigma) in roswell park memorial institute (RPMI) medium (Biochrom GmbH, Berlin,
Germany) with 10% fetal calf serum (FCS), 10% L-alanyl-L-glutamine and 100 U/ml
penicillin/streptomycin (Biochrom GmbH, Berlin, Germany) for 12 h at 37°C. TNF-a and IL-6

concentrations were measured by using a commercially available ELISA (eBioscience, San Diego, USA).

2.12  Isolation of human monocytes and ex vivo stimulation

The study was approved by the ethics committee of the Charité-Universitatsmedizin Berlin (MG
Cohort: EA1/281/10). Peripheral blood mononuclear cells (PBMCs) from healthy donors were purified
by density gradient 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 Biotec). Monocytes (2x10° cells/ml) were stimulated with LPS (1 ng/ml, 0127:BS;
Sigma), LPS and nicotine (300 uM, Sigma) or nicotine in RPMI medium with 1% penicillin-streptomycin
(Biochrom), 2 mM L-glutamine (Biochrom), and 10% autologous serum for 6 h, 12 h and 18 h at 37°C.
TNF-a concentrations in culture supernatant were determined by using a commercial DuoSet ELISA kit

(R&D Systems).
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2.13  Statistics

Data were analyzed using Prism 6.0 Software (GraphPad, San Diego, CA, USA) or R (version 3.4.1).
Values are shown as scatter dot plots with mean * standard deviation (SD), box plots with whiskers
minimum to maximum or bars. P-values of less than 0.05 were considered statistically significant. One-
tailed Mann-Whitney test, One-way analysis of variance (ANOVA), two-way ANOVA and Pearson

Correlation was performed as indicated in the legends in the of the publications listed in the appendix.
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3 RESULTS

3.1 Study 1: The role of nicotinic acetylcholine receptors in stroke-associated pneumonia

3.1.1 a2, a5 a7, a9 and al0nAChRs are expressed in the lung of naive mice

We hypothesized that additional nAChRs besides the a7nAChR might be involved in the cholinergic
pulmonary immunosuppression [33]. Therefore, the expression of different nAChRs in whole lung
tissue homogenate, isolated from naive C57BL/6J mice was investigated. Brain tissue served as a
positive control. We found that a2, a5, a7, a9 and al0nAChRs are expressed in the lung, suggesting a

role in cholinergic pulmonary immunosuppression (8.1 Selected publications: Study 1, Figure 1) [52].

3.1.2 Impaired bacterial clearance in pneumococcal pneumonia after experimental stroke does not

involve a2, a5, a7 and a9/10nAChRs

We previously demonstrated that the clearance of an induced pneumococcal pneumonia with S.
pneumoniae strain D39 is impaired after experimental stroke [56]. To investigate the effect of different
nAChRs on the course of an induced pneumococcal infection after stroke, a pneumococcal suspension
of 2000 CFU was applied at the bifurcation of the trachea of a2, a5, a7, ®9/10nAChR KO MCAo mice
and WT MCAo littermates, three days after stroke. Naive mice without MCAo surgery were also
infected and served as controls. CFU in lung, BALF and blood, as well as infarct size were determined
one day after infection (Figure 1). 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 any clinical symptoms, suggesting near complete bacterial
clearance. In contrast, 40 out of 43 MCAo mice showed severe pulmonary infections. Bacterial burden
in lungs from a2, a7, a9/10 KO MCAo and WT MCAo mice was significantly increased compared to
naive WT mice. Microbiological analysis of BALF one day after infection revealed similar results.
Additionally, a9/10 KO MCAo mice showed significantly increased bacterial burden in blood compared
to naive WT mice. However, bacterial burden in lung, BALF and blood and infarct size did not
significantly differ between any type of MCAo nAChR KO mice and MCAo WT mice using MCAo WT

littermates as reference group (8.1 Selected publications: Study 1, Figure 2) [52].
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Figure 1: Experimental setup to investigate the impact of different nAChRs on the course of an aspiration-induced
pneumococcal pneumonia. d-1/d0: spontaneously developing infections were prevented by antibiotic treatment with
marbofloxacin; d0: MCAo, d3: induced pneumococcal infection at the bifurcation of the trachea; d4: analysis of bacterial
burden, infarct size, cellular composition of lung and spleen, cytokine secretion in BALF and permeability of the alveolar-
capillary barrier. Figure 1 was created by Sandra Jagdmann and is not based on any previously published figure.

3.1.3 a2, a5 a7 and a9/10nAChRs have no impact on pulmonary immune response, splenic

leukocyte composition and alveolar-capillary barrier permeability during pneumococcal

infection after stroke

Lung and spleen cells were isolated one day after infection and quantified by flow cytometric

analysis. The strategy for the analysis of lung leukocytes is presented in Figure 2.
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Figure 2: Gating strategy for defining lymphoid and myeloid cells in the lung. Dot plots show the strategy to evaluate
neutrophils (Grihieh), interstitial macrophages (IMs) (Grl-/SiglecF-/CD11b"&h/F480*), T cells (CD11b-/CD3*), B cells
(CD11b~/CD19*), NK (NK1.1*/CD3") cells and NKT cells (NK1.1*/CD3*). Figure 2 was created by Sandra Jagdmann and is not

based on any previously published figure.
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We found significantly diminished cell counts of IMs in a7, a9/10 KO MCAo and WT MCAo mice
compared to naive WT littermates, suggesting a contribution to the impaired pathogen clearance after
stroke, whereas MCAo had no effect on the cell count of lymphocytes and neutrophils in the lung.
Analysis of splenic leukocytes revealed significantly decreased cell counts of neutrophils in a5 KO
MCAo mice and WT MCAo mice, significantly diminished numbers of macrophages in a9/10 KO MCAo
mice and WT MCAo mice and significantly reduced cell counts of lymphocytes in a5 and a9/10 KO
MCAo mice compared to naive WT mice [52]. But the number of pulmonary and splenic leukocytes did
not differ between nAChR KO MCAo mice and WT MCAo littermates (8.1 Selected publications: Study
1, Figure 3). Analysis of pro-inflammatory cytokine response in BALF one day after infection revealed
increased MIP-1a, KC and TNF-a levels in some MCAo mice compared to naive mice correlating with
bacterial burden in BALF. The anti-inflammatory cytokine IL-10, measured in BALF one day after
infection, tended to be increased in MCAo mice compared to naive mice. However, cytokine levels did
not differ between nAChR KO MCAo mice and WT MCAo littermates. Albumin concentrations were
measured in BALF as well as in plasma and the ratio (albumin BALF/albumin plasma) calculated to
investigate the permeability of the alveolar-capillary barrier. We found no differences between the

groups one day after infection (8.1 Selected publications: Study 1, Figure 4) [52].

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

signaling after stroke

To analyze if stroke induces changes in small regulatory RNA expression, whole blood was collected
from 33 male patients two days after stroke onset and 10 age- and sex-matched controls to perform
Principal Component Analysis of sequenced small RNAs. Analysis showed a significant increase of tRFs
(87%/143) and a significant decline (63%/420) of miRs in stroke patients. Targeting analysis revealed
that 131 miRs and 64 tRFs contain complementary motives to 5 cholinergic transcripts, indicating a
role in the regulation of the cholinergic signaling after stroke (8.2 Selected publications: Study 2, Figure
1). 77 of the upregulated stroke tRFs were found to be expressed in immune cells, from which 10 tRFs
contained complementary motives to cholinergic transcripts, suggesting an impact on post-stroke
leukocyte immune response (8.2 Selected publications: Study 2, Figure 3). To identify, in which
immune cells small RNAs might regulate post-stroke cholinergic signaling, long RNA regulatory circuits
[57] from different lymphocyte subsets, monocytes and neutrophils were analyzed and showed that
CD14+ monocytes were the main cell type expressing the highest amounts of cholinergic transcripts.
Stroke induced an upregulation of 204 long RNA transcripts, which were relevant to innate immunity,
vascular processes and cholinergic links (8.2 Selected publications: Study 2, Figure 4). In addition, we

found that active transcription factors (TFs) in monocytes, including TFs regulating cholinergic genes,
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were targeted by stroke-induced tRFs, suggesting that stroke-induced tRFs regulate transcriptional
state in monocytes after stroke (8.2 Selected publications: Study 2, Figure 5). 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 with LPS. qRT-PCR revealed that several of the top 6
stroke-induced tRFs (8.2 Selected publications: Study 2, Figure 2) were also upregulated upon LPS
stimulation in murine, as well as human monocytes. The presence of nicotine resulted in an additional
induction and the administration of dexamethasone to a suppression of these tRFs (8.2 Selected
publications: Study 2, Figure 5). To investigate if the TLR-induced pro-inflammatory cytokine response
in monocytes is regulated by the cholinergic signaling, human monocytes were stimulated ex vivo with
LPS for 6 h, 12 h and 18 h in the presence or absence of the nAChR agonist nicotine and TNF-a levels
were measured in supernatant. Unstimulated monocytes served as a control (Figure 3 A). We found
that nicotine impaired LPS-induced TNF-a secretion, suggesting that TLR-induced TNF-a secretion in
monocytes is regulated by cholinergic signals as a part of the cholinergic anti-inflammatory pathway

(Figure 3 B) [58].
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Figure 3: TLR-induced pro-inflammatory cytokine response in human monocytes was regulated by the cholinergic signaling.
(A) Experimental setup. Figure 3 A was created by Sandra Jagdmann and is not based on any previously published figure. (B)
The nAChR agonist nicotine significantly impaired TNF-a secretion by LPS stimulated monocytes. Data from three
independent experiments are shown as scatter plots + SD compared to LPS stimulated monocytes as reference group using
two-way ANOVA followed by Dunnett’s multiple comparison test. NIC = nicotine. Figure 5B was published in modified form
in Winek et al., 2020 [58].

3.3 Study 3: The effect of intratracheal IFN-y treatment on post-stroke pneumonia

3.3.1 Local pulmonary IFN-y treatment improved in trend lung cell functionality in stroke mice
Naive mice were treated i.t. with different doses of IFN-y to investigate the effect on TNF-a and
IFN-y-induced protein 10 (IP-10) secretion in BALF and plasma, as well as leukocyte recruitment in the
lung 12 h after application (Figure 4 A). We found that 1 pug IFN-y was enough to induce IP-10 in BALF
and plasma and TNF-a in BALF. However, cellular composition of leukocytes in lung and BALF did not
differ between mice treated with 1 pug IFN-y and solvent (8.3 Selected publications: Study 3, Figure 1).

In addition, to evaluate the effect of IFN-y treatment on functionality of pulmonary immune cells, lung
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and BAL cells were isolated 12 h after application and stimulated with LPS for 12 h. TNF-a levels tended
to be increased in supernatant of lung cells, whereas IL-6 levels showed no differences compared to
solvent treated mice. In contrast, IL-6 and TNF-a levels in supernatant of BAL cells were non-
significantly decreased compared to solvent treated mice (8.3 Selected publications: Study 3, Figure
2). Treatment with 10 pg or 50 ug resulted in an even stronger induction of TNF-a and IP-10 in the
BALF, increased lymphocyte and neutrophil recruitment in the lung, as well as an improved
functionality of lung cells, but was not suitable since mice showed an intolerance (loss of weight,
hunched posture and diminished activity) (8.3 Selected publications: Study 3, Figure 1-2). Therefore,

for subsequent experiments, an IFN-y dose of 1 ug was used [59].

To investigate the effect of IFN-y treatment in the experimental stroke model, mice were treated
with IFN-y or solvent one day after MCAo. Naive mice served as healthy controls (Figure 4 B). Cytokine
analysis in BALF 12 h after administration revealed that IFN-y was capable of inducing TNF-a secretion
in naive mice but not in stroke mice. In order to evaluate pulmonary cytokine response to LPS, lung
cells were isolated from IFN-y or solvent treated stroke or naive mice 12 h after administration and
stimulated ex vivo with LPS for 12 h. Cytokine analysis of supernatant showed that IFN-y treatment
resulted in an improved TNF-a response in stroke mice compared to solvent treated stroke mice.
However, TNF-a levels were still significantly lower than in naive mice. In contrast, IL-6 secretion in
supernatant of lung cells was improved in IFN-y treated stroke mice compared to solvent treated
stroke mice, as well as to healthy mice. Infarct size, cytokine secretion in plasma and leukocyte
recruitment in the lung did not significantly differ between the studied groups (8.3 Selected

publications: Study 3, Figure 3) [59].
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Figure 4: Experimental setup to test the effect of local pulmonary IFN-y application in naive and stroke mice. (A) dO: i.t. IFN-
y/solvent application in naive mice, 12 h: Analysis of the lung/spleen/plasma and BALF, as well as ex vivo stimulation of
BAL/lung cells with LPS for 12 h, 24 h: Measurement of cytokines in supernatant. Figure 4 A was created by Sandra Jagdmann
and is not based on any previously published figure. (B) d0: MCAo, 24 h: i.t. application of IFN-y/solvent, 36 h: analysis of
infarct size, cytokines in BALF/plasma and leukocyte composition of the lung, as well as ex vivo stimulation of lung cells with
LPS, 48 h: Measurement of cytokines in supernatant. Figure 4 B was published in modified form in Sandra Jagdmann et al.,
2021 [59].
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3.3.2 IFN-y treatment did not prevent spontaneous pulmonary infections after experimental stroke
To test our hypothesis that local pulmonary IFN-y treatment prevents spontaneously developing
infections after stroke, mice were treated i.t. with IFN-y or solvent one day after MCAo. Two days after
administration, mice were examined regarding bacterial burden in the lung, cytokine response in the
BALF and plasma, as well as leukocyte numbers in BALF, lung and spleen (Figure 5). We found slightly
diminished infarct size and bacterial burden in BALF and lung in IFN-y treated mice compared to solvent
treated mice, however the infarct size did not correlate with bacterial burden in the lung. IFN-y
administration had no effect on cytokine levels in BALF and plasma, as well as leukocyte composition

in BALF, lung and spleen (8.3 Selected publications: Study 3, Figure 4) [59].
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Figure 5: Experimental setup to investigate the effect of i.t. IFN-y treatment on spontaneous pneumonia after stroke. dO:
MCAo, d1:i.t. application of IFN-y/solvent, d3: analysis of infarct size, bacterial burden in lung/BALF, cytokines in BALF/plasma
and leukocyte composition of BALF/lung/spleen. Figure 5 was published in modified form in Sandra Jagdmann et al., 2021

[59].
3.3.3 IFN-y treatment improved cytokine response and lymphocyte recruitment in the BALF but did
not improve the clearance of pneumococcal infection after stroke

Experiments in mice demonstrated that stroke results in diminished clearance of induced
pneumococcal pneumonia compared to sham mice [56]. To investigate, whether IFN-y treatment
improves the pathogen clearance of an induced pneumococcal infection after stoke, mice were i.n.
infected with 10,000 CFU S. pneumoniae PN36 one day after IFN-y or solvent administration, which
was performed three days after MCAo (Figure 6). Analysis of bacterial burden revealed that IFN-y
slightly reduced pneumococcal clearance compared to solvent treated mice, whereas infarct size did
not differ between the groups. IFN-y treated mice showed significantly increased IL-6 levels, as well as
slightly increased MIP-1a and IP-10 levels in the BALF compared to solvent treated mice. Additionally,
IP-10 was found to be significantly increased in plasma from IFN-y treated mice, whereas pro-
inflammatory cytokines, including IFN-y, showed no differences compared to solvent treated mice.
Leukocyte analysis revealed non-significantly reduced number of macrophages in the lung and
significantly increased numbers of lymphocytes in spleen and BALF (8.3 Selected publications: Study
3, Figure 5) [59].
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Figure 6: Experimental setup to investigate the effect of i.t. IFN-y treatment on the course of a pneumococcal pneumonia
after experimental stroke. d-1/d0: spontaneously developing infections were prevented by antibiotic treatment with
marbofloxacin; dO: MCAo, d3: i.t. application of IFN-y/solvent, d4: i.n. S. pneumoniae PN36 infection, d6: analysis of infarct
size, bacterial burden, cytokine secretion in BALF/ plasma, cellular composition of BALF/lung/spleen. Figure 6 was published

in modified form in Sandra Jagdmann et al., 2021 [59].
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4 DISCUSSION

Pneumonia is the most relevant medical complication after stroke and occurs in up to 33% of
all stroke patients. Despite prophylactic antibiotic treatment and other general measures to prevent
SAP, the overall frequency of post-stroke pneumonia remained unchanged over the last years [8,51].
Therefore, it is essential to develop new therapeutic approaches on the basis of a better understanding
of the underlying mechanisms contributing to SAP. The CNS and the immune system regulate each
other in a well-balanced interplay. Stroke results in a disturbance of this homeostasis due to activation
of neurohumoral stress pathways and the development of a severe temporary immunosuppression,
contributing to the development of SAP. The specific aims of this PhD thesis were on the one hand to
investigate mechanisms of the cholinergic system, including nAChRs and small RNAs, contributing to
stroke-induced immunosuppression. On the other hand, as a proof-of-concept of an
immunomodulatory therapy, an i.t. IFN-y therapy to reconstitute the pulmonary antibacterial immune

response was tested in an experimental mouse model to prevent SAP (Figure 7).
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Figure 7: Most important pathophysiological mechanisms resulting in stroke-induced immunosuppression contributing to
SAP and the associated research questions of studies 1-3 of this PhD thesis. Stroke leads to an activation of the HPA-axis,
the cholinergic signaling and the SNS receiving inputs from the hypothalamus (HT) via the nucleus tractus solitarii (NTS). The
release of noradrenaline (NA) and acetylcholine (ACh) in the lung and the lymphatic organs leads to the activation of the p2
adrenergic receptor (B2 AR) and the nicotinic acetylcholine receptor (nAChR), mediating impaired pro-inflammatory cytokine
secretion by macrophages and alveolar epithelia cells, an impaired IFN-y secretion by T cells in the lung, as well as in the
spleen and apoptosis of splenic B- and NK cells. In this PhD thesis, the role of the a2, a5, a7, a9/10nAChRs (study 1), as well
as small RNAs (study 2) in the cholinergic immunosuppression after stroke and the effect of i.t. IFN-y treatment on SAP (study
3) was investigated. Figure 7 was created by Sandra Jagdmann and is not based on any previously published figure.
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4.1 Study 1: nAChRs did not mediate impaired immune response against S. pneumoniae after stroke

Experiments in animals and humans demonstrated that, among others, cholinergic
overactivation results inimmunosuppression [33,34]. In vitro experiments revealed that the cholinergic
control of LPS-induced IL-6 secretion by alveolar macrophages (AMs) is partly independent of the
a7nAChR [33]. Moreover, we found that besides a7nAChR, a2, a5 and a9/10nAChRs are also expressed
in the lung, suggesting a role in the impaired pulmonary immune response after stroke and
investigated these receptors in a mouse model of an aspiration-induced pneumococcal pneumonia
after stroke to mimic the clinical situation of increased aspiration in stroke patients. Therefore, MCAo
mice were i.t. infected with 2000 CFU S. pneumoniae. We used the strain D39 serotype 2, whose
pathogenesis was very well investigated in the experimental mouse model over the last years [60].
Since i.t. infection was shown to result in a reproducible infection rate, as well as a consistent bacterial
load in the lung of infected mice [61], we used this infection technique in study 1. The infection dose
of 2000 CFU, applied three days after stroke onset, was already established in our group and resulted
in severe pneumococcal pneumonia in MCAo mice one day after infection, whereas naive mice were

capable of clearing bacteria within 24 h.

The recruitment of CD4 lymphocytes, neutrophils and AMs to the lung is essential in the innate
immune response against S. pneumoniae. Experiments in mice demonstrated that the lack of CD4
lymphocytes or neutrophils results in an impaired clearance of induced pneumococci, whereas
depletion of AMs leads to an increased mortality rate [62-64]. Moreover, in animals and humans, it was
shown that asplenia is associated with an impaired immune response to pneumococci and an
increased mortality rate [65,66], suggesting a pivotal role of the spleen in the immunity to S.
pneumoniae. Further investigations revealed that especially the antibody response of the B
lymphocytes in the marginal zone of the spleen are essential for the clearance of a pneumococcal
infections [67]. Therefore, we analyzed if the KO of the a2, a5, a7, a9/10nAChRs has an effect on
leukocyte composition in the lung and spleen and thus might improve pneumococcal clearance after
stroke. We found no differences in the number of pulmonary and splenic leukocytes between nAChR
KO MCAo mice and WT MCAo littermates, suggesting no impact of cholinergic signaling on impaired

immune cell recruitment after stroke.

Our group demonstrated that a7nAChR KO mice show significantly diminished bacterial
burden in the BALF during the course of a spontaneous SAP [33], mainly caused by Gram-negative
bacteria [22]. In contrast, in study 1 we demonstrated that mice lacking nAChRs, including the a7nAChR
exhibit no improved bacterial clearance of i.t. induced Gram-positive S. pneumoniae after stroke [52].
The mechanism of the pulmonary cholinergic anti-inflammatory pathway is already well described.

Inflammation results in the activation of the nervus vagus, stimulating postganglionic cholinergic
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neurons that innervate capillary vessels in the inter-alveolar septum, as well as mucous membrane of
the bronchi and bronchuli of the lung tissue [68]. ACh is released in the lung and acts on a7nAChRs on
immune cells and airway epithelia cells, resulting in impaired pro-inflammatory cytokine secretion.
Stimulation of macrophages and DCs with LPS and a nAChR agonist showed diminished TNF-a, IL-1, IL-
18, IL-1B, IL-10 and IL-12 secretion compared to LPS stimulated cells [29,69,70]. Interestingly,
experiments in humans and animals actually demonstrated that the cytokine response by AMs and
DCs to Gram-positive and Gram-negative bacteria varies greatly, which could explain the contradictory
data concerning the anti-inflammatory effect, mediated by the a7nAChR: stimulation of porcine AMs
with LPS (major component of the outer surface of Gram-negative bacteria) induced significantly
increased IL-1PB, IL-6, TNF-a and IL-10 levels in a dose-dependent manner. In contrast, only very high
doses of lipoteichoic acid (LTA) (component of Gram-positive bacteria) resulted in TNF-a secretion,
whereas IL-1B, IL-6 and IL-10 were not inducible [71]. Analysis of human AMs revealed similar results
[72]. Investigation of cytokine responses of human DCs demonstrated that Gram-negative bacteria
were capable of inducing significantly increased TNF-a, IL-6 and IL-10 levels, whereas Gram-positive
bacteria did not induce TNF-a, IL-6 and IL-10 secretion [73]. In accordance with these data, we also
found in study 1 that cholinergic blockade does not improve TNF-a secretion in the lung during a Gram-
positive pneumococcal pneumonia (serotype 2) after stroke. Therefore, it would be interesting to
investigate the role of a2, a5, a7 and a9/10nAChRs in a mouse model of Gram-negative or
spontaneous pneumonia after stroke. However, experiments in mice showed that nAChR stimulation
impaired clearance of S. pneumoniae (serotype 3), suggesting in turn that cholinergic signaling may,
after all, contribute to the impaired immune response to pneumococcal infection. Here, cholinergic
stimulation did also not influence pro-inflammatory cytokine secretion, suggesting an impaired
functionality of leukocytes due to cholinergic signaling [74]. Indeed, it was already demonstrated that
cholinergic receptor stimulation results in impaired antimicrobial functions of neutrophils and
monocytes, as well as a in a reduction of antimicrobial peptide in epithelia cells, increasing the
susceptibility to S. aureus and S. pneumoniae infections [75,76]. Nevertheless, in study 1, cholinergic
blockade did not lead to improved pneumococcal clearance after stroke. An explanation could be that
different pneumococcal serotypes were used in the studies eliciting different immune responses. Also
possible would be that stroke-induced overactivation of the SNS or the HPA-axis plays a more
significant role in the impaired immunity against S. pneumoniae D39 and that the cholinergic blockade
is not sufficient to reconstitute the immunity to S. pneumoniae. Notably, we found significantly
diminished numbers of IMs in nAChR KO and WT stroke mice compared to naive mice supporting this
consideration. Since data on IMs are scarce, the role of this leukocyte subpopulation should be further

analyzed in SAP. Even though the KO of the a2, a5, a7 and a9/10nAChRs did not result in a clear
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improved clearance of S. pneumoniae strain D39 serotype 2 after stroke, the regulation of the

cholinergic signaling to prevent SAP is still of importance.

4.2 Study 2: Stroke-induced small RNAs regulate inflammation in monocytes

The activation of the cholinergic system can be influenced, among others, through the
regulation of cholinergic gene expression. Small RNAs, including miRs and tRFs, were identified as
important regulators of gene expression by abolishing transcripts or repressing the translation [77,78].
It was already shown that the small RNA profile changes with different diseases, including cancer,
cardiovascular -, inflammatory - and neurodegeneration diseases. Owing to their stability in blood,
small RNAs are very suitable as biomarkers [79]. Moreover, target analysis can provide information
about the regulated genes and thus also about the underlying pathophysiology of a disease.
Investigations of small RNAs in the blood after stroke demonstrated an upregulation of many non-
coding RNAs in the acute and subacute phase of stroke, regulating pathophysiological mechanisms,
including programmed cell death, inflammation and blood-brain barrier breakdown [80]. However, the
role of small RNAs in the cholinergic anti-inflammatory pathway after stroke was not investigated so
far. In study 2, we sought tRFs and miRNAs, regulating cholinergic transcripts in blood from stroke
patients and found a significant decline of miRs and an increase of tRFs two days after stroke [58]. The
stroke-induced tRFs targeted genes, regulating, among others, cholinergic signaling or inflammation in
monocytes from stroke patients, including the Signal transducer and activator of transcription 1
(STAT1), transcription factor EC (TFEC) and Z-DNA-binding protein 1 (Zbpl). STAT1 promotes
inflammation by inducing chemokine expression and the production of reactive oxygen species [81],
whereas TFEC is activated by IL-4, as well as regulates the G-CSF receptor [82] and Zbp was shown to
regulate cell death and induce IFN response [83]. These data suggest that stroke-induced tRFs actively
contribute to the regulation of inflammation after stroke. Furthermore, we demonstrated that the top
6 upregulated tRFs in stroke patients were also increased in LPS stimulated human monocytes. The
presence of the nAChR agonist nicotine resulted in a further increase of these tRFs in LPS stimulated
monocytes, indicating that these small RNAs are a characteristic of the cholinergic anti-inflammatory
signaling two days after stroke. Further studies, investigating if these 6 upregulated tRFs two days after
stroke correlate with an increased infection risk in patients and therefore are suitable for prognosis
and diagnosis, are required. Small RNAs could also act as biomarkers to distinguish between a Gram-
positive and a Gram-negative SAP. Recent studies could already elaborate miRs profiles in Gram-
positive, as well as Gram-negative infections [84]. It is tempting to speculate that even an identification
of pathogens might be possible by small RNA analysis and therefore an individually adapted therapy.

Additionally, analysis of the small RNA profile in the lung tissue after stroke could also be of critical
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importance. It is already known that miRs are pivotal molecular regulators of inflammation in the lung.
Pulmonary infections induce, among others, miRs-155, miRs-233 and miRs-302 in the lung, resulting in
improved TNF-a secretion, granulocyte activation and the regeneration of alveolar epithelial cells and
thus in an enhanced host response and recovery [85,86]. In contrast, ex vivo experiments with human
macrophages demonstrated that pneumococci-induced miR-146A targets inflammatory genes and
prevents overshooting inflammation [87]. Whether or not small RNAs species are involved in the
disturbance of the pulmonary defense after stroke is not yet known. Further studies should investigate
the small RNA profile in the lung after stroke and identify target genes to elucidate further
pathophysiological mechanisms, contributing to the impaired immunity and to find new therapeutic

approaches.

4.3 Study 3: Efficacy of local pulmonary IFN-y treatment on SAP

Increased cholinergic signaling diminishes, among others, the IFN-y secretion by T cells,
whereas the stroke-induced overactivation of the SNS results in apoptosis of IFN-y producing immune
cells in lymphatic organs [22,88]. The reduced IFN-y levels in blood [22] and the lung [50] are a
characteristic of the immunosuppression after stroke and mainly contribute to the diminished
antibacterial response [22]. In study 3, we treated stroke mice with IFN-y to (partially) reconstitute the
immune function after stroke and investigated the effect on SAP. Experiments in mice have shown that
IFN-y contributes to neurodegeneration and brain damage after stroke [89,90]. To prevent a worsened
neurological outcome, we chose a local pulmonary IFN-y administration. On the one hand, we tested
the efficacy of i.t. IFN-y in the mouse model of spontaneous post-stroke pneumonia, which simulates
the course of SAP in patients and is therefore well suitable to investigate SAP in mice. Up to one-third
of patients develop SAP within the first 2-5 days after stroke [5,7,91,92]. In line with these data, study
3 demonstrated that 40% of stroke mice suffer from SAP within three days. Furthermore,
microbiological analyses showed that SAP is mainly caused by Gram-negative bacteria, but also to a
lesser extent by streptococcus and staphylococcus species in both humans and mice [22,93-95]. Since
study 1 demonstrated that different infection mouse models with different bacteria types might result
in contradictory results, we investigated the effect of local pulmonary IFN-y in the aspiration-induced
model of post-stroke pneumococcal pneumonia in study 3. Experimental data demonstrated that i.n.
and i.t. infection in mice with 2x107 CFU of S. pneumoniae results in the same bacterial load in the lung
12-24 h after inoculation, suggesting that both infection routes are suitable for the pneumococcal
infection and lead to comparable results [96]. Since i.n. infection is easy, non-invasive and most likely
mimics the natural route of infection, we used this infection technique in study 3. Experiments in mice

showed that especially infection with the strain D39 serotype 2 used in study 1 lead to high-grade
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sepsis, whereas a serotype 3 infection causes only pneumonia [97]. These data were in line with our
observations. To prevent sepsis in stroke mice and to guarantee the survival for 48 h post infection,
we used the S. pneumoniae strain PN36 serotype 3 in study 3. In summary, if the individual
components, including infection route and bacteria strain are coordinated with each other, the
aspiration-induced model of post-stroke pneumococcal pneumonia is also suitable to investigate SAP
in mice.

In study 3, we found contradictory results regarding the efficacy of i.t. IFN-y: IFN-y treatment
tended to diminish the frequency of a mainly Gram-negative spontaneous pneumonia, whereas the
course of a Gram-positive pneumococcal pneumonia was tended to worsen by the IFN-y treatment
after stroke. The effect of IFN-y on a pneumococcal pneumonia was tested with conflicting results: IFN-
y-receptor deficient 129/Sv/Ev mice infected with serotype 3 showed an improved bacterial clearance,
whereas IFN-y deficient C57BL6/) mice infected with serotype 2 revealed a diminished survival rate
[98,99]. In study 3, we found a tendency to impaired clearance of S. pneumoniae serotype 3 and
excessive increased IP-10 levels of up to 4 ng in the BALF in IFN-y treated stroke mice. Experiments in
mice showed that influenza virus infection results in significantly increased IFN-y levels (up to 7.5
ng/ml) in the BALF, diminishing the pneumococcal clearance serotype 3 by AMs. I.n. inoculation of IFN-
y instead of the influenza virus infection confirmed diminished phagocytosis and significantly increased
bacterial burden in BALF compared to PBS treated mice [100]. These data suggest that excessively
elevated IFN-y concentrations in the BALF probably impair the clearance of S. pneumoniae. Whether
or not the pneumococcal serotype or the infected mouse strain plays a role in the IFN-y-induced
impaired clearance was not investigated, so far. In contrast, spontaneous infections after stroke,
mainly caused by Gram-negative bacteria, did not seem to result in such high IFN-y concentrations in
BALF and therefore not to an impaired phagocytosis. Experiments in mice already demonstrated that
IFN-y plays an important role in the clearance of Gram-negative bacteria, including Klebsiella
pneumonia, Legionella pneumophila or Pseudomonas aeruginosa [101-104]. Nevertheless, in study 3,
IFN-y treatment did not result in a stable efficacy and the prevention of spontaneous SAP. Stroke
induces a loss of lymphocytes in the lung independent of apoptosis. Additionally, the lymphocyte
chemoattractant CCL5 was also shown to be reduced in the lung after stroke, which could explain the
diminished number of pulmonary lymphocytes [50]. In line with this observation, in study 3, stroke
mice showed also significantly diminished numbers of pulmonary lymphocytes compared to naive
mice, suggesting a contribution to the impaired immune function and the development of
spontaneous SAP. Therefore, a pulmonary 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 prevent SAP. Nevertheless, both

the IFN-y and the solvent treated stroke mice showed a lymphopenia in the spleen. This apoptosis-
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induced loss of splenic lymphocytes was shown to contribute to the development of SAP [22,105].
Ultimately, the question arises, whether a local pulmonary administration is suitable to prevent SAP,
triggered by a systemic immunosuppression. Systemic IFN-y treatment 24 h after stroke onset was
already tested in an experimental mouse model of spontaneous infection and significantly diminished
bacterial burden in lung and blood 72 h after stroke. Analysis of the neurological outcome was not
performed but is essential to consider a systemic IFN-y administration for the treatment of SAP in

patients [22].

4.4 Limitations

A critical aspect of study 1 is that an i.t. infection avoids the mechanism of mucociliary
clearance in the trachea and therefore, a potential impact of stroke on the mucociliary clearance and
the effect of the receptor KO would remain unnoticed. Furthermore, investigations of nAChRs in the
mouse model of spontaneous SAP and a Gram-negative SAP are essential to completely assess the role
of nAChRs in the impaired pulmonary immune response after stroke. Limitations of study 3 are, on the
one hand, that a sufficient distribution of the i.t. applied IFN-y in the whole lung is not ensured and on
the other hand, that we tested only a single IFN-y administration. To investigate the efficacy of i.t.
applied IFN-y we used the mouse model of spontaneous SAP. Since our data suggest that the type of
bacteria influences the effect of a therapeutic, the analysis of the bacterial spectrum would have been
of critical importance. However, one cannot exclude that both the i.t. IFN-y treatment and the nAChR
KO have an effect on SAP, since sample size caused by current strict animal protection laws, are very
small in study 1 and 3. Therefore, small to modest effects between the groups might not be detected
due to the insufficient statistical power. Another critical aspect is that in the mouse model of SAP,
factors, including the heterogeneity of stroke, comorbidities, the age and gender cannot be considered

and therefore the results may not be transferable to humans [106].

4.5 Conclusion

In conclusion, we found that the cholinergic blockade by the KO of a2, a5, a7 and a9/10nAChR
did not improve the stroke-perturbed antibacterial defense against S. pneumoniae, suggesting that the
cholinergic immunosuppression plays a minor role in the defense of pneumococci after stroke. Since
the depletion of a7nAChRs showed promising results in the prevention of spontaneous pneumonia
after stroke, the inhibition of a2, a5 and a9/10nAChR might also be a potential therapeutic approach
to treat infections mainly caused by Gram-negative bacteria. A further possibility to reverse cholinergic

immunosuppression would be the manipulation of the cholinergic gene regulation. We found a decline
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of miRs and an increase of tRFs in the blood of stroke patients. Stroke-induced tRFs targeted TFs in
monocytes, regulating inflammation and the cholinergic system, suggesting a pivotal role of tRFs in the
stroke-induced anti-inflammatory pathway. In study 3 we tested an i.t. IFN-y application to
reconstitute pulmonary antibacterial immune response and prevent SAP. Local pulmonary IFN-y
administration was safe, having no effect on infarct maturation and slightly improved lung cell
functionality in stroke mice. However, these effects were not sufficient to significantly prevent

spontaneous infections or improve the course of an aspiration-induced pneumococcal pneumonia.

4.6 Outlook

This PhD thesis has laid the groundwork for novel therapeutic approaches with the aim to
reverse stroke-induced immunosuppression and prevent SAP. Future experiments will find answers to
the remaining open aspects and a suitable immunomodulatory therapy to prevent SAP. In subsequent
studies further immunostimulatory cytokines should be tested, including G-CSF and IL-12 but also TLR-
ligands should be considered for the prevention of SAP. The TLR-ligands MALP-2 and CpG have already
been successfully tested as immunostimulators to reverse immunosuppression after influenza
infection [107] or by myeloid-derived suppressor cells [108] in a mouse model. Therefore, the
investigation of MALP-2 or CpG for the prevention of a SAP would also be interesting. In study 3 was
shown that IFN-y treatment results in a pronounced cytokine response but has no impact on the
impaired leukocyte recruitment after stroke. Therefore, the administration of a single
immunostimulator seemed to be insufficient to completely reconstitute the pulmonary immune
response. Here, a combination of immunostimulators to prevent SAP would be a further therapeutic
approach. Data on a combined immunostimulation are scarce, but the treatment of an abdominal
mucormycosis due to a trauma-induced immunosuppression with IFN-y combined with nivolumab (an
antagonist of PD-1, inhibiting T-cell proliferation and cytokine production) showed promising results
[109]. Besides the administration of immunostimulators, the manipulation of small RNA profiles could
also be a new therapeutic approach to reverse immunosuppression. On the one hand, the
administration of stroke-induced tRFs targets would be possible to prevent the inhibition of the gene
expression of inflammatory genes, including STAT1 or Zbp1. On the other hand, the administration of
small RNAs inhibiting cholinergic or adrenergic signaling after stroke could also be of critical
importance. MiRs were already identified inhibiting gene expression of the 2 adrenergic receptor

[110] or the nAChR [111] and therefore could possibly also used as a therapy 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).

46



DISSERTATION | Sandra Jagdmann

Vaccines 2020, 8, 253 4 0f 16

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

47



DISSERTATION | Sandra Jagdmann

Vaccines 2020, 8, 253

5o0f16

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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that pulmonary infection induces accumulation of IMs in the lung. In addition, depletion of IMs results
in increased bacterial burden after infection suggesting that these cells are essential for controlling
pathogens in the lung [65]. Here, we observed a diminished number of IMs in MCAo mice compared
to naive WT mice. These data suggest that the decreased number of IMs in the lung in MCAo mice
may contribute to impaired clearance of S. preumoniae.

Tt is well known that several pneumococcal factors such as opaque variants might disrupt
epithelial barriers resulting in a transition of bacteria from the mucosal surface to the bloodstream [66].
Findings in animals and patients have demonstrated that alveolar-capillary barrier disruption leads
to increased albumin concentrations in BAL and is associated with neutrophil recruitment into the
lung [67—69]. Experiments in mice have shown that infection with a lethal dose of 5. preumonige D39
leads to increased albumin level in BAL due to the disruption of the alveolar barrier [70,71]. In healthy
mice, the BAL/plasma albumin ratio is 1-3 [32]. Here, we found an increased albumin ratio in several
mice, but no differences between groups of various nAChR KO mice, WT littermates and naive WT
mice. Possibly the low impact of pneumococcal infection on the permeability of the alveolar-capillary
barrier can be explained by the use of a low infection dose in our model compared to the lethal infection
dose in the acute pneumococcal pneumonia mouse model. Neutrophils have been demonstrated to
mediate increased epithelial permeability in the lung during pulmonary infection [71,72]. Since nAChR
depletion has no effect on neutrophil recruitment into the lung during pneumococcal infection,
nAChRs also do not influence the alveolar-capillary barrier 24 h after infection.

In addition, we have investigated the level of pro-inflammatory cytokines in BAL fluid. WT mice
without MCAo surgery were able to clear the induced infection within 24 h and did not show elevated
levels of pro-inflammatory cytokines in BAL fluid. In contrast, persistent bacterial infection in MCAo
mice leads to continuous cytokine secretion, which correlated with bacterial burden in BAL fluid.
Experiments in mice have shown that MIP-1e, KC and TNF« level in BAL fluid dramatically increase
in the acute phase of pneumococcal pneumenia. [57,59]. In the present study, we could observe that
only several MCAo mice were able to induce the pro-inflammatory cytokine response in BAL during
the acute phase of pneumococcal infection after stroke. Previous studies have shown that TNFa, KC
and MIP-1« secretion is regulated by the cholinergic anti-inflammatory pathway [39,73,74]. These
data indicate that stroke impairs pro-inflammatory cytokine secretion during pneumococcal infection
contributing to impaired pathogen clearance.

Nevertheless, we found no significant differences between nAChR KO mice and WT mice
concerning bacterial burden, cellularity of the lung and spleen, permeability of the alveclar-capillary
barrier and cytokine secretion in BAL fluid. These results suggest that various nAChRs including
the o7 nAChR do not play a role in increased susceptibility to pneumococcal lung infection after
stroke. The apparent discrepancy between earlier studies [8,9,45,46] and the current study concerning
the anti-inflammatory effect mediated by the &7 nAChR may be caused by the usage of different
types of bacteria in these models. So far, the protective effect of a7 NAChR was solely detected in
conjunction with Gram-negative infections. In a mouse model of spontaneous infections after stroke,
it was shown that >95% of bacteria cultures from peripheral blood and lung were E. coli and depletion
of a7 nAChR resulted in diminished bacterial burden in BAL [8,54]. Experiments in mice have shown
that the &7 nAChR also mediates impaired immunity in an induced infection with Gram-negative
Pseudomonas aeruginosa after stroke. «7 nAChR depletion attenuated the effect of stroke on lung injury
due to P geruginosa infection. In contrast, blockade of -adrenergic receptors by propranolol increased
lung injury [75]. Interestingly, propranolol treatment of MC Ao mice prevented pulmonary infection
with Gram-positive bacteria, such as 5. preumoniae [19] and Listeria monocytogenes [76]. Many studies
investigated the cholinergic anti-inflammatory pathway in the context of uncontrolled inflammatory
host response such as sepsis. Findings in animals have demonstrated that stimulation of the cholinergic
anti-inflammatory pathway reduced inflammation and mortality in sepsis-induced lung injury due
to pulmonary E. coli infection and enhanced survival in oral Salmonella typhimurium infection [77,78].
Interestingly, nonselective stimulation of nAChRs had no effect on lung inflammation in induced
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pneumococcal pneumonia with bacteremia [79]. These data suggest that cholinergic activation
due to CNS injury may preferentially impair immunity against Gram-negative bacteria. However,
further comparative studies including infection models with Gram-negative bacteria and other
Gram-positive bacterial strains after stroke are required to further elucidate the immunomodulatory
role in cholinergic signaling during infections with different types of bacteria.

5. Conclusions

In summary, our findings show that stroke results in impaired pulmonary immunity against
S. prneumoniae resulting in reduced bacterial clearance and prolonged infection. Blocking of cholinergic
signaling by depletion of various nAChRs subunits does not enhance antibacterial immune response
suggesting that cholinergic pathways, at least not mediated by a2 nAChR, a5 nAChR, «7 nAChR,
«9/10 nAChR subunits, does not play a role in impaired immunity against S. prewmonin after stroke.
In this respect, it would be interesting to study the impact of non-a7 nAChRs on spontaneous
infections or induced-aspiration infections with Gram-negative bacteria, such as Pseudowionas aeriiginosa,
Klebsiella preumoniae, Enterobacter, Escherichia Coli after stroke.
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Stroke is a leading cause of death and disability. Recovery depends
on a delicate balance between inflammatory responses and
immune suppression, tipping the scale between brain protection
and susceptibility to infection. Peripheral cholinergic blockade of
immune reactions fine-tunes this immune response, but its molec-
ular regulators are unknown. Here, we report a regulatory shift in
small RNA types in patient blocd sequenced 2 d after ischemic
stroke, comprising massive decreases of microRNA levels and con-
comitant increases of transfer RNA fragments (tRFs) targeting cho-
linergic transcripts. Electrophoresis-based size-selection followed
by gRT-PCR validated the top six up-regulated tRFs in a separate
cohort of stroke patients, and independent datasets of small and
long RNA sequencing pinpointed immune cell subsets pivotal to
these responses, implicating CD14* monocytes in the cholinergic
inflammatory reflex. In-depth small RNA targeting analyses
revealed the most-perturbed pathways following stroke and im-
plied a structural dichotomy between microRNA and tRF target
sets. Furthermore, lipopolysaccharide stimulation of murine RAW
264.7 cells and human CD14" monocytes up-regulated the top six
stroke-perturbed tRFs, and overexpression of stroke-inducible tRF-
22-WE8SPOX52 using a single-stranded RNA mimic induced down-
regulation of immune regulator Z-DNA binding protein 1. In sum-
mary, we identified a “changing of the guards” between small
RNA types that may systemically affect homeostasis in poststroke
immune responses, and pinpointed multiple affected pathways,
which opens new venues for establishing therapeutics and bio-
markers at the protein and RNA level.

acetylchaline | immunology | ischemic stroke | microRNA | transfer RNA
fragment

troke is a global burden of growing dimensions, accounting

for ~5.5 million deaths annually, and leaving most of the
surviving patients permanently disabled (1). The immune system
is one of the main players in the pathophysiology of stroke. Brain
injury dampens immune functions in the periphery, which limits
the inflammatory response and infiltration of immune cells into
the CNS and may pose a neuroprotective mechanism in stroke
patients. However, this systemic immunosuppression simulta-
neously increases the risk of infectious complications (2), for
example, by inducing lymphocyte apoptosis and decreasing the
production of proinflammatory cytokines such as lymphocytic
IFN-y and monocytic TNF-u (3). Therefore, poststroke recovery
largely depends on a delicate balance between inflammation,
which exacerbates the severity of symptoms, and the poststroke
suppression of immune functions, which increases the suscepti-
bility to infections (3). This involves incompletely understood
molecular regulators of cholinergic and sympathetic signaling
and the hypothalamus—pituitary-adrenal gland axis (HPA).
Among other processes, brain injury leads to activation of the

32606-32616 PNAS | December 22, 2020 vol. 117 | no. 51

vagus nerve, which mediates antiinflammatory signaling through
the cholinergic efferent fibers and the noradrenergic splenic nerve
(4). Binding of acetylcholine (ACh) to the nicotinic a7 receptors
on monocytes/macrophages decreases the production of proin-
flammatory cytokines (4, 5) in a manner susceptible to suppression
by microRNA (miR) regulators of cholinergic signaling, such as
miR-132 (6). Wc hypothesized that this and other small RNA
fine-tuners of innate immune responses, including miRs and the
recently rediscovered transfer RNA (tRNA) fragments (tRFs),
may contribute to regulation of poststroke processes.

Both miRs and tRFs may control entire biological pathways, such
that their balanced orchestration could modulate brain-induced
systemic immune functioning. miRs are small noncoding RNAs
whose expression requires transcription yet can be rapidly incuced,
enabling degradation and translational suppression of target genes
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carrying a complementary motif. One miR may suppress the ex-
pression of many targets involved in the same biological pathway,
and many miRs may cotarget the same transcripts, enabling coop-
crative suppression. Hence, miR regulators of ACh signaling may
regulate the role of ACh in both cognitive function and systemic
inflammation (6, 7).

Recent reports highlight tRNA as another major source of
small-noncoding RNA (8), including tRNA halves (tiRNAs) and
smaller tRNA fragments, tRFs. tiRNAs are created by angio-
genin cleavage at the anticodon loop (9), raising the possibility
that the poststroke angiogenin incrcase might change their levels
(10). Among other functions (11, 12), smaller fragments derived
from the 3- or 5-end of tRNA (3"-(RF/5’-tRF) or internal tRNA
parts (i-tRF) may incorporatc into Argonautc (Ago) protcin
complexes and act like miRs to suppress their targets (13). Dil-
ferential expression of tRFs was reported under hypoxia, oxi-
dative stress, ischemic reperfusion (9, 14), and in epilepsy (15),
which are all involved in ischemic stroke complications. tRFs
may be generated via enzymatic degradation of tRNA, inde-
pendent of de novo transcription, which implies that tRF levels
may be modulated more rapidly than miR levels. However,
whether brain-body communication and immune suppression
after ischemic stroke in human patients involves blood tRF
changes has not yet been studied.

Taking into consideration that the cholinergic system is one of
the controllers of immune functions, we investigated changes in
the levels of miR- and tRF-regulators, with a specific focus on
those that may control the ACh-mediated suppression of post-
stroke immune functions. We performed small and long RNA
sequencing (RNA-seq) of whole-blood samples collected from
ischemic stroke patients 2 d after stroke onset, mined RNA-seq
datasets of blood cell transcripts, and sought potential links be-
tween perturbed miRs and tRFs, poststroke immune responses,
and the cholinergic antiinflammatory pathway.

Results

Stroke-Perturbed Small RNAs Display a Cholinergic-Associated Shift
from miRs to tRFs. To seek poststroke small RNA regulators of
body-brain communication, we first performed small RNA-seq
of whole-blood samples collected on day 2 after ischemic stroke

from 33 male patients of the PREDICT cohort (484 participants)
(16) and 10 age- and scx-matched controls (Fig. 14; sce demo-
graphic data in Dataset 51). Principal component analysis (PCA)
of the differentially expressed (DE) small RNAs completely
segregated the stroke and control groups (Fig. 1B). The re-
spective direction of change among the two small RNA classcs
involved a statistically significant decline in miRs and a parallel
increase in tRFs, indicating a “changing of the guards” from
miRs to tRFs. Specifically, 87% of the 143 DE tRFs were up-
regulated, whercas 63% of the 420 DE miRs were down-
regulated (Benjamini-Hochberg corrected P < 0.05) (Fig. 1 C
and D). Of the 143 DE tRFs, 87 were 3'-tRFs and 30 of those (all
up-regulated) were derived from alanine binding tRNA (57 Ap-
pendix, Fig. S1), indicating nonarbitrary fragment gencration.
Notably, the 420 DE miRs included several miRs known to be
perturbed in stroke: hsa-miR-532-5p (log; fold-change [log2FC| =
—2.27, P = 1.81e-33) (17), hsa-miR-148a-3p (log2FC = —2.30,
P =9.6le-19), and hsa-let-7i-3p (log2FC = -1.07, P = 4.31e-04)
(18). To test the potential involvement of miRs and tRFs in
regulating the cholinergic antiinflammatory pathway after stroke,
we performed targeting analysis of DE miRs and tRFs toward
cholinergic transcripts (SI Appendix, Expanded Meihods; for a
complete list of cholinergic genes, see Dataset S2) via an in-house
integrative database (smiRNeo) (19) containing comprehensive
transcription factor (TF)- and miR-targeting data, complemented
by de novo prediction of tRF-targeting using TargetScan (20). A
restrictive approach identified 131 miRs and 64 tRFs containing
complementary motifs to at least five cholinergic-associated
transcripts each (further termed “Cholino-miRs” and “Cholino-
tRFs”) (Fig. 1 C and D and ST Appendix, Fig. S2; for full lists see
Datasets S3 and S4). Permutation targeting analysis showed an
enrichment of cholinergic targets for both DE miRs (100,000
permutations, P = 0.0036) and DE tRFs (100,000 permuta-
tions, P = 2e-05). Further indicating nonrandom generation of
these fragments, the tRFs identified in our dataset clustered into
oligonucleotide families with high sequence homology via
t-dlistributed stochastic neighbor embedding (t-SNE) (Fig. 1E),
including families known to associate with Ago and suppress
growth and proliferation via posttranscriptional down-regulation
in lymphocytes (e.g., tRFE-22-WESSPOX52 from tRNAGly) (21)
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Fig. 1. Poststroke differential expression of small RNA species and tRF homelogy clustering. (A) Whole-blood total RNA samples were collected on day 2

poststroke from patients of the PREDICT cohort (NCT01079728) (16) and age-matched controls. (8) PCA of DE tRFs/miRs in patients’ blood separated stroke
and control samples. (C} Volcano plot of DE tRFs from stroke patients and controls (horizontal line at adjusted P = 0.05) showing up-regulation of most DE
tRFs. {D) Volcano plot of DE miRs shows predominant down-regulation in stroke patients compared with controls (horizontal line at adjusted P = 0.05). Red
dots in Cand D reflect Cholino-tRFs and Cholino-miRs, respectively. (E) t-SNE visualization of tRF homology based on pairwise alignment scores of sequences

of all detected tRFs shows grouped tRFs of several specific amino acid origins.
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and metastatic cancer cells (tRF-18-HROVX6D2 from tRNA-
Leu) (22). This supported our prediction that the concomitant
elevation of tRF levels and decline of miR levels in poststroke
blood could contribute to the poststroke changes in cholinergic
signaling pathways.

To further challenge our findings, we validated the expression
levels of prominently DE tRFs identified by RNA-seq in a sepa-
rate cohort of PREDICT patients (16). Standard qPCR tech-
niques cannot distinguish between the full-length tRNA molecules
and their 3'-tRF cleavage products. Therefore, to experimentally
validate tRF changes (Fig. 24), we implemented an electropho-
resis size sclection-based strategy followed by cDNA synthesis
from the selected small RNAs and qRT-PCR (maximum 25 nt)
(Fig. 2B). This procedure validated the top six up-regulated tRFs
identified in RNA-seq data (tRF-22-WEKSPMS852, tRF-18-
8R6546D2, tRF-18-HROVX6D2, tRF-18-8R6Q46D2, tRF-22-
8EKSP1852, and tRF-22-WESSPOXS52, according to count-
change) (Fig. 2 B and C and ST Appendix, Expanded Methods) and
demonstrated significant increases accompanied by higher vari-
ability in the blood levels of these tRFs in poststroke patients
compared to controls,
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Fig. 2. gRT-PCR validation of the top six up-regulated tRFs in PREDICT
stroke patients following size selection for small RNA, (4) RNA-seq counts
normalized to the size of the library [using DESeq2 (23)] of the top six up-
regulated tRFs (from left to right). Asterisks indicate adjusted P values of
Wald test via DESeq2, **P < 0.01, ***P < 0.001; shown are box-plots with
whiskers minimum to maximum. (B) Size-selection workflow for validations
in a separate subgroup of PREDICT stroke patients (n = 32) using the same
control greup {(n = 10). (C} gRT-PCR validations using normalized expression
(hsa-miR-30d-5p, hsa-let7d-5p, hsa-miR-106b-3p, and hsa-miR-3615 served as
housekeeping transcripts) (5/ Appendix, Expanded Methods), relative to the
control group (line at mean normalized expression for the control group = 1)
confirmed up-regulation of top six DE tRFs identified in RNA-seq, one-way
ANOVA, **P < 0.01, ***P < 0.001, box-plots with whiskers minimum
to maximum.

32608 WWww.pnas.orglcgi/doi/10.1073/pnas.2013542117

Stroke-Perturbed Whole-Blood tRFs Are Biased toward Cellular Blood
Compartments. To clarify the distribution of stroke-perturbed
tRFs among the immunologically relevant blood cell types, we
mined an RNA-seq dataset comprising sorted cell populations
collected from healthy volunteers: CD4™ T helper cells, CD8™ T
cytotoxic cells, CD56" NK cells, CD19* B cells, CD14* mono-
cytes, CD15™ neutrophils, CD235a* erythrocytes, serum, exo-
somes, and whole blood (450 samples in total) (24) (Fig. 34).
Predicting that log-normal distribution of the counts in different
samples would point toward biological significance, we categorized
all tRFs found in this dataset into presentfabsent in a specific
blood compartment (without introducing a limit for counts)
(Materials and Methods and Fig. 3B). Two main clusters of specific
blood compartments could be identified based on their specific
tRF profile: 1) monocytes, B-, T-, and NK cells; 2) neutrophils,
whole blood, serum, exosomes, and erythrocytes (ST Appendix, Fig.
53). Furthermore, we distinguished cight tRF subclusters, based
on the presencefabsence of specific tRFs in blood compartments
(Fig. 3C), with cluster four comprising molecules expressed spe-
cifically in monocytes, B-, T-, and NK cells, and cluster seven
consisting of tRFs expressed anly in monocytes.

Based on this methodology, we conducted a census of small
RNA species found intra- vs. extracellularly: We detected 1,624
distinct intracellular tRFs but only 93 extracellular tRFs; 149 in
whole blood, but 1,417 in CD14% monocytes alone. Similarly, we
detected 559 distinet intracellular miRs but 145 extracellular
miRs, 475 in monocytes alone, and 331 in whole blood. Using the
presence/absence measure for analyzing the poststroke DE tRFs
(Fig. 3D and SI Appendix, Fig. S4 for the top 20 stroke DE tRFs),
we detected 77 DE tRFs from the PREDICT dataset as expressed
in immune cells (Fig, 3E; for a detailed list of tRFs and affiliated
clusters, see Dataset 55), including 10 Cholino-tRFs. Notably,
tRFEs previously shown to function posttranscriptionally in a miR-
like manner [e.g., tRF-22-WE8SPOX52 from tRNAGly (21) and
tRF-18-HROVX6D2 from tRNALeu, alias hsa-miR-1280 (22)]
segregated into whole blood, monoeyte, T-, B-, and NK-cell
compartments rather than into erythrocyte, serum, or exosome
compartments. Thus, the poststroke-modified tRFs may be func-
tionally involved in regulating the leukocytic poststroke response.

CD14* Monocytes Show Highest Cholinergic-Related Transcriptional
Repertoire. The enrichment of DE Cholino-miRs and Cholino-
tRFs identificd in the PREDICT datasct and the contribution of
the cholinergic antiinflammatory pathway to peripheral immu-
nosuppression called for pinpointing the immune compartments
in which these small RNAs might affect poststroke immune
suppression. Analysis of long RNA regulatory circuits (25) spe-
cific to blood-borne leukocytes (Fig. 44) identifiecd CD14*
monocytes as the main cell type expressing cholinergic core and
reeeptor genes (Fig. 48 and Datasct S2). To confirm the rele-
vance of this effect, we performed long RNA-seq in blood
samples from 20 stroke patients from the PREDICT study and 4
controls. This showed 204 up-regulated and 490 down-regulated
long RNA transcripts. Gene ontology (GQO) enrichment analyses
of the most implicated genes yielded highly specifie terms rele-
vant to innate immunity, vascular processes, and cholinergic links
(Fig. 4C; for a list of all significant terms, see SI Appendix, Table
S1). More specifically, terms linked to innate immune processes
in poststroke blood involved responses to lipopolysaccharide
(LPS) mediated by interferons and other cytokines (Fig. 4C,
Left); vascular processes comprised platelet activation and de-
granulation, control of cell-cell adhesion, and regulation of an-
giogenesis (Fig. 4C, Right). Intriguingly, differentially regulated
genes also showed involvement in response to organophosphorus
agents, which are known acetylcholinesterase (AChE) inhibitors,
supporting a cholinergic participation.
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Fig. 3.

Immune cell tRF expression clustering and cell type-specific analysis. (4) Analysis of RNA-seq datasets from T lymphocytes (CD4* T helper cells and

CD8" T cytotoxic cells), B lymphocytes (CD19%), NK cells (CD56*), monocytes (CD14%), neutrophils (CD15%), erythrocytes (CD235a™), serum, exosomes, and whole
blood (24) yielded a blood tRF profile. (B) Definition of presence/absence of small RNAs in these blood compartments via statistical assertion of log-normal
count distribution (values between 0 and 1, closer to 1: present). (C) Detailed analysis of identified tRFs found eight subclusters based on cell types expressing
specific molecules. (D) t-SNE of all found tRFs represented by gray dots, DE tRFs identified in the PREDICT study are marked with cluster-specific color. (£} t-SNE
of all tRFs found, Cholino-tRFs identified in the PREDICT study are marked with cluster-specific color.

Stroke Leads to Perturbation of miRNA Regulatory Networks. No-
tably, miRs up-regulated after stroke both appear in smaller
numbers compared to down-regulated miRs and possess signif-
icantly fewer gene targets per individual miR [via miRNeo, mean
(up vs. down) 463 vs. 804, median 266 vs. 717, one-way ANOVA
P =21e-07, F(1, 352) = 28.06]. To unravel target genes of these
two miR populations, we performed gene target enrichment via
permutation inside #iRNeo (10,000 permutations). Significantly
enriched gene targets (permutation P < (.05) were subjected to
GO analyses and visualized in a t-SNE projection, yielding 13
clusters of related terms, indicating most-affected pathways
(Fig. 54 and 51 Appendix, Fig. S5). Within each cluster, we de-
termined the most relevant genes via hypergeometric enrichment
(Fisher’s exact test). Ranking of the clusters by the absolute
number of enriched genes (Benjamini-Hochberg adjusted P <
0.05) revealed the putative biological processes that were most
influenced by the miR perturbation following ischemic stroke in
our patients (Fig. 58).

The significantly derepressed cluster no. 6 (84 enriched genes)
pointed toward perturbation of pathways involved in responses
to hypoxia (GO:0036293, £ = 0.008) and drugs (GO:0042493,
P = 0.035), including antibiotics (GO:0071236, P = 0.013), glu-
cocorticoids (GO:0051384, P = 0.007), and the cholinesterase-
blocking organophosphorus agents (GO:0046683, P = 0.019),
which reinforced the notion of cholinergic participation. Cross-
check of enriched genes via DAVID (26) confirmed a role of
cluster no. 6 in hypoxia (GO:0071456, P = 8.3¢-13), drug re-
sponse (GO:0042493, 5.4e-10), and the cholinergic synapse (Kyoto
Encyclopedia of Genes and Genomes pathway 04725, P = 0.006).
Cluster no. 8 (with sccond-most 58 cnriched genes) highlighted
perturbed transmembrane ion conductivity, particularly in regulation

Winek et al.

of cardiac muscle cell action (GO:0098901, P = 0.044) and negative
regulation of blood circulation (GO:1903523, P = 0.016). DAVID
analysis confirmed involvement in “regulation of cardiac muscle
contraction by the release of sequestered calcium ion” (GO:0010881,
P =21¢-15) and regulation of heart rate (GO:0002027, P = 1.2¢-07).
The subsequent clusters indicate further involvement in nerve cell
regulatory processes (cluster no. 4), regulation of gene silencing by
miRNA (cluster no. 1), and humoral immunity via IL-1 and IL-6
(cluster no. 7) (ST Appendix, Fig. S5). The entire list of clusters and
gene enrichments is available in Datasct S6.

tRFs May Suppress Inflammation and Cholinergic-Associated TFs
Alone or in Cooperation with miRs. Cellular responses to differ-
cnt stimuli arc coordinated by cell type-specific transcriptional
regulatory circuits. To facilitate understanding of the role of
miRs and tRFs in regulating the transcriptional state of CD14*
monocytes after stroke, we generated a monocyte-specific tran-
scriptional interaction network of small RNAs targeting TFs (via
miRNeo) (19), combined with dilferential expression of long and
small RNAs from the PREDICT cohort. The gradually divergent
targeting of these TFs by miRs and tRFs implied largely separate
domains of regulation by these small RNA species (Fig. 5C).
This notion was topologically strengthened by the fact that the
force-dirccted network of all TFs active in CD14* monocytes
self-segregated to form two distinct clusters of TFs, which were
primarily targeted either by miRs or tRFs, including numerous
TFs DE in stroke patient blood (Fig. 5 D and E). Among the
implied TFs are proteins known for their influence on cholin-
ergic genes, as well as their involvement in inflammation, such as
STATI or KLF4 (27, 28). Notably, eight DE TFs were not
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predicted to be targeted by any miR or tRF present in CD14%
monocytes.

Stroke-Induced tRFs Show Evolutionarily Conserved Participation in
Macrophage/Monocyte Resy to Infl ory Stimuli. To test if
the stroke-induced tRFs are involved in the inflammatory re-
sponse of monocytes and macrophages, we subjected murine
RAW 264.7 cells to LPS stimulation with or without dexametha-
sonc suppression of their inflammatory reactions (Fig. 64). By
18 h alter LPS stimulation, gRT-PCR analysis after size-sclection
(for <50-nt fragments) detected pronounced up-regulation of the
top six poststroke up-regulated tRFs (Fig. 68). Morcover, dexa-
methasone supptession of the LPS response led to down-
regulation of those tRFs, along with a diminished inflammatory
response (ST Appendix, Fig. 86). Predicted targets of these mole-
cules comprisc members of mitogen-activated protein kinases
(MAPK) and TNF receptor-associated factors (Dataset S7), fur-
ther pointing toward their regulatory role in response to inflam-
matory stimuli. Notably, one of the top six stroke-perturbed tRFs,
tRF-22-WESSPOX52, is complementary to the 3'UTR sequence
of murine Z-DNA binding pratein Zbp1 and therefore a predicted
regulator of the Zbpl transcript and its immune system activity
(Fig. 6C). To challenge the functional activity of tRF-22-WESS-
POX52 in murine RAW 264.7 macrophages, we overexpressed
this tRF using single-stranded RNA (ssRNA) mimics (Fig. 60 and
ST Appendix, Fig. §7), which significantly reduced the expression of
its Zbpl target compared to negative control, as quantified by long
RNA-seq (Fig. 6E) and validated by qRT-PCR in an independent
experiment (Fig. 6F).

Finally, we aimed to validate the functional implications of
these findings in primary human cells, Thercfore, we performed
LPS stimulation cxperiments in magnetic-activated cell-sorted
(MACS) CD14* monocytes from healthy volunteers and col-
lected the cells at 6, 12, and 18 h after LPS addition (Fig. 6 G and
H and ST Appendix, Fig, S8 A and B for 6- and 18-h timepoints).
To further challenge the cholinergic link, we used nicotine as an
immunosuppressive agent (Sf Appendix, Fig. S8C) (29). LPS-
stimulated primary CD14" cells presented significant up-
regulation of four of the six stroke-induced tRFs at 12 h, an

32610 Www.pnas.orglcgi/doi/10.1073/pnas.2013542117

effect that was augmented by the addition of nicotine. Interest-
ingly, at 18 h the tRF levels in the LPS + nicotine group were
comparable to those of nonstimulated cells (SI Appendix, Fig.
S8B). Together, these findings demonstrate evolutionarily con-
served and cholinergic-regulated increascs ol stroke-induced
tRFs under proinflammatory insults.

Discussion

To date, few studies have simultaneously assessed the joint im-
pact of blood miR and tRF changes in human disease. Here we
have discovered a stroke-induced decline of miRs and concom-
itant elevation of tRFs in whole blood, and demonstrated that
this shift may be associated with the poststroke cholinergic
blockade of immune function. To validate our RNA-seq findings
of tRFs in a way that circumvents the ambiguous detection of
full-length (RNA, we developed and used a size sclection-based
gqRT-PCR l(est in an independent cohort of patients. Mining
transcriptomic datascts identificd CD14" monocytes as likely
pivotal in the cholinergic control of immunity, demonstrated that
the stroke-induced tRFs may target specific monocytic TFs, and
showed that at least some of those tRFs may actively control
processes linked to inflammatory responses. Moreover, several
of the stroke-induced tRFs were also induced in LPS-exposed
murine macrophages and in human CD14% primary cells and
showed time-dependent nicotine- and dexamethasone-induced
up-regulation/suppression, supporting the notion that the cle-
vation of tRFs is an cvolutionarily conserved response mecha-
nism. Overcxpression of (RF-22-WESSPOX52 using ssRNA
mimics led to the down-regulation of its Zbpl target, which is
involved in regulating inflammatory responses. This concept of
integrated fine-tuning of poststroke immune responses opens
new venues for stroke diagnostics and therapeutics.

The cholinergic antiinflammatory reflex plays a substantial
role in regulating peripheral immune responses after CNS injury,
along with the HPA axis and sympathetic signaling (3). Excessive
cholinergic responses suppress pulmonaty innate immunity, in-
cluding macrophage and alveolar cpithelial cell responses; this
may facilitate the development of pneumonia (30), a major
factor of nonrecovery (31). However, while reduced AChE
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Size of node denotes activity toward targets.

activities in poststroke patients’ serum associate with poor sur-
vival (32), stroke-induced immunosuppression may be brain-
protective (2), calling for caution when considering therapeutic
boosting of immune reaction in the periphery to limit infections.
Therefore, an in-depth understanding and characterization of
the molecular regulators of immune responses and the cholin-
ergic pathway after CNS-injury is of utmost importance at both
the system and mechanism levels.

System-Level Perturbations Associated with Ischemic Stroke. We
identified CD14* monocytes to be the most likely immune cell
subpopulation for a transcriptional cholinergic response. Mono-
cytes play established roles in responses to stroke, including pro-
longed monocytosis, deactivation, and functional impairment of

Winek et al.

circulating monocytes/macrophages observed in experimental
models (33) and human patients (34). Moreover, stroke leads
to overproduction of CD14**/CD16™ (classical) and CD14*™*/
CD16" (intermediate) monocytes with simultaneous decrease
in CD147/CD16* (nonclassical) monocytes, which correlates
with stroke-associated infection (35). Relatedly, immune cells in
general, and monocytes in particular appear to be enriched in
specific small RNA species (compare Fig. 3C and ref. 36), and
several of the most highly perturbed small RNAs are abun-
dantly expressed in monocytes (compare ST Appendix, Fig. 54
and ref. 37).

Our in-depth analysis of the pathways targeted by perturbed
miRs supports a tie between stroke-induced changes and a
cholinergic response. Both the identified clusters as well as the

PNAS | December 22, 2020 | vol. 117 | no.51 | 32611
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mimics revealed significantly down-regulated expression of Z-DNA binding protein {Zbp1) as compared to negative control (NC). *P < 0.05, shown is adjusted P
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18 h are shown in S/ Appendix, Fig. S8. (H) At 12 h after LPS stimulation, human monocytes exhibited up-regulation of poststroke induced tRFs as compared to
unstimulated controls or cells treated with nicotine alone. This reaction was boosted by the addition of nicotine. Shown is relative expression (hsa-miR-30d and hsa-
let7d-5p were used as housekeeping transcripts) (S Appendix, Expanded Methods) normalized to the nonstimulated group. Each dot represents one donor. ANOVA
with Tukey post hoc, *P < 0.05, **P < 0.01, ***P < 0.001 vs. nonstimu lated cells; *#P < 0.05, %P < 0.01, #*P < 0.001 vs. cells upon addition of nicotine, bar graphs +5D{lg).
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genes enriched in each cluster may be further investigated for
identifying the diverse mechanisms involved. A recent whole-
blood microarray survey identitied 15 miRs, 11 of which were
replicated in our study, to be suppressed within less than 72 h in
intracerebral hemorrhage patients compared to controls (38).
Those miRs pointed toward the same processes we found, in-
cluding inflammation and humoral immunity via JAK/STAT-
activating cytokines, vascular integrity, and the cellular immune
response (38).

Stroke is a sudden incident with rapid onset and drastic sys-
temic changes within a short time frame. In the response to such
immunologic emergencies, translational control is an important
tool (39). That (RFs may be rapidly produced by regulated nu-
clease cleavage of preexisting tRNAs in a “burst-like” fashion
makes them particularly appropriate for handling acute situa-
tions. Recent reports demonstrate production of 3'-tRFs by
specific nucleases, and 3'- and 5'-tRNALeu fragments were
shown to regulate T cell activation (40). Furthermore, tRFs can
perform different molecular roles, including Ago-mediated
suppression of target genes carrying complementary sequence
motifs (13). At least two of the stroke-induced tRFs up-regulated
after LPS stimulation show miR-like function: tRF-22-WESS-
POXS52 regulates B cell growth via suppressing the expression of
Replication Protein Al (RPAL) (21) and a 17-nt-long analog of
tRF-18-HROVX6D2 limits cancer cell proliferation by impacting
the cholinergic-regulating Notch signaling pathway (22). Inter-
estingly, hsa-miR-1260b, identified in our study and by others as
perturbed poststroke (41), differs from (RF-18-HROVX6D?2 by
only 1 nt at position 9 and an additional nucleotide at the 3'-end
(51 Appendix, Fig. §9), which indicates that hsa-miR-1260b may
actually be a tRF (42), and calls for further investigation.

Our study identified two main factors that may lead to an
overall decrease in transcript regulation by miRs after stroke.
First, the majority of miRs perturbed in our patient collective
were down-regulated, and second, the down-regulated miRs
possessed significantly more targets than the up-regulated ones.
For many processes regulated by these miRs, the resultant effect
will hence be de-repression of targeted genes (Fig. 54). Addi-
tionally, we have identified a stark dichotomy between the target
sets of miRs and tRFs, indicating much complementarity and
only little cooperative overlap of affected transcripts between
those two small RNA species (Fig. 5E). However, these chunges
may still lead to a homeostatic functional cooperation. In sum-
mary, the poststroke “changing of the guards” in the small RNA
response may lead to preferential de-repression of miR targets
and concomitant repression of tRF targets, and the de-
repression of miR targets may be as pivotal for regulating the
initial inflammatory response and subsequent peripheral immu-
nosuppression as the tRF elevation we identified.

Kinctically, stroke is characterized by an initial inflammatory
response followed by immunosuppression facilitated by, among
others, the cholinergic antiinflammatory reflex (3). Therefore,
the time-dependent elevation of tRFs and Cholino-tRFs in
particular may offer new mechanisms of homeostatic fine-tuning
in response to cercbral ischemia. Furthermore, not only the
peripheral but also the central immune response at the site of the
injury is of great importance for stroke prognosis. Brain injury
tripgers activation of microglia and infiltration of peripheral
immune cells, including monocyte-derived macrophages, which
accumulate at the lesion site 3 to 7 d after stroke (35). Experi-
mental evidence highlights essential roles of these cells in CNS-
repair processes and neuronal protection (43, 44), and our own
studies indicate small RNA-regulated cross-talk between neu-
ronal and immunological regulation by JAK/STAT-related
mechanisms (19).

Our present study presents tRFs as potential players in regu-
lating the poststroke inflammatory responscs. For example,
KLF4, identified as down-regulated in our sequencing dataset, is

Winek et al.

involved in controlling the macrophage response to LPS (28) and
the differentiation of monocytes toward an inflammatory phe-
notype (45). Therefore, a decrease in miRs targeting this TF may
contribute to proinflammatory monocytic response observed in
the initial phase of stroke. Similarly, MAFB is essential in fa-
cilitating the clearance of damage-associated molecular patterns
(DAMPs) in the ischemic brain and, consequently, limiting the
inflammatory response while supporting recovery (46). MAFB
de-repression in peripheral immune cells may be a mechanism
supporting monocyte infiltration of the brain. Conversely,
STATI and ATF3 may be preferentially repressed due to their
targeting by tRFs. STAT1 is essential in IFN- and IL-6-mediated
inflammatory response, and ATF3 is similarly induced by IFNs
and contributes to STAT activity via inhibition of STAT-
dephosphorylating phosphatases (47, 48). Additionally, ATF3
down-regulates AChE expression during stress (49). Whether
these processes contribute to body homeostasis after the dam-
aging event, or rather to pathologic derailment of immune func-
tion, requires detailed kinetic studies of circulating monocytes and
brain-infiltrating monocyte-derived macrophages, with simulta-
neous profiling of short and long transcripts.

Mechanistic Implications of tRF Regulation after Ischemic Stroke. To
gain new insight into the regulation of inflammation by stroke-
induced tRFs, we quantified the top six perturbed tRFs in RAW
264.7 murine macrophages and primary LPS-stimulated CD14%
human monocytes. Both cell types responded to LPS by up-
regulation of these tRFs within 12 to 18 h. Interestingly, dexa-
methasone prevented or subsequently down-regulated the in-
creased expression of tRFs in the RAW 264.7 cells, To further
seek cholinergic links of these stroke-regulated tRFs, we used
nicotine as an immunosuppressive stimulus in LPS-stimulated
human CD14" cells. Monocytes and macrophages express the
cholinergic nicotinic «7 receptor, which after binding of ACh
down-regulates the production of inflammatory cytokines (e.g.,
TNF-u) (29). In human CD147 cells, the levels of the top six
stroke-induced tRFs were transiently elevated by the addition of
nicotine at the 12-h timepoint (back to bascline by 18-h post-
stimulation). Thus, the elevated levels of blood tRFs 2 d after
ischemic stroke may reflect potentiated cholinergic signaling,
which remains to be investigated in the clinical setting.

In human patients, the stroke response in blood is cell type-
and time-specific. For example, day 2 postischemia features a
transient increase in STAT3 phosphorylation of monocyte sub-
sets, which is also detected in patients after major surgery (50).
Conversely, STAT3 signaling causes immune stimulation in
monocytes but is linked to immunosuppression in monocytic
myeloid-derived suppressor cells (50). Therefore, the biological
activities of stroke-induced tRFs are very likely also cell type-
and context-specific. Our s$sRNA tRF-22-WESSPOX52 mimic
experiments further support (RF involvement in the posttran-
scriptional regulation of genes implicated in inflammatory re-
sponses. Zbpl, which was significantly down-regulated under
tRF-22-WESSPOX52 overexpression, is a DAMP-sensor that
induces IFN responses, programmed cell death, and NLRP3
inflammasome formation (51). The ZBP1 protein has often been
linked to the response to viral infections, but some studies point
to its role in the reaction to bacterial pathogens, where it may be
involved in the induction of necroptosis (51). Incidentally, the
ZBP1 transcript is also down-regulated in our long RNA-seq of
patient blood (log2FC = —1.7, adjusted P = (L001); the exact
nature of the interaction of tRF-22-WESSPOXS52 and ZBP1
should be subject of future studics.

Limitations. We hypothesized that the tRFs identified in our study
are of cellular origin and therefore reanalyzed the small RNA-
seq) data provided by Juzenas ct al. (24) (GSEL00467). While
some studies identified an enrichment of tRFs in exosomes (40),
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our reanalysis found the tRFs mostly in the cellular blood
compartments. Although the main immune populations are in-
cluded in the analyzed dataset, it should be noted that the tRFs
identified in our study may also originate from immunec cells not
sorted/sequenced by Juzenas et al. (24). Additionally, consider-
ing the different roles of specific immune subpopulations, iden-
tifying the specific source of tRFs and their roles in immune
function should be the goal of further investigations. For ex-
ample, monocyte subsets are differentially regulated after stroke,
and since these cells all express the CD14 marker (35), a higher
cellular resolution is called for, Furthermore, tRFs are induced
upon cellular stress (52), such that the sorting procedure may
affect their expression, and they may reside in extracellular
compartments (15, 53), calling for testing the impact of sample
processing, RNA isolation, and scquencing techniques on the
detectability of tRFs. Additionally, a method for the direct
comparison of miR and tRF levels in the same sequencing ex-
periment will be important for discerning the true difference in
detected counts after alignment, possibly via spike-in procedures.
The currently maturing technology of single-cell sequencing is an
obvious candidate for achieving the goals of higher cellular res-
olution along with avoiding stressors associated with sample
preparation, but its shallow sequencing depth is still an issue,

Given the sex-related differences in cholinergic responses (19,
54), the molecular regulators of cholinergic signaling and im-
munity should be investigated in detail in both males and fe-
males. However, to increase the consistency of our results, we
only included male stroke patients, which is a further limitation
of this study. Interestingly, the overall impact of stroke is greater
in women, as their higher life expectancy is linked to increased
stroke incidence in older adults and they face worse recovery
prospects (55). Last, but not Icast, tRFs may have functions other
than their miR-like activities; for example, tRNALeu-CAG
fragments facilitate translation and ribosome biogenesis (12),
whercas (RNAGly-, IRNAGIu-, (RNAAsp-, and (RNATyr-
derived tRFs displace RNA-binding proteins leading to mRNA
destabilization (11). Therefore, potential functions of stroke-
perturbed tRFs other than Ago-mediated suppression of trans-
lation should be further examined.

Conclusion

While the specific roles of tRFs in regulating local neuro-
inflammatory responses and functional modulation of specific
peripheral monocyte subscts remain to be clucidated, our find-
ings point toward tRFs/miRs as homeostatic regulators of post-
stroke immune responses and potential biomarkers for increased
infection risk in these patients. The cumulative role of tREs and
miRs as general postdamage mediators of CNS-immunce com-
munication thus calls for seeking small RNAs, and tRFs in
particular, as involved in other traumatic pathologies, such as
spinal cord injury, traumatic brain injury, concussion, as well as
neuroinflammatory brain diseases.

Materials and Methods
Expanded methods can be found in 5/ Appendix.

Clinical Cohort. PREDICT was a prospective multicenter study with sites in
Germany and Spain (https/Aiwww clinicaltrials.gov/, NCT01079728) (16) that
analyzed 484 acute ischemic stroke patients. Patients underwent daily
screenings for stroke-associated pneumonia, dysphagia, and inflammation
markers and their clinical outcome was recorded 3 mo poststroke. To ex-
clude very severe cases of stroke, we only considered for sequencing samples
from patients with modified Rankin Scale (mRS) values of 3 and below at
discharge from the hospital, leaving n = 240 relevant cases. Blood was col-
lected into RNA stabilizing tubes (Tempus Blood RNA tubes, Applied Bio-
systems) on each day of hospitalization. Blood samples collected on the
second day were subjected to small and long RNA-seq, with time from stroke
oceurrence to blood withdrawal varying between 0.94 and 2.63 d (average:
1.98 d). Blood samples from age- and ethnicity-matched healthy controls

32614 Www.pnas.org/cgi/doi/10.1073/pnas.2013542117

were obtained at matched circadian time from donors (ZenBio). These
samples were collected from an FDA Regulated Blood Bank. All procedures,
polices, forms and consents used in the donor screening, collection and
manufacturing process were submitted to the FDA for review and approval
through the Prior Approval Supplement process described in 21 CFR
601.12(b) (ZenBic).

RNA Extraction, Quality Control, and Sequencing. RNA was extracted from 3 mL
of whole blood of 484 PREDICT patients using a Tempus Spin RNA isolation kit
{Invitrogen, Thermo Fisher Scientific). Presequencing Bioanalyzer 6000
(Agilent) tests showed high RNA quality (RIN values 7.9 to 9.9, median 8.8).
Libraries constructed from 600 ng total RNA of 43 samples were subjected to
small RNA-seq (NEBNext Multiplex Small RNA library prep set for lllumina,
New England Biolabs), and 24 of the small RNA-seq samples served for
PolyA-selected long mRNA sequencing (1,000 ng total RNA per sample,
TruSeq RNA library preparation kit;lllumina). Sequencing (24 or 12 samples
per flow cell for small and long RNAs, respectively) was performed on the
lllumina NextSeq 500 platform at the Hebrew University's Center for
Genomic Technologies.

Alignment and Count Table Generation of RNA-Seq Reads. Quality control was
performed using FastQC, v0.11.2 (56); more details can be found in 5/ Ap-
pendix, Expanded Methods. Flexbar (with parameters "-q TAIL -gf Sanger
-gqw 4 -min-read-length 16") (57) served for adapter trimming and quality-
based filtering of all raw reads. Long RNA was aligned to the human ref-
erence transcriptome (ENSEMBL GRCh38 release 79) using salmon (58) with
default parameters. Small RNA was aligned to miRBase v21 using miRExpress
2.1.4 (59) with default parameters but skipping adapter trimming for miR
expression, and to the tRNA transcriptome using the MINTmap pipeline (60)
with default parameters for tRF expression (using only reads mapping ex-
clusively to the tRNA space). Raw gene-expression data of small and long
RNA-seq and technical covariates of all experiments are available via the
National Center for Biotechnology Information Gene Expression Omnibus
database (accession no. GSE158312) (61).

Size Selection for tRF Quantification. Standard gRT-PCR methods do not allow
to distinguish between full-length tRNA molecules and 3‘-tRFs. To exclude
longer RNA species in the gRT-PCR quantifications, we performed RNA size
selection on 15% TBE-Urea-Polyacrylamide gels, selecting only RNA mole-
cules <25 nt for validations in the clinical cohort and <50 nt for the assess-
ment of tRF expression in LPS-stimulated RAW 264.7 cells and human CD14*
monocytes. A detailed description can be found in 57 Appendix, Expanded
Methods.

Analysis of the Pr b e of Specific tRFs in Blood Compartments. In
descriptive analysis of small RNA expression, a threshold (e.g., at least five
counts in at least 80% of samples) is often used to define presence or absence
of small RNAs. However, since this definition relies heavily on sequencing
depth, and depth can vary widely even in methodically robust sequencing
experiments depending on a large number of variables, we defined our own
test for descriptive analysis of the presence or absence of lowly expressed
small RNAs in each of the sample types. Briefly, this definition comprises
estimation of a log-normal distribution on the expression profile of the small
RNA across all samples in the individual cell types, and a statistical test to
refute the null hypothesis that the distribution is in fact log-normal. For each
small RNA, the distribution mean and SD of the expression values per cell
type were estimated using the fitdist function of the RAitdistrplus package
(62). The count distribution was then tested against a log-normal distribu-
tion with the estimated mean and SD via the R implementation of the
Kolmogorov-Smirnov test, with a cutoff of 0.1. The small RNA was defined
as present if the test failed to reject the null hypothesis (see S/ Appendix, Fig.
54 for examples). The code implementation is available at hittps://github.
com/slobentanzer/stroke-trf.

LPS Stimul, of Murine Macr Murine RAVY 264.7 cells (ATCCTIB-71)
cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10%
fetal calf serum, 1% penicillin-streptomycin-amphotericin B, and 1% L-glu-
tamine (all reagents from Biological Industries) were collected using a cell
scraper and stimulated with LPS (from Escherichia cofi 0127:B8, Sigma
Aldrich) following a modified protocol (63). Briefly, 2e05 cells were stimu-
lated with 100 ng/mL LPS + 0.5 pM dexamethasone per well (Sigma Aldrich)
in 12-well cell culture plates. Cells were collected in Tri-Reagent (Sigma
Aldrich) 18 h after LPS stimulation and RNA was isclated using miRNeasy kit
{Qiagen). For the size selection, 1 pg of total RNA was used and ¢cDNA was
synthesized from 500 pg of size-selected RNA using qScript microRNA cDNA
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Synthesis Kit {(Quanta Biosciences) and following standard protocol (for
further details, see S/ Appendix, Expanded Methods). Data presented in the
report is derived from three independent experiments (two of them with
dexamethasone treatment) with two to four technical replicates in each
group.

Transfection Experiments with tRF-22-WE85POX52 Mimics, RNA-Seq, and
gRT-PCR. Transfections were performed using HiPerFect transfection agent
(Qiagen) following a standard protocol for transfecting RAW 264.7 macro-
phages. Briefly, 205 RAW 264.7 cells per well were seeded in 24-well plates
and transfected using 6 pL HiPerFect reagent per well and 50 nM final ssRNA
tRF-mimics: /SPHOS/rArU rCrCrC rArCrC rGrCrU rGrCrC rAmCmC rA, using
NC5 /SPHOS/GrC rGrArC rUrArU rArCrG rCrGrC rArArU mAmUrG (both from
IDT) as negative control. Cells were collected after 24 h following the
transfection in Tri-Reagent (Sigma Aldrich) and total RNA isolated using the
miRNeasy kit (Qiagen). Two separate experiments were performed: 1)
180 ng RNA was subjected to long RNA-seq (KAPA stranded mRNA-seq kit,
Roche) and 2) Zbp1 levels were quantified by qRT-PCR (relative expression
normalized to Gapdh) after cDNA synthesis (qScript Kit; Quanta Biosciences)
from 100 ng RNA.

Isolation and Ex Vivo Stimulation of Human Monocytes. This study was ap-
proved by the ethics committees of the Charité-Universitatsmedizin Berlin
(MG Cohort: EA1/281/10). Peripheral blood mononuclear cells were sepa-
rated from whole-blood anticoagulated with heparin by density gradient
centrifugation over Ficoll {Biocoll separating selution, Biochrom). Untouched
monocytes were isclated by using a commercially available Pan Monocyte
Isolation Kit {Miltenyi Biotec). Cells {(2e06 cells/mL) were cultured in RPMI
medium 1640 (VWR), supplemented with 1% penicillin-streptomycin {Bio-
chrom), 2 mM (-glutamine (Biochrom), and 10% autologous serum and
stimulated with LPS (1 ng/mL, 0127:B8; Sigma) in the presence or absence of
nicotine (300 puM, Sigma) for 6, 12, and 18 h at 37 °C. Unstimulated mono-
cytes and monocytes stimulated with nicotine served as controls. TNF-o
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concentration was measured in cell culture supernatant by using a com-
mercially available DuoSet ELISA kit (R&D Systems). Cells were collected in
Tri-Reagent (Sigma Aldrich) and RNA was isolated using miRNeasy kit (Qiagen).
For the size selection, 600 ng of total RNA (or maximum loading volume of
20 pL) were used and cDNA was synthesized from 500 pg of size-selected
RNA using gScript microRNA cDNA Synthesis Kit (Quanta Biosciences) and
following standard protocel (for further details, see $/ Appendix, Expanded
Methods).

Statistical Analysis. Data analysis was performed using R (v4.0.2), the code is
available at https#/github.com/slobentanzer/stroke-trf (including code for
analyses of qRT-PCR data) (64). False-discovery rate correction was applied
whenever applicable. gRT-PCR data were analyzed using Bio-Rad CFX
Maestro software (Bio-Rad, v4.1.2433.1219) and plotted in GraphPad Prism
8.0 (GraphPad Prism Software).

Data Availability. Code data have been deposited in GitHub {(https://github.
com/slobentanzer/stroke-trf) (64). RNA sequencing data reperted in this
paper have been deposited in the Gene Expression Omnibus database, (ac-
cession no. GSE158312) (61).
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Supplementary Material:
Expanded Methods:

Sequencing Quality Control

Small RNA was aligned using miRExpress and MINTmap. Total reads (after flexbar with quality control):
500,488,798. Reads per sample: 10,214,057 +/- (SD) 4,605,190. No significant difference between
groups. Total miRNA; 284,749,858, miRNA hit / (hit+nohit); 56% +/- (SD) 4.4%. Total tRF (exclusive to
tRNA space, see MINTmap documentation): 1,637,476. tRF (exclusive to tRNA space, see MINTmap
documentation) hit / total reads: 3238 ppm +/- (SD) 1421 ppm. FastQC: All analyzed samples/bases
showed exceptional quality. These wmetrics and FastQC results can be viewed at
https://github.com/slobentanzer/stroke-trf.

At present, no standardized method exists to directly compare absolute counts derived from two
separate alignments of the same sequencing experiment, as is the case here with the miRExpress and
MINTmap alignments; MINTmap is a much more stringent pipeline (at least for the "exclusive tRNA
space” used here). Future experiments should include a spike-in procedure or a similar approach to
estimate absolute transcript numbers for each smRNA species, and to enable a better comparison
between those absolute values.

Large RNA: Total reads (after flexbar with quality control): 880,069,396. Reads per sample: 36,669,558
+/-(SD) 4,543,364. No significant difference between groups. Mean mapping rate 89% +/- (SD) 2%.
FastQC: All analyzed samples/bases showed exceptional quality. These metrics and FastQC results
can be viewed at https://github.com/slobentanzer/stroke-trf.

Differential expression analysis

Differential expression was determined using the R/IDESeq2 package (1) including the log2 fold change
shrinkage estimation “apeglm” algorithm (2). Genes were considered differentially expressed at an
adjusted p-value of < 0.05. The analysis was performed on the raw count tables (oulliers already
removed) with correction of covariates (age, batch, timezblood) in the model formula. Qutliers were
identified by sample clustering based on batch-corrected variance-stabilized expression, leading to
exclusion of sample 4044 (stroke patient) in the small RNA sequencing experiment.

The count-change metric

The log-fold change metric is not ideally suited for assessing the potential impact of expression changes
for individual small RNAs, because it does not reflect mean expression levels. We calculated the count-
change for individual miRs and tRFs by combining base mean expression with the de-logarithmicized
fold-change (from DESeqg2 output).

CC = (BM x 28C) — BM
CC: countChange, BM: baseMean, LFC: log2-fold change

Small RNA targeting predictions

miR targeting was analyzed via our in-house database, miRNeo, as described (3). Briefly, the database
unites 10 prediction algorithms and all available experimentally validated miR:gene interactions, and
unites them in a scoring system. For all analyses in this manuscript, the cutoff score for consideration
of a valid miR:gene interaction was = 6.

Since no comprehensive tRF targeting predictions are available, we performed our own prediction based
on all tRFs detected with more than 10 reads on average. We used the TargetScan 7.0 algorithm (4) to
determine putative miR-like binding of any 7-nucleotide substring (“seed”) of any tRF to any human
transcript 3-UTR. Hits were scored according to conserved branch length (BL) and probability of
conserved targeting (PCT) across all 23 available species (5) and were entered into miRNeo (seed-
gene targeting and tRF-seed association).

Gene set compilation of cholinergic and associated genes

We started out with a set of 28 cholinergic genes described in (6), targets including ACLY, CHAT,
VAChHT (aka SLC18A3), the 16 nicatinic and 5 muscarinic receptor subtypes, ACHE, BCHE, PRIMA1,
and CHT (aka SLC5AT7). In addition, we added several groups of genes known to be associated with

www.pnas.org/cgi/doi/10.1073/pnas.2013542117
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cholinergic functioning and of interest to our aims. These include: genes from the neurokine and
neurotrophin signaling pathways; families of genes implicated in the development and differentiation of
cholinergic cell types, including lim-homeobox transcription factors, bone morphogenetic protein family
genes, and genes from the JAK-STAT pathway (see Data File S2)

miRs were considered Cholino-miRs if they were validated or predicted (with a score > 5/10) to target
at least 5 transcripts on this list; tRFs were considered Cholino-tRFs if they contained a seed targeting
evolutionarily conserved binding sites in at least 5 transcripts on this list (Figure S2 for empirical
cumulative distribution function, ECDF plot); because of diverging numbers between miRs and tRFs we
chose to use the higher (more stringent) threshold for miRs. Transcription factors were similarly
associated with each transcript on the list, using the transcription factor activity derived from (7) in
circulatory immune cells.

Permutation targeting analysis

Where appropriate, we determined permutation p-values via miRNeo targeting permutation. We
determined a score for the test condition (e.g. by summing the individual targeting scores of all DE miRs
towards cholinergic genes) and compared it to a null distribution consisting of permutated scores
resulting from random substitution of test parameters (e.g. a random selection out of all genes the same
size as the cholinergic test set), the p-value being the fraction of the null distribution at least as extreme
as the real score.

Gene Ontology Analyses

We performed GO analyses on differentially expressed (DE) long RNA transcripts based on their DE p-
value. GO analyses were performed using R/topGO as recommended by the authors, using the
weighted method (8). Transcripts were ranked by p-value, and all DE transcripts (adjusted p-value <
0.05) with absolute log2 fold changes > 1.4 were tested against the background of the topmost two
thousand transcripts. While GO enrichment analysis can be informative, interpretation and visualization
of its results is not standardized and is often limited to presentation of top X terms by p-value. R/gsoap
{9) is an analysis tool proposed to aid in interpretation of GO enrichment results via t-SNE display of
similarity of terms based on the amount of shared significant genes. GO enrichment results were
processed to fulfil gsoap input criteria and visualized using R/ggplot2 (10).

Pathways targeted by perturbed miRs

We determined target sets of positively and negatively DE miRs (separately) via miRNeo query with a
threshold score of at least 6. The gene targets were ranked by the amount of miRs targeting each gene,
yielding a range of 1-44 (mean 4.7 +/-SD 4.7) for positively regulated miRs, and a range of 1-155 (mean
13.5 +/-3D 15.6) for negatively regulated miRs, both resembling power law distributions. To account for
possible biases in the underlying targeting dataset, targeting and scoring were then permutated for both
sets with the same query and ranking, but randomized input miRs were selected from all mature miRs
in the same length as the original DE set, for 10,000 times. Upon calculation of permutation p-values,
we dismissed genes that were not targeted by the set of DE miRs significantly more than by the random
permutation sets (p < 0.05). The larger negative-DE set in this analysis yielded a large number of highly
enriched genes, such that a distinction by adjusted p-value was not possible in the top 2000 targeted
genes. Thus, we repeated the analysis for negatively regulated miRs using a log2FoldChange threshold
of -2, which reduced the amount of miRs to 82, and the range of miRs targeting each gene to 1-52,
mean 5.8 +/-SD 6.1. This set was subjected to the same permutation approach and was used instead
of the non-limited set in the p-value-based approach below.

The gene lists so derived were used in a GO analysis similar to the one described above, based on the
following scorings: for positively regulated miRs, GO enrichment was based on 1) the significantly
targeted genes (p < 0.05) as a test set, and the (non-enriched, p > 0.05) genes as background; and 2),
to identify the most-targeted genes, the top 200 genes (sorted by amount of distinct miRs targeting each
gene (also p < 0.05)) served as a test set, with all other genes (starting from 201) as the background.
For negatively regulated miRs, target genes were analyzed similarly, but the non-threshold significantly
targeted genes were replaced by the -2 log2FoldChange threshold set in approach 1). The GO terms
yielded by these four analyses were visualized and clustered using the R/gsoap-approach described
above.

The resulting 13 clusters were manually annotated and organized on a canvas to better understand the
relationships between the targeted gene sets of positively and negatively regulated miRs (Figure S5).
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Few terms fell outside the area of these manually adjoined clusters due to little similarity with the
clustered terms; these were disregarded in the further analyses (but are available in Data File $6). To
discern the most relevant genes and seek putative hub genes in the stroke response, the clusters
identified in the gsoap visualization were imported back into the R environment. Detection of significantly
enriched genes in each cluster involved hypergeometric enrichment of each gene in each cluster versus
all other clusters (background) via Fisher’s exact test. The resultant p-values were corrected for multiple
testing using the Benjamini-Hochberg method, and genes with an adjusted p-value < 0.05 were
considered significantly enriched in the respective cluster (Data File S6), with a range of enriched genes
per cluster from 8 fo 84. The final 13 clusters were ranked by the total amount of enriched genes per
cluster, and cross-checked for functional implications of enriched genes in each cluster using DAVID
6.8 (11).

PCR quantification of inflammatory markers after LPS stimulation and Zbp1 quantification.

LPS stimulation: 18h after LPS stimulation, cells were collected in Tri-Reagent (Sigma Aldrich, St.
Louis, USA} and total RNA, including small RNAs, isclated using miRNeasy (Qiagen, Hilden, Germany).
cDNA was synthesized from 100ng RNA using gScript™ cDNA Synthesis Kit {Quanta Biosciences,
Beverly MA, USA). Expression of Cd14, Stat1, Tnfa and 1110 were assessed using PerfeCTa® SYBR®
Green FastMix® (Quanta Biosciences, Beverly MA, USA) and normalized using Peptidylprolyl
isomerase A (Ppia) and 18S ribosomal RNA genes as house-keeping.

ssRNA tRF-22-WE8SPOX52 mimics experiments: 24h after transfection of the mimics, cells were
collected in TRI-Reagent (Sigma Aldrich, St. Louis, USA} and total RNA, including small RNAs, isolated
using miRNeasy (Qiagen, Hilden, Germany). cDNA was synthesized from 100ng RNA using qScript™
c¢DNA Synthesis Kit (Quanta Biosciences, Beverly MA, USA), and expression of Zbp1 was assessed
using PerfeCTa® SYBR® Green FastMix® (Quanta Biosciences, Beverly MA, USA) and normalized
using Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) as house-keeping. Primer sequences were
obtained from the Primer Bank (12) and were as follows:

Cd14: FORWARD AGCACACTCGCTCAACTTTTC,

REVERSE GCCCAATTCAGGATTGTCAGAC

Stat1:F TCACAGTGGTTCGAGCTTCAG, R CGAGACATCATAGGCAGCGTG
Tnfa: F CCTGTAGCCCACGTCGTAG, R GGGAGTAGACAAGGTACAACCC
II-10: F GCTCTTACTGACTGGCATGAG, R CGCAGCTCTAGGAGCATGTG
Ppia: F GAGCTGTTTGCAGACAAAGTTC, R CCCTGGCACATGAATCCTGG
18S rRNA: F CTCAACACGGGAAACCTCAC, R CGCTCCACCAACTAAGAACG
Gapdh: F ATCAAGAAGGTGGTGAA, R CTTACTCCTTGGAGGCCAT

PCR quantification of tRFs

First, we performed size selection of total RNA, to exclude molecules > 25 nt in case of human samples
and > 50 nt in case of cell culture experiments with RAW 264.7 cells. 1 ug of RNA was loaded into 15%
TBE-Urea-Polyacrylamide gel (Biorad, Hercules, USA) after mixing 1:1 with Gel Loading Buffer Il
{Thermo Fisher, Waltham, USA) and run at 200V for 40-50 minutes. When testing human CD14+
monocytes, 600 ng of RNA were loaded into the gel; in case of low total RNA concentrations (with
minimum 21 ng/pl), we used the maximum accommodable volume of 20 ul. Gels were stained with
SYBR Gold (Thermo Fisher, Waltham, USA) and visualized on a UV table to cut out the desired section.
As size markers, miR marker and Low Range ssRNA ladder (both from New England Biolabs, Ipswitch,
USA) were used. Excised gel fragments were incubated in 810ul 3M NaCl over-night at 4°C on a rotation
stand. The supernatant was then transferred into a new Eppendorf and 1 volume of iso-propanol was
added for 24h at -20°C. Then, RNA was precipitated.

RNA concentrations were measured using Bioanalyzer (Agilent, Santa Clara, USApu) and cDNA was
prepared from 500 pg (with exception of control samples 16 and 18 yielding low concentrations after
size selection — here 250pg were used) using gScript™ microRNA cDNA Synthesis Kit (Quanta
Biosciences, Beverly MA, USA) and diluted to 200 pl total. tRFs were quantified using quantitative
reverse transcription PCR (QRT-PCR) with PerfeCTa® SYBR® Green FastMix®, Low ROX™ (Quanta
Biosciences, Beverly MA, USA) and normalized to hsa-miR-30d-5p, hsa-let-7d-5p, hsa-miR-106b-3p
and hsa-miR-3615 (human stroke patients) or mmu-miR-30d-5p, mmu-let-7d-5p for experiments with
RAW 264.7 cells. In experiments with ssRNA tRF-22-WE8SPOX52 mimics, tRF-22-WE8SPOX52 levels
were assessed without size-selection {(measuring levels of the tRF and its parental tRNA molecule) and
normalized to Snord47.
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Primer sequences are listed below:

hsa/mmu-miR-30d-5p: TGTAAACATCCCCGACTGGAAG

hsa/mmu-let-7d-5p: AGAGGTAGTAGGTTGCATAGTT

hsa-miR-106b-3p: CCGCACTGTGGGTACTTGCTGC

hsa-miR-3615: TCTCTCGGCTCCTCGCGGCTC

tRF-22-WEKSPM852: TCGATCCCCGGCATCTCCACCA

tRF-22-WEBSPOX52 (and tRF-21-WE8SPOX5D). TCGATTCCCGGCCAATGCACC
tRF-18-8R6Q46D2: TCCCCGGCATCTCCACCA

tRF-22-8EKSP1852: TCAATCCCCGGCACCTCCACCA

tRF-18-8R6546D2: TCCCCGGCACCTCCACCA

tRF-18-HROVX6D2: ATCCCACCGCTGCCACCA

Snord47 (Quanta Biosciences, Beverly MA, USA):
GTGATGATTCTGCCAAATGATACAAAGTGATATCACCTTTAAACCGTTCCATTTTATTTCTGAGG
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Analysis of types of DE tRFs indicates non-random cleavage of tRNA molecules.
Most DE tRFs were derived from tRNA-Ala (36) and 3'-tRFs were the most common type in the whole

DE dataset.
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Figure S2

Cholinergic-associated small RNA empirical cumulative distribution function (ECDF) curves.

Cholinergic association was tested using miRNeo targeting data of miRs and tRFs.

To assess the best-suited threshold for defining cholinergic association, ECDFs were calculated for the

number of cholinergic-associated (CA) genes targeted by each unique small RNA. A) Cumulative

frequency of the number of CA genes targeted by tRFs. Threshold of 80% (red line) is passed at five

CA genes targeted. B) Cumulative frequency of the number of CA genes targeted by miRs. Threshold

of 80% (red line) is passed at four CA genes targeted.
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Figure S3

tRF profiles of blood compartments distinguish leukocyte subsets, excluding neutrophils, from
erythrocytes and non-cellular compartments. t-SNE of specific blood compartments based on tRF
expression, WB — whole blood, RBC — erythrocytes.
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Most of top 20 stroke DE tRFs are present in immune cell compartments. Heatmap showing the
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presence/absence of the 20 most highly-perturbed tRFs in defined blood compartments.
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Figure S5 (on previous page)

Ontological enrichment and clustering of gene target sets of DE miRs show distinct perturbed
pathways. Gene target sets of positively and negatively perturbed miRs were subjected to gene
ontology analysis separately, based on two scoring systems: “pval,” based on enrichment p-value in
targeting permutation, and “top2007, based on the top 200 genes with highest amounts of miRs targeting
each gene. Resulting GO terms were visualized using R/gsoap and clustered based on their shared
genes (upper left). Circle sizes represent the number of genes in each term, their color depth denotes
p-value (all p < 0.05). The single clusters were manually screened and annotated regarding their
functions (right side).

80



DISSERTATION | Sandra Jagdmann

40+
c 304 &
©
°
w
E *hk
[=X Eatd
X
)
]
=
T
[4]
Cd14 Stat1 Tnfa
nonstimulated . LPS LPS + dexamethasone
Figure S6

Upregulated inflammatory signaling molecules and cytokines in LPS-stimulated murine
RAW 264.7 cells. A) Levels of cluster of differentiation 14 (Cd14), signal transducer and activator of
transcription 1 (Stat1), tumor necrosis factor alpha (Tnfa) and interleukin 10 (1I-10) were measured with
gRT-PCR using normalized expression (Ppia and 18SrRNA served as house-keeping), relative to the
nonstimulated control group (line at mean normalized expression for the control group = 1), Each dot
represents 2-4 technical replicates, ANOVA with Tukey post-hoc, * p < 0.05, ** p < 0.01, ** p < 0.001,
bar graphs +/- SD(lg).
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Figure 87

tRF-22-WE8SPOX52 expression in the ssRNA mimics transfection experiments. Shown is
normalized expression of tRF-22-WE8SPOX52 and parental tRNA molecule (measurement without size
selection) by gRT-PCR using Snord47 as house-keeping gene. A) Experiment 1 - samples subjected to
long RNA sequencing. B) Experiment 2 - samples used for qRT-PCR measurements of Zbp1
expression. Each dot represents one technical replicate in the cell culture experiment. ** p< 0.01, *** p<
0.001, one-way ANOVA, bar graphs +/- SD(lg}.
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Figure S8

LPS stimulation of human CD14+ cells yields transient nicotine-affected tRF changes. The top 6
stroke-perturbed tRFs were quantified using gRT-PCR in human CD14+ cells following LPS stimulation
with and without addition of nicotine; controls were nonstimulated cells and cells with nicotine alone (for
setup, see Figure 6G in the main manuscript). A) Cells collected 6h after LPS stimulation showed
significantly elevated tRF-18-8R6546D2 under LPS + nicotine exposure alone. B) At 18h after LPS
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stimulation, none of the top 6 stroke-perturbed tRFs showed significant changes, including LPS
+nicotine challenged cells which showed upregulation at the 12h time point (see Figure 6H in the main
manuscript). LPS-stimulated cells still showed the highest expression of tRFs, albeit not significant when
compared to other groups. # p < 0.05 when compared to nicotine-treated cells. Each dot represents one
donor, one-way ANOVA with Tukey post-hoc; bar graphs +/- SD(lg). C) LPS-stimulation led to
significantly elevated TNFa levels in the supernatant of CD14+ cells (measured by ELISA). * p<0.05, **
p<0.01, ™ p<0.001, two-way ANOVA on the influence of group and time variable on the TNF« levels.
F(3, 60) = 23.53, p <0.0001 for the main effect “group” (nonstimulated, LPS, LPS + nicotine and
nicetine), F(2,60) = 7.56 p = 0.0012 for the main effect “time”, F(6, 60) p=0.02 for the interaction; with
Dunnett’s post-hoc performing comparisons LPS group vs. others; bar graph +/- SD.
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5" AUCCCACCGCUGCCACCA 3 trF-18-HROVX6D2
5" AUCCCACCACUGCCACCAU 3"  hsa-miR-1260b
5" AUCCCACCUCUGCCACCA 3’ hsa-miR-1260a

Figure S9

Sequence of tRF-18-HROVX6D2 shows high similarities to two known miRs (13)

hsa-miR-1260b differs from tRF-18-HROVX6DZ by one nuclectide at position 9 and an additional
nuclectide at the 3'-end, has-miR-1260a differs from tRF-18-HROVX8D2 only at position 9.
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GO.ID Term Annotated Significant Expected Rank in classic classic weight

GO:0001819 | positive regulation of cytokine producti 66 14 4.38 42 B6E-05 | 0.00017
G0:0032479 | regulation of type | interferon producti... 29 8 1.83 52 0.00039 | 0.00039
GO:0001818 | negative regulation of cytokine producti... 51 11 3.39 51 0.00034 | 0.00057
GO:0009617 | response to bacterium 95 18 6.31 35 2.5E-05 | 0.00059
GO:0045087 | innate immune response 151 38 10.03 1 9.E-15 0.00197
GO:0098586 | cellular response to virus 15 5 1 65 0.00208 | 0.00208
G(O:0046683 | response to organophosphorus 22 ] 1.46 68 0.00233 | 0.00233
G0:0002753 | cytoplasmic pattern recognition receptor... 10 4 0.66 70 0.00284  0.00284
(G0O:0048661 | positive regulation of smooth muscle cel. . 16 5 1.08 72 0.00286  0.00286
GO:0060760 | positive regulation of response to cytok... 16 5 1.06 73 0.00286 | 0.00286
GO:0014074 | response to purine-containing compound 23 6 1563 75 0.00299 | 0.00299
G(O:0032649 | regulation of interferon-gamma productio.. 17 5 113 80 0.00384  0.00384
G0:0016525 | negative regulation of angiogenesis 12 4 0.8 88 0.00603  0.00603
GO:0034446 | substrate adhesion-dependent cell spread... 13 4 0.86 93 0.00827 0.00827
GO:0032496  response to lipopolysaccharide 46 8 3.06 96 0.00917 | 0.00917
GO:0009063 | cellular amino acid catabolic process 14 4 083 100 0.010989 | 0.01009
GO:0031349 | positive regulation of defense response 58 1 3.85 61 0.00109  0.01238
G0:0002576 | platelet degranulation 22 5 1.46 102 0.01252 | 0.01252
GO:0010469 | regulation of signaling receptar activit... 49 8 3.26 103 0.01340 0.01340
GO:0070887 | cellular response to chemical stimulus 404 54 26.84 19 6.2E-09 0.01563
G0:0030168 | platelst activation 32 6 213 111 0.01641 0.01641
GO:0034109  homatypic cell-cell adhesion 16 4 1.06 112 0.01802 | 0.01802
G0:0050731 | positive regulation of peptidyl-tyrosine... 25 5 1.66 117 0.02152 | 0.02152
G0:0048469 | cell maturation 17 4 1.13 118 0.02238 | 0.02238
GO:0097696 | STAT cascade 17 4 113 119 0022368 | 0.02356
G0:0043330 | response 1o exogenous dsRNA 10 3 0.66 123 0.02429 | 0.02429
GO:0071695 | anatomical structure maturation 18 4 1.2 127 0.02734  0.02734
GO:0050680 | negative regulation of epithelial cell p... 18 4 1.26 139 0.03290 | 0.03290
G0:0007267 | cell-cell signaling 146 1 8.7 649 0.37575 | 0.03503
GO:0001936 | regulation of endothelial cell prolifera 20 4 1.33 145 0.03907 | 0.03907
GO:0006806 | vesicle fusion 20 4 1.33 146 0.03907 | 0.03907
GO:0007160 | cell-matrix adhesion 20 4 1.33 147 0.03907 | 0.03907
GO:0030856 | regulation of epithelial cell differenti... 12 3 0.8 151 0.04041 0.04041
G0:0034113 | heterotypic cell-cell adhesion 12 3 0.8 152 0.04041 0.04041
GO:0042130 | negative regulation of T cell proliferat.. 12 3 0.8 153 0.04041 0.04041
G0:0051668 | localization within membrane 12 3 0.8 154 0.04041 0.04041

Table $1

Post-stroke DE genes are enriched in circulation- and immunity- related pathways.
Full list of GO terms used for generation of tSNE in Figure 4 {main manuscript).
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ARTICLE INFO ABSTRACT

Keywords: Stroke-induced immunosuppression contributes to the development of stroke-asscciated pneumonia (SAP). Ex-
Immunemodulation periments in mice demonstrated that apoptosis of IFN-y producing cells and reduced TFN-y secretion resulted in
I N’ impaired immune responses and the development of pneumonia after middle cerebral artery occlusion (MCAo).
ﬁ;‘:o In the present study, we investigated the efficacy of intratracheal IFN-y treatment to prevent SAP and demon-

Stroke-associated pneumonia

strated that modest benefits on pulmonary cytokine response in IFN-y treated stroke mice did not prevent
spontaneously developing infections and even slightly reduced bacterial clearance of aspirated pneumococci, Our

results suggest that pulmonary [FN-y treatment is not an effective preventive measure for SAP.

1. Introduction

Pneumonia is the most frequent severe complication after stroke
increasing morbidity, mortality and length of hospitalization (Arm-
strong and Mosher, 2011). Previous studies identified various risk fac-
tors contributing to the development of pneumonia during the acute
phase of stroke including greater severity of neurologic impairment, old
age, diabetes mellitus and dysphagia (Sellars et al., 2007). There is ev-
idence from clinical and experimental settings that stroke-induced
immunosuppression, due to overactivation of stress pathways,

increases the risk of developing pulmonary infections after stroke (Dir-
nagl et al., 2007; Hoffmann et al., 2017; Huang et al., 2019; McCulloch
etal, 2017; Meisel et al., 2005; Prass et al., 2003; Shi et al., 2018; Wong
etal., 2011), Over the last decade, clinical studies investigated antibiotic
treatment in acute stroke patients to prevent SAP (Emsley and Hopkins,
2008; Westendorp et al., 2015). In summary, antibiotic treatment of
acute stroke patients is capable of reducing urinary but not pulmonary
infections and does not improve stroke outcome, particularly in severely
affected patients. Rising antibiotic resistance sparked the interest of
research on immunomodulatory therapy to improve pulmonary immune

Abbreviation: BAL, Bronchoalveolar lavage; BALF, Bronchoalveolar lavage fluid; in., intranasal; i.p., intraperitoneal; i.t., intratracheal; IRF-1, IFN regulatory
factor-1; LPS, lipopolysaccharide; MCAo, middle cerebral artery occlusion; NF-kB, nuclear factor ‘kappa-light-chain-enhancer” of activated B-cells; NK cells, Natural
killer cells; SAP, stroke-associated pnenmonia; SD, standard deviation; WT, wild type.
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response and prevent SAP. In an experimental stroke model, it was
shown that a diminished IFN-y production mainly by T cells and
invariant natural killer T cells (iNKT) in the blood and visceral organs as
well as stroke-induced apoptosis of IFN-y producing immune cells in
lymphatic organs mainly contributes to the development of SAP (Prass
et al., 2003; Wong et al.,, 2011). Investigation of lung immunity also
showed significantly reduced IFN-y level in lung tissue but not bron-
choalveolar lavage fluid (BALF) 72 h after experimental stroke (Farris
et al., 2019).

IFN-y is an important component of the early host defense against
infectious diseases (Schroder et al., 2004). Therefore, IFN-y could
become an alternative to antibiotic treatment after stroke. Experiments
in mice confirmed that preventive IFN-y treatment improves bacterial
clearance of Legionella pneumophila, Toxoplasma gondii, Listeria mono-
cytogenes and Mycobacterium tuberculosis (Khor et al., 1986; Kiderlen
et al., 1984; McCabe et al., 1984; Skerrett and Martin, 1994). However,
the efficacy and safety of local IFN-y treatment to reverse stroke-induced
susceptibility to pulmonary bacterial infections has not been investi-
gated so far.

Findings in patients demonstrated that SAP is caused by both Gram-
positive and Gram-negative bacteria. Investigations of tracheal aspirate
cultures, sputum cultures and blood cultures identified Enterobacteri-
aceae (Klebsielle pneumoniae, Escherichia coli), Staphylococcus aureus,
Pseudomonas aeruginosa, Acinetobacter baumanii and Streptococcus pneu-
moniae (S. pneumoniae} as the most common organisms in stroke pa-
tients (Kishore Amit et al., 2018). Stroke patients develop SAP within the
first week after stroke onset (Kishore et al., 2019). In line with clinical
observations, experimental stroke in mice also results in spontaneously
developing pneumonia within 3 days after stroke (Prass et al., 2003). To
improve the reproducibility of pneumonia in mice, an aspiration-
induced pneumococcal pneumonia after stroke was established,
demonstrating that MCAo in mice leads to an increased susceptibility to
aspiration-induced S. pneumnoniae infections (Mracsko et al., 2017; Prass
et al., 2006). Here, we tested the hypothesis that [FN-y treatment re-
constitutes the pulmonary immune response and prevents spontaneous
pneumonia as well as improves the clearance of induced pneumococcal
pneumonia after experimental stroke. We found that intratracheal (i.t.)
TFN-y treatment enhanced pro-inflammatory immune responses in naive
mice and had no adverse effects on infarct size development after
experimental stroke. However, the stimulatory properties of IFN-y
treatment were less pronounced in stroke mice and therefore did not
significantly reduce spontaneously developing infections or aspiration-
induced pneumocoecal pneumonia after stroke.

2. Methods
2.1. Animals and housing

12 weeks old male C57Bl/6 J (Janvier, Saint Berthevin, France) mice
were housed in cages with chip bedding and environmental enrichment
on a 12 h light/dark cycle with ad libitum access to standard chow and
water. Experiments were performed in accordance with the European
directive on the protection of animals used for scientific purposes and all
other applicable regulations and approved by the relevant authority,
Landesamt fiir Gesundheit und Soziales, Berlin, Germany.

2.2. Experimental stroke

60 min focal cerebral ischemia was induced by transient middle
cerebral artery occlusion (MCAo) according to standard operating pro-
cedures of the laboratory (Engel et al., 2011). In brief, the mice were
anesthetized with 1.5% isoflurane (Forene, Abbott, Wiesbaden Ger-
many) in 1:2 mixtures of 05/N30. A silicon monofilament (Doccol, MA,
USA) was inserted into the common carotid artery and advanced until
the origin of the middle cerebral artery. After 60 min, the filament was
removed. The infarct size was determined by hematoxylin staining.

Journal of Neuroimmunology 355 (2021) 577568
Animals without infarcts were excluded from the study.
2.3. Bronchoscopy-guided application of IFN-y

IFN-y application was performed as described elsewhere (Dames
et al., 2014). In brief, mice were anesthetized by intraperitoneal (i.p.)
injection of Midazolam (5.0 mg/kg body weight, Roche Pharma AG,
Grenzach-Whylen, Germany) and Medetomidin (0.5 mg/kg body
weight, Orion Cooperation, Espoo, Finland). Under visual control, the
bronchoscope (Polydiagnost, Pfaffenhofen, Germany) was introduced
into the trachea and advanced until the bifurcation. IFN-y (PeproTech
GmbH, Hamburg, Germany) diluted in solvent at given concentrations
or solvent were applied by using a microsprayer (Penn-Century, PA,
USA). Anesthesia was antagonized subcutaneously with Flumazenil (0.5
mg/kg body weight, Inresa, Freiburg, Germany) and Atipamezol (5.0
mg/kg body weight, Orion Cooperation, Espoo, Finland).

2.4, Nausal inoculation with S. pneumoniae on d4 after experimental
stroke

Mice were treated one day before and at the day of MCAo i.p. with
Marbofloxacin (5.0 g/kg body weight, Vétoquinoel GmbH, Ravensburg,
Germany) to prevent spontaneously developing infections after experi-
mental stroke. For S. pneumoniae infection mice were anesthetized and
antagonized as described under IFN-y application. A suspension of
10,000 colony-forming units (CFU) in 20 pl (serotype 3, PN36, NCTC
7978) was applied intranasal (i.n.). To ensure aspiration, mice were
fixed in a vertical position head up for 15 min.

2.5. Microbiological investigations

Bronchoalveolar lavage (BAL) was performed as described elsewhere
(Sun et al., 2017), The lungs were homogenized in 500 pl PBS. BALF and
lung were serially diluted and plated on LB-Agar. After 18 h incubation
at 37 °C, the colonies were counted and CFU per ml tissue/liquid
calculated.

2.6. Analysis of cytokines in BALF and plasma.

Cytokines in BALF and plasma were measured by commercially
available MILLIPLEX Multiplex Assays using Luminex xMAP technology
(Merk Millipore, Darmstadt, Germany).

2.7. Analysis of leukocytes in lung and spleen by flow cytometry

Lung cells and splenocytes were isolated as described elsewhere
(Engel et al., 2015) and stained with the following anti-mouse mono-
clonal antibodies for 20 min at 4 °C in the dark: CD45 PerCP, CD11Db
APC-Cy7, NK1.1 PE, CD19 FITC, CD3 APC, CD4 A700, CD8 PB, Grl PE,
CD11b PE-Cy7, F4/80 APC, Siglec F APC-Cy7, CD11c PB (Biolegend, San
Diego, USA or BD Bioscience, Heidelberg, Germany). Cell phenotyping
was performed on LSRII flow cytometer using FACS Diva software (BD
Bioscience, Heidelberg, Germany) and analyzed using FlowJo software
(Tree Star Inc). Leukocytes were analyzed as follows: Neutrophils in
spleen and lung (CD45+/CD11b"8%/Gr1M"), Lymphocytes in spleen
and lung (B cells: CD45+/CD11b—/CD19+; T cells: CD45+/CD11b—/
CD3; NK cells: CD45 | /NK1.11/CD3; NKT cells: CD451 /NK1.1 |/
CD3+), alveolar macrophages (CD45-/Grl—/SiglecF+/CD11c+),
macrophages in spleen (CD45+/Gr1—/CD11b+/CD11c-).

2.8, Analysis of leukocytes in BALF

Cytocentrifuge preparations of BALF samples were used for differ-
ential cell counting after May-Griinwald-Giemsa staining. The percent-
age of neutrophils, macrophages and lymphocytes was determined by
examining 200 to 400 cells on 2 cytospins per sample and used to
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calculate absclute numbers of leukocyte subsets using the total cell
count per ml BALF.

2.9. Isolation and ex vivo stimulation of BALF and lung cells

BALF cells (100,000 cells/ml) and single-cell suspension (2 x 10°
cells/ml) of isolated lung cells were diluted in Roswell park memorial
institute medium (RPMI) (Biochrom GmbH, Berlin, Germany) with 10%
FCS, 100 U/ml Penicillin/Streptomycin, L-Alanyl-i-Glutamine (Bio-
chrom GmbH, Berlin, Germany) and stimulated with 1 pg/ml lipopoly-
saccharide (LPS) (O55:B5, Sigma) for 12 h at 37 “C. Commercially
available enzyme-linked immunosorbent assay (eBioscience, San Diego,
USA) were used to analyze IL-6 and TNF-« concentrations in cell culture
supernatant.

2.10. Statistics

Statistical analysis was performed using Prism 6.0 Software
(GraphPad, San Diego, USA). Comparison between groups was per-
formed using one-tailed Mann-Whitney, Kruskal-Wallis test followed by
Dunn’s test for multiple comparison or two-way ANOVA and Bonfer-
roni's multiple comparisons test. Values were given as mean + standard
deviation (SD). P-values of p < 0.05 were considered as statistically

Journal of Neuroimmunology 355 (2021) 577568
significant.
3. Results
3.1. IFN-y dose escalation in naive mice

To test the efficacy of different [FN-y doses on cytokine secretion and
leukocyte recruitment in lung and blood, naive mice were treated i.t.
with 1 pg, 10 pg or 50 pg IFN-y or solvent as control. Even 12 h after local
treatment 3-8% of the applied [FN-y were still detectable in BALF (Fig. 1
A). Already 1 pg IFN-y was sufficient to induce a maximum IP-10
secretion in BALF, whereas TNF-u increased dose-dependently (Fig. 1
B—C). Only small amounts (0.01%) of the applied IFEN-y translocated
from the airways into the blood, sufficient to induce detectable plasma
levels of IP-10 but not of TNF-a 12 h after treatment (Fig. 1 D—F).
Analysis of leukocytes in lung showed a significant increase of pulmo-
nary lymphocytes in mice treated with 10 pg or 50 pg IFN-y and neu-
trophils in mice treated with 50 pug IFN-y (Fig. 1 G). Cellular composition
of BALF showed no impact of i.t. IFN-y treatment on neutrophil counts,
but slightly diminished absolute macrophage numbers. Application of
50 pg IFN-y led to a non-significant reduction of lymphocytes in BALF
(Fig. 1H). Analysis of relative leukocyte composition of BALF showed a
non-significant reduction of macrophages in mice treated with 1 pg, 10
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Fig. 1. Increased cytokine level and cell recruitment 12 h after IFN-y treatment in

naive mice. Cytokines in BALF and plasma as well as cellularity of lung and BALF

analyzed 12 h after i.t. application of solvent or IFN-y in naive mice indicate that IFN-y (A, D) is capable of inducing IP-10 and TNF-« secretion in lavage (B, C) and IP-
10 in plasma (E) as well as recruit lymphocytes and granulocytes to the lung (G) in a dose dependent manner, whereas alveolar macrophages and lymphocytes are
slightly decreasing in BALF (H). Data from one experiment are shown as scatter plots (A-F) or as bars (G-H) with mean + 8D (n = 3) using two-way ANOVA and

Dunn’s multiple comparison compared to solvent treated mice as reference group;

; ** indicates p < 0.01; *** p = 0.001; **** p = 0.0001.
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pg and 50 pg IFN-y as well as a slightly decreased lymphocytes in mice
treated with 50 pg IFN-y. Since IFN-y treatment had no effect on
neutrophil numbers, the reduction of macrophages and lymphocytes
resulted in significantly increased percentage of neutrophils (Fig. S1).

In order to assess the functionality of lung and BALF cells upon IFN-y
or solvent treatment, cells of naive mice were isolated 12 h after
application, stimulated with LPS for additional 12 h, and production of
IL-6 and TNF-a measured in culture supernatants. IFN-y increased IL-6
and TNF-x secretion by lung cells upon LPS stimulation in a dose-
dependent manner (Fig. 2 A-B). In contrast, IFN-y treatment did not
augment the cytokine secretion by BAL cells upon LPS stimulation
(Fig. 2 C—D).

3.2. Efficacy and safety of IFN-y treatment after experimental stroke

In order to analyze whether local IFN-y application is efficient and
safe after experimental stoke, mice were treated with solvent or 1 pg
IFN-y one day after MCAo and infarct maturation as well as pro-
inflammatory cytokine response in BALF and plasma were quantified
and compared to solvent or 1 pg IFN-y treated naive mice (Fig. 3A).
Infarct size and pro-inflammatory cytokines in plasma including IL-6, KC
and TNF-u did not significantly differ between solvent and IFN-y treated
stroke mice 12 h after application (I'ig. 3 B—C). Analysis of [FN-y levels
in BALF from stroke animals showed no endogenous IFN-y secretion in
solvent treated mice, whereas administration of exogenous IFN-y one
day after ischemia resulted in significantly increased IFN-y levels in
BALF within 12 h (Fig. S2A). We also determined whether [FN-y treat-
ment is able to increase 1L-12 secretion, which in turn may induce the
secretion of endogenous IFN-y by T and NK cells. IFN-y treatment
resulted in a significant increase of 1L-12p40 in naive but not in MCAo
mice (Fig. $2B). These data indicate that IFN-y treatment is unlikely to
induce endogenous IFN-y production via IL-12 in strake mice. Pro-
inflammatory Cytokines in BALF including IL-6, KC and TNF-u and
cellular composition of the lung indicated no impact of [FN-y treatment
compared to solvent treated MCAo mice. Notably, we found non-
significantly elevated neutrophil counts in lung and IL-6 and KC
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cytokine levels in BALF as an indirect indicator of spontaneous bacterial
infections in several solvent treated stroke mice (Fig. 3 D-E). Ex vivo LPS
stimulation of lung single cell suspensions revealed that TFN-y is capable
to significantly increase TNF-u secretion by cells isolated from naive
mice. In contrast, IFN-y treatment did not result in significantly
increased TNF-a secretion by lung cells isolated from MCAo mice.
Additionally, TNF-o level were significantly diminished upon LPS
stimulation in MCAo mice compared to naive mice. Interestingly, overall
1L-6 level in supernatant of LPS stimulated lung cells from both MCAo
groups were higher than those found in naive mice. IFN-y was capable of
inducing in trend increased IL-6 levels upon LPS stimulation after
experimental stroke (Fig. 3 F).

3.3. Impact of IFN-y treatment on sponteneously developing infections
after experimental stroke

To investigate the impact of IFN-y treatment on spontaneously
developing infections, MCAo mice were treated with IFN-y or solvent
one day after stroke onset. Naive mice served as healthy controls. Infarct
size and bacterial burden in BALF (p = 0.1734) and lung (p = 0.2440)
determined 2 days after treatment (Fig. 4 A) were slightly reduced in
IFN-y treated mice but did not significantly differ between both MCAo
groups (Fig, 4 B—D). Regression analysis revealed no correlation be-
tween infarct size and bacterial burden in lung (Solvent: r = 0.08353, p
= 0.8186; IFN-y: r = 0.1394; p = 0.7009) (Fig. 4 E), indicating even
minor strokes may cause severe pulmonary infections. Since IFN-y is an
immunostimulatory cytokine, we analyzed the effect of [FN-y treatment
on pro-inflammatory cytokine levels in BALF and plasma during spon-
taneous pulmonary infection after stroke. 48 h after application, 0.6% of
the applied IFN-y concentration was still detectable in BALF and
significantly elevated compared to solvent treated mice but failed to
induce IP-10, IL-6, KC, MIP-1a or TNF-a secretion in BALF or plasma
(Fig. 4 F-G). Flow cytometric analysis of pulmonary and peripheral
leukocytes revealed that solvent treated mice showed a moderate in-
crease of neutrophils in lavage, probably as a consequence of the slightly
higher bacterial burden compared to IFN-y treated mice (Fiz. 4 H). Both
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Fig. 2. TFN-y treatment of naive mice enhanced cytokine secretion by lung but not BAL cells upon ex vive LPS stimulation. Lung and BAL cells were isolated 12 h after
solvent or IFN-y treatment and stimulated ex vivo with LPS for 12 h. IFN-y improved functionality of lung cells indicated by increasing IL-6 (A} and TNF-a level (B) in
cell culture supernatants. In contrast, IFN-y application decreased IL-6 (C) and TNF-u level (D) in supernatant of LPS stimulated BAL cells. Data from one experiment

(n = 3) are shown as scatter plots with mean + SD.
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MCAo groups showed the characteristic post stroke lymphopenia in lung
and spleen. IFN-y treatment had no impact on leukocyte composition in
lung and spleen (Fig. 4 I-J).

3.4. IFN-y treatment in a model of induced pneumococcal prieumonia
after experimental stroke

To determine the effect of IFN-y in a model of aspiration-induced
pneumococcal pneumonia after stroke, mice were treated with i.t.
IFN-y at day three and i.n. infected with 10,000 CFU S. pneumoniae at
day four after MCAo. Two days after infection infarct size, pathogen
clearance, cellular composition of lung, spleen and BALF as well as
cytokine secretion in BALF and plasma were examined (Fig. 5 A). Infarct
size and bacterial burden in BALF (p — 0.6) did not differ between IFN-y
and solvent treated mice (Fig. 5 B—C), whereas [FN-y treated mice
showed slightly increased bacterial burden in the lung (p = 0.2) (Fig. 5
D). IFN-y had no effect on IP-10 or cytokines in BALF and plasma during
spontaneous pneumonia after stroke, but slightly induced IP-10 in BALF
and significantly increased IP-10 levels in plasma during the course of
induced pneumococcal pneumonia. Additionally, IL-6 levels were
significantly increased in BALF from IFN-y compared to solvent treated
mice, while cytokines in plasma did not differ significantly (Fig. 5 E-F).
Analysis of cellular composition revealed significantly increased

lymphocytes in spleen and BALF as well as not significantly increased
neutrophil counts in BALF and slightly reduced macrophages in lungs of
IFN-y compared to solvent treated mice during the course of a pneu-
mococeal pneumonia (Fig. 5 G-1). In contrast, IFN-y had no effect on
cellularity in BALF, lung and spleen in the model of spontanecusly
developing infections.

4. Discussion

The main finding of the present study is that pulmonary adminis-
tration of IFN-y in strake mice is safe, having no effect on infarct size and
marginally improves pulmonary cytokine response. However, local
immunostimulation with IFN-y did not result in clinically meaningful
reconstitution of lung antibacterial defense after experimental stroke
and thus did not lead to significant prevention of spontaneous as well as
S. pneumoniae-induced pneumonia in mice.

Pneumonia is the most frequent, severe medial complication after
stroke and affects 7-22% of all stroke patients within the first few days
after stroke (Chamorro et al., 2007). Dysphagia and aspiration were
identified as the most commonly risk factors (Hoffmann et al., 2017;
Holas et al,, 1994; Perry and Love, 2001; Smithard et al., 1996).
Furthermore, it was shown that central nervous system injuries, like
stroke, induce a long lasting immunosuppression via overactivation of
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Bonferroni’s multiple comparisons for cytokine analysis and cellularity (F-J). Val

stress pathways, thereby contributing to the development of infections
after stroke (Meisel et al., 2005). Overactivation of the sympathetic
nervous system, parasympathetic nervous system and hypothalamic-
pituitary-adrenal axis results in a decrease of inflammatory cytokines
including IFN-y as well as stroke-induced apoptosis of I[FN-y producing
lymphoeytes contributing to the development of SAP (Meisel et al.,
2005; Prass et al., 2003; Santos Samary et al., 2016). IFN-y is essential

ues are given as mean + SD; **** indicates p = 0.0001.

for the cellular response to viral and microbial pathogens as it promotes
phagocytosis in macrophages, upregulation of chemokine and cytokine
expression and stimulation of antigen presentation in B cells, macro-
phages and dendritic cells. (Boehm et al., 1997; Murray, 1988; Schroder
et al., 2004). IFN-y induces the expression of the pro-inflammatory
chemokine IP-10 playing an important role in T cell migration and
stimulation of monocytes and NK cells (Neville et al., 1997). Studies in
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mice showed that the lack of IFN-y led to increased mortality and
diminished elimination of i.n. induced Legionella pneumophila infection
(Shinozawa et al., 2002). Similar findings were reported in a mouse
maodel of pulmonary Klebsiella pneumoniae infection (Moore et al,, 2002),
Additionally, IFN-y treatment was tested in clinical studies demon-
strating that different diseases such as tuberculosis, Mycobacterium
avium complex infections, scleroderma and fungal infections in immu-
nosuppressed patients were successfully treated with recombinant [FN-y
or adenovirus vectors expressing IFN-y (Miller et al., 2009). In proof-of-
principle clinical studies, immunomodulatory therapy was already

tested in septic patients with temporary immunosuppression demon-
strating that IFN-y and GM-CSF treatment successfully reconstituted
immune function and improved the clinical course (Docke et al., 1997;
Meisel et al,, 2009), These data suggest that local IFN-y application
could prevent development of SAP.

Several studies suggest that IFN-y contributes to brain damage and
neurodegeneration after experimental stroke. Myelin basic protein
promotor-IFN-y-transgenic mice showed significantly increased infarct
volumes compared to wild type (WT) littermates (Lambertsen et al.,
2004). Additionally, application of IFN-y neutralizing antibody 24 h, 48
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h, 72 h after stroke led to significantly decreased infarct volume
compared to controls (Seifert et al., 2014). Furthermore, it was shown
that splenic-derived TFN-y contributes to increased IFN-y protein level in
injured brain at 72 h following MCAo and splenectomy significantly
decreased IFN-y level (Seifert et al., 2012). To prevent systemic effects
worsening neurological outcome, we opted for a local, pulmonary IFN-y
treatment under visual control using bronchoscopy. Although IFN-y
translocated partially from lung into the blood having measurable sys-
temic effects, we found no negative impact on infarct size development,
indicating local application after experimental stroke is safe and there-
fore basically suitable for the treatment of SAP.

Data on local pulmonary IFN-y treatment in mice are scarce.
Therefore, we established an IFN-y dose suitable for treatment of SAP.
Mice treated with 10 pg or 50 pg IFN-y showed an intolerance and
impaired medical condition. In addition, we observed excessive TNF-u
level and IFN-y level in BAL 12 h post-application. It has been described
that an exaggerated secretion of TNF-o and IFN-y can lead to patho-
logical processes including increased oxidative and nitrosative stress,
cytotoxicity and tissue injury (Malaviya et al., 2017; Peterander] and
Herold, 2017; Tracey and PDA, 1994). Hence, high IFN-y concentrations
resulted in an unbalanced, overshooting inflammatory response and
were therefore unsuitable for treatment. In contrast, application of 1 pg
IFN-y was sufficient to induce IP-10 and TNF-u in BALF as well as dose-
dependently enhance IL-6 and TNF-u secretion by LPS stimulated lung
cells, suggesting that 1 pg IFN-y could be suitable for prevention of SAP
in mice. Interestingly, we observed that IFN-y pretreatment of LPS
stimulated BALF cells showed no improved TNF-u and IL-6 secretion.
TNF-w is mainly expressed by macrophages (Bazzoni and Beutler, 1996),
whereas IL-6 can be released by several immune cells including mac-
rophages, monocytes and T cells as well as from epithelial cells and
endothelial cells in response to inflammatory stimuli and tissue damage
(Choy and Rose-John, 2017; Crestani et al., 1994). We observed that i.t.
IFN-y application in naive mice changes the cellular composition of
BALF including a decrease of percentage of macrophages. In contrast,
macrophages in lung tissue were unaffected by IFN-y treatment, sug-
gesting that differences in cellular composition of lung and BALF seemed
to contribute to the contrary cytokine response to LPS stimulation.
Finally, the underlying mechanisms for the observed differences are not
conclusively clarified.

Whereas IFN-y application significantly enhanced pulmonary cyto-
kine response to LPS by lung cells isolated from naive mice, IFN-y
treatment resulted only in a minor increase of TNF-¢ secretion by lung
cells isolated from MCAo mice. These data indicate, that local IFN-y
administration may not fully recenstitute stroke-induced impaired
cytokine responses in lung and peripheral blood which have been
demonstrated already previously after experimental stroke (Fngel et al.,
2015). LPS stimulated blood cells showed diminished TNF-u secretion
12 h and 2 days after stroke compared to sham operated mice. Blockade
of the sympathetic nervous system by propranolol treatment prevented
the reduction of TNF-a secretion (Prass et al., 2003). Ex vivo stimulation
of lung cells with LPS confirmed an impaired TNF-a response, whereas
vagotomy performed 5 days before MCAo reversed the effect suggesting
also a role of cholinergic signaling in impaired TNF-a secretion after
stroke (Engel ef al., 2015). Stroke mice without pulmonary infections
showed significantly diminished cytokine levels including TNF-u, IL-18,
1L-17A, 1L-27, IL-1a in the lung compared to sham mice 72 h after sur-
gery (Farris et al., 2019). An impaired TNF-u response to LPS was also
shown in patients with trauma- or sepsis-associated immunosuppres-
sion. It was demonstrated that increased IL-10 and TGF-S1 levels in
septic patients contribute to monocyte deactivation and consequently to
LPS tolerance. PBMCs isolated from septic patients were pretreated with
or without IFN-y and stimulated with LPS. IFN-y treatment resulted in
significantly enhanced TNF-& response to LPS, but the response was
significantly lower than pretreated naive PBMCs (Dacke et al., 1997). A
clinical study demonstrated that stroke patients also showed increased
serum levels of [L-10 and TGF-pl (Jiang et al., 2017) suggesting that
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these anti-inflammatory cytokines could also contribute to an impaired
TNF-a response, which cannot be completely reconstituted by [FN-y
treatment. Furthermore, in vitro experiments demonstrated that IFN-y
treatment regulates TNF-a expression at the transcriptional level by the
transcription factors IFN regulatory factor-1 (IRF-1) and IRF-8 (Vila-del
Sol et al., 2008). Stroke leads to an overactivation of the cholinergic
signaling (Engel et al., 2015), whereby acetylcholine interacts with the
nicotinic acetylcholine receptors on macrophages and alveolar epithelial
cells and blocks the nuclear factor ‘kappa-light-chain-enhancer® of
activated B-cells (NF-xB) signaling, resulting in diminished TNF-u
expression (Ren et al., 2017), IRF-1 and NF-xB were shown to interact
and synergistically activate transcription, suggesting that [RF-1 and IRF-
2 cannot increase TNF-u transeription without NFxB (Drew et al., 1995;
Saura et al., 1999). IL-6 secretion by lung cells upon LPS stimulation was
also described to be impaired after experimental stroke (Engel et al.,
2015). In the present study, we observed significantly increased IL-6
secretion upon ex vivo LPS stimulation of lung cells from IFN-y treated
MCAo mice, suggesting that IFN-y is capable of reconstituting IL-6
response after experimental stroke by NF-«xB and IRF-1 independent
mechanisms. IFN-y is not only able to prime macrophages for an
enhanced and more rapid pro-inflammatory cytckine response to path-
ogens, but also to an increased IL-12 secretion by macrophages, which in
turn can increase the release of IFN-y by NK cells and induces the dif-
ferentiation of CD4* cells into TFN-y producing Th1 cells (Ma et al,
2015). Treatment of murine macrophages with recombinant IFN-y
resulted in induction of IL-12 mRNA expression beginning after 12 h
(Yoshida et al., 1994). In line with this observation, we found signifi-
cantly increased IL-12p40 levels in BALF of naive mice 12 h after i.t. [FN-
y administration suggesting that IFN-y treatment may induce endoge-
nous IFN-y production via IL-12 in immunocompetent hosts, However,
clinical studies showed significantly decreased 1L-12p70 levels in the
serum of stroke patients compared to healthy controls one day after
stroke onset (Vogelgesang et al., 2010). Additionally, analysis of blood
plasma of stroke patients demonstrated significantly increased expres-
sion levels of miRNA-21 (Lin et al., 2016), which was shown to inhibit
IL-12p35 expression resulting in diminished IL-12 production (Lu et al.,
2009). In contrast to naive mice, we found that applied IFN-y was not
capable of inducing pulmonary IL-12 production in stroke mice,
Whether this effect involves miRNA-21 dependent mechanisms remains
to be investigated. Our data indicate that IFN-y treatment did not result
in an induction of endogencus IFN-y production via IL-12 in stroke mice.

In our experimental stroke model, we previously demonstrated that
suppression of systemic immunity including decreased number of lym-
phocytes in blood and spleen along with diminished TNF-o and [FN-y
level in blood starting 12 h after stroke onset with a maximum at day 3
(Prass et al., 2003). In addition, pulmonary immunity was shown to be
impaired 24 h and 72 h after experimental stroke in mice (Farris et al.,
2019). Consequently, pulmonary infections were observed between day
2 and 5 in mice as well as in patients (Kishore et al., 2019; Prass et al.,
2003). These data indicate that immunostimulatory therapy has to be
applied early after stroke onset in order to be successful. Therefore, we
decided to apply IFN-y one day after MCAo to prevent spontaneous in-
fections. We found that pulmonary IFN-y treatment only slightly
reduced the frequency of spontaneously developing infections after
experimental stroke. Experiments in mice already demonstrated that
IFN-y plays an important rele in the immune response against pulmo-
nary infections. IFN-y-deficient mice showed a diminished clearance of
aspirated Klebsiella pnewmonia or Legionella pneumophila due to an
impaired neutrophil and lymphocyte recruitment as well as reduced pro-
inflammatory cytokines and increased 1L-10 responses (Moore et al.,
2002; Yoshida et al., 2001). Additionally, Pseudomonas aeruginosa
pneumonia treated with a recombinant adenovirus encoding murine
IFN-y improved pathogen clearance in a TNF-« independent manner (Lei
et al., 1997). Although IFN-y treatment in the present study showed an
immunostimulatory effect, the pulmonary immune response was not
sufficient to prevent spontaneously developing infection after
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experimental stroke.

In order to mimic aspiration-induced pneumococeal pneumonia, we
infected mice intranasally with 5. preumoniae serotype 3 at day 4 after
MCAo. Stroke mice instilled with pnewmococci serotype 2 developed
severe pulmonary infections, whereas sham operated mice and naive
mice were able to clear inoculated bacteria (Jagdmann et al., 2020;
Prass et al., 2006). In this study, we found that IFN-y treatment on day 3
after stroke onset did not improve the course of pneumocoecal pneu-
monia after experimental stroke. The beneficial role of IFN-y in
S. pneumoniae defense is still under debate. Whereas the LD (lethal dose)
50% of S. preumeniae serotype 2 in IFN-y deficient C57BL6/J mice was
20-fold lower compared to WT controls (Rubins and Pomeroy, 1997),
IFN-y-receptor deficient 129/Sv/Ev mice infected with serotype 3
showed a diminished bacterial burden and due to improved inflamma-
tory infiltrates and pathogen clearing (Rijneveld et al., 2002). It is well
known that mouse strains differ in their susceptibility to infections
(Gingles et al., 2001; Kadioglu and Andrew, 2005; Schulte-Herbriiggen
et al, 2006) and pneumococcal serotypes vary in pathogenicity
(Trzcinski et al., 2015). Therefore, it is likely that infection route, mouse
strain and pneumococcal serotype determine whether IFN-y supports or
impairs pulmonary pneumococcal defense. However, different in vivo
experiments provide evidence that IFN-y treatment has a negative effect
on the course of a pneumococcal pneumonia using the A66.1 strain, a
mouse-passaged derivative of the clinical isolate A66 NCTC 7978 (Gor
et al., 2005), used in this study. IFN-y treatment was shown to diminish
phagocytosis of alveolar macrophages resulting in an impaired bacterial
clearance of i.n. inoculated S. pneumoniae strain A66.1. In vitro experi-
ments confirmed the reduced uptake of bacteria by macrophages after
IFN-y exposition (Sun and Metzger, 2008). It is well known that IFN-y
induces the expression of three chemokines, CXCL9, CXCL10, and
CXCL11, that all bind to the chemokine receptor CXCR3 (Loetscher
etal., 1996; Metzemackers et al., 2018). Experiments in CXCR3 KO mice
demonstrated a reduced bacterial burden, attenuated inflammation, less
lung tissue damage and significantly improved survival upon in.
S. pneumonige strain A66.1 infection compared to WT littermates
(Seyoum et al., 2011). In summary, these data suggest that excessive
increased IFN-y levels could be harmful and result in an impaired
clearance of S, pneumonice strain A66,1. In the present study, we
observed significantly increased lymphocytes in spleen and BALF as well
as slightly increased neutrophils in BAL of IFN-y treated stroke mice.
Furthermore, pneumococcal infection resulted in a significant increased
116 response in IFN-y compared to solvent treated mice. These benefi-
cial immune responses contradict the increased susceptibility to
S. pneumoniae. The responsible mechanism for the observed effects on
the course of induced pneumococcal pneumonia after experimental
stroke remains unknown and reflects the importance of pathogen
identification in mice and human.

In line with clinical observations (Johnston et al., 1998; Katzan et al.,
2003; Meisel et al.,, 2005) not all mice suffered from spontanecus post
stroke infections. Since experimental stroke is close to the situation in
patients, the variability in onset and bacterial load as well as pathogen
spectrum result in a high demand of animals to achieve clear effects. In
contrast, aspiration-induced pneumococcal pneumonia is much more
reproducible, since every mouse is infected with a defined dose of a
known bacterial strain.

One limitation of the study is that we only tested single IFN-y
administration. Since repetitive inhalation of IFN-y might be more
effective, further investigations are required. The crucial limitation is
the lack of experimental replicates leading to a relatively small sample
size in the TFN-y dose escalation and in the TFN-y treatment of the
pneumococcal pneumonia after stroke. Since IFN-y doses exceeding 10
ng were absolutely intolerable and the TFN-y treatment of a pneumo-
coccal pneumonia worsened the clinical course of the infection, further
experiments would have represented a disproportionate violation of the
animal welfare rights and were therefore not justifiable. Therefore,
small to moderate effects are associated with insufficient power to detect
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differences between the treatment groups. Larger sample sizes would be
required to achieve sufficient statistical power and draw definite con-
clusions, However, our assumption that IFN-y administration has no
major beneficial effect seems reasonable.

5. Conclusions

In summary, our findings suggest that i.t. [FN-y treatment in exper-
imental stroke is safe having no negative impact on infarct size.
Although IFN-y resulted in beneficial effects on the pulmonary immune
response in healthy mice and in part also in spontancous SAP, our data
suggest that [FN-y i.t. treatment is not effective for prevention or early
treatment of SAP.
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Figure S1: IFN-y treatment changed cellular composition of BALF extracted from naive mice.
Cellularity of BALF analyzed 12 h after solvent or IFN-y application in naive mice indicate that
IFN-y resulted in a loss of macrophages and therefore a percentage increase of neutrophils in
BALF. Data are shown as bars with mean + SD (n=3) using two-way ANOVA and Dunn’s multiple
comparison compared to solvent treated mice as reference group; * indicates p<0.05; **
p<0.01
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Figure S2: Induction of pulmonary IL-12p40 by IFN-y treatment in naive but not in MCAo
mice. Analysis of IFN-y levels in BALF of stroke mice revealed no endogenous IFN-y secretion
in solvent treated mice 36 h after stroke onset. In contrast, IFN-y treatment one day after
MCAo resulted in significantly increased IFN-y levels in BALF within 12 h (A). IL-12p40 levels in
lavage fluid were analyzed 12 h after i.t. application of solvent or IFN-y in naive mice and
compared to stroke mice 36 h after MCAo. IFN-y significantly increased IL-12p40 secretion in
naive but not stroke mice (B). Data from one experiment (n=3-4) are shown as scatter plots
using Mann Whitney test or one-way ANOVA and Dunn’s multiple comparison.
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9 CURRICULUM VITAE

Mein Lebenslauf wird aus datenschutzrechtlichen Griinden in der elektronischen Version meiner

Arbeit nicht veroffentlicht.
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