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ZUSAMMENFASSUNG 

Bakterielle Pneumonien gehören zu den schwerwiegendsten Komplikationen nach 

Schlaganfall, deren zugrundeliegenden pathophysiologischen Mechanismen nur unzureichend 

verstanden sind. Eine Überaktivierung des autonomen und insbesondere auch des cholinergen 

Systems nach Schädigung des zentralen Nervensystems (ZNS) trägt maßgeblich zu einer schnell 

einsetzenden, temporären Immunsuppression und damit zur Entwicklung von Schlaganfall-

assoziierten Pneumonien (SAP) bei. Der α7 nikotinerge Acetylcholinrezeptor (nAChR) wurde im 

experimentellen Schlaganfall als wichtiger Mediator der beeinträchtigten Immunantwort in einer 

spontanen SAP identifiziert. Da in vitro Versuche auf eine Beteiligung von nicht-α7nAChR an einer 

pulmonalen Immunsuppression hinwiesen, wurde in der ersten Studie die Rolle von den in der Lunge 

exprimierten α2, α5, α7 und α9/10nAChR 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 führte letztlich nicht zur verbesserten Beseitigung des 

Erregers, was dafürspricht, dass nAChR die gestörte 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 komplementäre Motive zu aktiven 

Transkriptionsfaktoren in Monozyten, die unter anderem cholinerge Gene und Inflammation 

regulieren. Diese Befunde sprechen dafür, dass tRFs eine fundamentale Rolle in der Regulation der 

Immunantwort nach Schlaganfall spielen. Neben der cholinergen Überaktivierung kommt es auch zu 

einer Stimulation des sympathischen Nervensystems, was unter anderem zu einem IFN-γ-Defizit und 

damit zu einer gestörten bakteriellen Abwehr führt. In der dritten Studie wurde die intratracheale IFN-

γ Administration bei SAP im Mausmodell getestet. Die pulmonale IFN-γ Behandlung hatte keinen 

negativen Einfluss auf die Infarktreifung und kann daher in Bezug auf mögliche negative pro-

inflammatorische Effekte im ZNS als sicher betrachtet werden. Trotz einer Verbesserung der 

Lungenzell-Funktionalität in den IFN-γ behandelten Schlaganfall-Mäusen konnten spontane 

Pneumonien sowie Aspirations-induzierte Pneumokokken-Pneumonien nicht verhindert werden. 

Obwohl diese Arbeit im experimentellen Schlaganfall-Modell keinen Nachweis dafür erbringen konnte, 

dass durch eine cholinerge Blockade oder durch gezielte pulmonale Zytokin-Therapie die SAP 

verhindert werden kann, bieten die Ergebnisse eine Grundlage für neue Therapieansätze. Basierend 

auf den hier vorgelegten Daten könnten 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 α7 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-α7nAChRs contribute to pulmonary immunosuppression, the first 

study investigated the role of α2, α5, α7 and α9/10nAChRs, 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-γ-deficit and thus to 

an impaired bacterial defense. In the third study, intratracheal IFN-γ treatment of SAP was tested in a 

mouse model. Pulmonary IFN-γ 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-γ 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)-α, IL-12), chemokines (IL-8), prostaglandins and nitric oxide. Additionally, GC stimulates anti-

inflammatory mediators, including IL-10 and transforming growth factor β (TGF-β) and induces 

apoptosis of immune cells. Furthermore, GC downregulates the expression of major histocompatibility 

complex class II, 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 β-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-α, IL-1β 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)-γ 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-α, 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-α levels in serum and liver in response to intravenously applied endotoxin and vagus 

nerve stimulation diminished TNF-α 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 α7nAChR diminishing IL-6 and TNF-α 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 α-subunits (α1-10) and β-subunits (β1-4) [35]. Different 

combinations of α- and β-subunits can form heteromeric receptors with 5 subunits. Exclusively, the α7 

and α9 subunit can form homomeric receptors, whereas the α9 subunit is also capable of forming a 

heteromeric receptor with the α10 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 

α2, α5, α6, α7, α9 and α10 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 α7nAChR. Mice lacking the α7nAChR showed significantly increased pro-inflammatory cytokine 

secretion compared to WT littermates in response to ovalbumin immunization and LPS application 

[36,37]. Stimulation of the α7nAChR on macrophages resulted in significantly diminished TNF-α 

production and release [37]. Agonists of the α7nAChR prevented the activation of the NF-κB pathway 

and inhibited HMGB1 secretion [38]. The important role of the α7nAChR in the control and regulation 
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of inflammation sparked the interest to investigate the α7nAChR in the development and pathogenesis 

of different diseases. Experiments in mice have exhibited that stimulation of the α7nAChR 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 α7nAChR 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 α7nAChR knockout (KO) mice, suggesting a contribution of non-

α7nAChR 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 III 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-γ, 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-γ, 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-γ production in blood and visceral organs, as well as apoptosis of IFN-γ producing immune cells in 

lymphatic organs [22]. Since the pulmonary IFN-γ levels are also significantly diminished after 

experimental stroke [50], a local pulmonary administration of IFN-γ might be a suitable treatment 

option to prevent or treat SAP. 

https://www.sciencedirect.com/topics/medicine-and-dentistry/leukocyte
https://www.sciencedirect.com/topics/medicine-and-dentistry/cytokine-response
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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 β-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 α2, α5, α7 and α9/10nAChRs, 

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

bacterial clearance in an aspiration-induced pneumococcal pneumonia model after stroke.  
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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 für 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-γ 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 α2, α5, α7 and α9/10nAChR 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® II 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 β-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 

mChrnaalpha7 TCCGTGCCCTTGATAGCACA TCTCCCGGCCTCTTCATGCG 

mChrnaalpha9 CGGACGCGGTGCTGAACGTC AGACTCGTCATCGGCCTTGTTGT 

mChrnaalpha10 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 µm thick cryosections. Infarct size was determined by hematoxylin staining according to Harris.  

Total area of contralateral hemisphere (HAcontra) and area of not injured part of the ipsilateral 

hemisphere (HANipsi) were measured in 5 sections at defined regions using SigmaScan Pro 5 (Systat 

Software GmbH, Erkraht, Germany) as follows:  

A = Asection1 + 2 * Asection2 + 2 * Asection3 + 2 * Asection4 + Asection5. 

Infarct size was calculated with the following equation: 

% Infarct size =
HAcontra−HANipsi

HAcontra
∗ 100. 

 

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 µl) was 

applied [52,54]. To investigate the effect of IFN-γ treatment on an aspiration-induced pneumococcal 

pneumonia, C57BL/6J mice were infected intranasally (i.n.) with a suspension of 10,000 CFU/20 µl 

(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-γ treatment 

Mice were anesthetized and antagonized as described for the pneumococcal infection. IFN-γ 

(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 µl 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].  2x106 

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 

 Gr1  PE 

 Cd11b  PE-Cy7 

 F480  APC 

 Siglec F  APC-Cy7 

 CD11c  PB 

Table 2: List of antibodies used for flow cytometry. 

https://www.google.de/search?sxsrf=ALeKk01D6vuG92bFACLBTmiwmT6GZD4uRw:1607341936395&q=Waltham&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcWLWNnDE3NKMhJzd7AyAgDThZNCUQAAAA&sa=X&ved=2ahUKEwiKq5qp57vtAhUFMewKHd74DRUQmxMoATASegQIHBAD
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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-Grünwald-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 (2x106 cells/ml) were isolated and stimulated with 1 µg/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-α 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-Universitätsmedizin 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 (2x106 cells/ml) were stimulated with LPS (1 ng/ml, 0127:B8; 

Sigma), LPS and nicotine (300 µM, 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-α 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 α2, α5, α7, α9 and α10nAChRs are expressed in the lung of naïve mice  

We hypothesized that additional nAChRs besides the α7nAChR might be involved in the cholinergic 

pulmonary immunosuppression [33]. Therefore, the expression of different nAChRs in whole lung 

tissue homogenate, isolated from naïve C57BL/6J mice was investigated. Brain tissue served as a 

positive control. We found that α2, α5, α7, α9 and α10nAChRs 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 α2, α5, α7 and α9/10nAChRs 

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 α2, α5, α7, α9/10nAChR KO MCAo mice 

and WT MCAo littermates, three days after stroke. Naïve 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 naïve 

mice, 12 naïve mice were able to completely clear the induced infection. Three naïve 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 α2, α7, α9/10 KO MCAo and WT MCAo mice was significantly increased compared to 

naïve WT mice. Microbiological analysis of BALF one day after infection revealed similar results. 

Additionally, α9/10 KO MCAo mice showed significantly increased bacterial burden in blood compared 

to naïve 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 α2, α5, α7 and α9/10nAChRs 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.  

 
Figure 2: Gating strategy for defining lymphoid and myeloid cells in the lung. Dot plots show the strategy to evaluate 

neutrophils (Gr1high), interstitial macrophages (IMs) (Gr1−/SiglecF−/CD11bhigh/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. 



                                                                                                                    DISSERTATION | Sandra Jagdmann 
__________________________________________________________________________________ 

 

19 

 

 We found significantly diminished cell counts of IMs in α7, α9/10 KO MCAo and WT MCAo mice 

compared to naïve 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 α5 KO 

MCAo mice and WT MCAo mice, significantly diminished numbers of macrophages in α9/10 KO MCAo 

mice and WT MCAo mice and significantly reduced cell counts of lymphocytes in α5 and α9/10 KO 

MCAo mice compared to naïve 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-1α, KC and TNF-α levels in some MCAo mice compared to naïve 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 naïve 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-α levels 

were measured in supernatant. Unstimulated monocytes served as a control (Figure 3 A). We found 

that nicotine impaired LPS-induced TNF-α secretion, suggesting that TLR-induced TNF-α secretion in 

monocytes is regulated by cholinergic signals as a part of the cholinergic anti-inflammatory pathway 

(Figure 3 B) [58].  

 
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-α 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-γ treatment on post-stroke pneumonia 

3.3.1 Local pulmonary IFN-γ treatment improved in trend lung cell functionality in stroke mice  

Naïve mice were treated i.t. with different doses of IFN-γ to investigate the effect on TNF-α and 

IFN-γ-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 µg IFN-γ was enough to induce IP-10 in BALF 

and plasma and TNF-α in BALF. However, cellular composition of leukocytes in lung and BALF did not 

differ between mice treated with 1 µg IFN-γ and solvent (8.3 Selected publications: Study 3, Figure 1). 

In addition, to evaluate the effect of IFN-γ 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-α 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-α 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 µg or 50 µg resulted in an even stronger induction of TNF-α 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-γ dose of 1 µg was used [59]. 

To investigate the effect of IFN-γ treatment in the experimental stroke model, mice were treated 

with IFN-γ or solvent one day after MCAo. Naïve mice served as healthy controls (Figure 4 B). Cytokine 

analysis in BALF 12 h after administration revealed that IFN-γ was capable of inducing TNF-α secretion 

in naïve mice but not in stroke mice. In order to evaluate pulmonary cytokine response to LPS, lung 

cells were isolated from IFN-γ or solvent treated stroke or naïve mice 12 h after administration and 

stimulated ex vivo with LPS for 12 h. Cytokine analysis of supernatant showed that IFN-γ treatment 

resulted in an improved TNF-α response in stroke mice compared to solvent treated stroke mice. 

However, TNF-α levels were still significantly lower than in naïve mice. In contrast, IL-6 secretion in 

supernatant of lung cells was improved in IFN-γ 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]. 

  

Figure 4: Experimental setup to test the effect of local pulmonary IFN-γ application in naïve and stroke mice. (A) d0: i.t. IFN-
γ/solvent application in naïve 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-γ/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-γ treatment did not prevent spontaneous pulmonary infections after experimental stroke 

To test our hypothesis that local pulmonary IFN-γ treatment prevents spontaneously developing 

infections after stroke, mice were treated i.t. with IFN-γ 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-γ treated mice compared to solvent 

treated mice, however the infarct size did not correlate with bacterial burden in the lung. IFN-γ 

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].  

 

 

Figure 5: Experimental setup to investigate the effect of i.t. IFN-γ treatment on spontaneous pneumonia after stroke. d0: 

MCAo, d1: i.t. application of IFN-γ/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-γ 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-γ 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-γ or solvent administration, which 

was performed three days after MCAo (Figure 6). Analysis of bacterial burden revealed that IFN-γ 

slightly reduced pneumococcal clearance compared to solvent treated mice, whereas infarct size did 

not differ between the groups. IFN-γ treated mice showed significantly increased IL-6 levels, as well as 

slightly increased MIP-1α 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-γ treated mice, whereas pro-

inflammatory cytokines, including IFN-γ, 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].  



                                                                                                                    DISSERTATION | Sandra Jagdmann 
__________________________________________________________________________________ 

 

23 

 

 

Figure 6: Experimental setup to investigate the effect of i.t. IFN-γ treatment on the course of a pneumococcal pneumonia 
after experimental stroke. d-1/d0: spontaneously developing infections were prevented by antibiotic treatment with 
marbofloxacin; d0: MCAo, d3: i.t. application of IFN-γ/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-γ therapy to reconstitute the pulmonary antibacterial immune 

response was tested in an experimental mouse model to prevent SAP (Figure 7).  

  

 

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 β2 
adrenergic receptor (β2 AR) and the nicotinic acetylcholine receptor (nAChR), mediating impaired pro-inflammatory cytokine 
secretion by macrophages and alveolar epithelia cells, an impaired IFN-γ 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 α2, α5, α7, α9/10nAChRs (study 1), as well 
as small RNAs (study 2) in the cholinergic immunosuppression after stroke and the effect of i.t. IFN-γ 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 in immunosuppression [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 

α7nAChR [33]. Moreover, we found that besides α7nAChR, α2, α5 and α9/10nAChRs 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 naïve 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 α2, α5, α7, α9/10nAChRs 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 α7nAChR 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 α7nAChR 

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 α7nAChRs 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-α, IL-1, IL-

18, IL-1β, 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 α7nAChR: stimulation of porcine AMs 

with LPS (major component of the outer surface of Gram-negative bacteria) induced significantly 

increased IL-1β, IL-6, TNF-α 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-α secretion, 

whereas IL-1β, 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-α, IL-6 and IL-10 levels, whereas Gram-positive 

bacteria did not induce TNF-α, 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-α secretion in the lung during a Gram-

positive pneumococcal pneumonia (serotype 2) after stroke. Therefore, it would be interesting to 

investigate the role of α2, α5, α7 and α9/10nAChRs 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 naïve 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 α2, α5, α7 and α9/10nAChRs 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 (Zbp1). 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-α 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-γ treatment on SAP 

Increased cholinergic signaling diminishes, among others, the IFN-γ secretion by T cells, 

whereas the stroke-induced overactivation of the SNS results in apoptosis of IFN-γ producing immune 

cells in lymphatic organs [22,88]. The reduced IFN-γ 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-γ to (partially) reconstitute the 

immune function after stroke and investigated the effect on SAP. Experiments in mice have shown that 

IFN-γ contributes to neurodegeneration and brain damage after stroke [89,90]. To prevent a worsened 

neurological outcome, we chose a local pulmonary IFN-γ administration.  On the one hand, we tested 

the efficacy of i.t. IFN-γ 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-γ 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 2×107 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-γ: IFN-γ 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-γ treatment 

after stroke. The effect of IFN-γ on a pneumococcal pneumonia was tested with conflicting results: IFN-

γ-receptor deficient 129/Sv/Ev mice infected with serotype 3 showed an improved bacterial clearance, 

whereas IFN-γ deficient C57BL6/J 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-γ treated stroke mice. Experiments in 

mice showed that influenza virus infection results in significantly increased IFN-γ levels (up to 7.5 

ng/ml) in the BALF, diminishing the pneumococcal clearance serotype 3 by AMs. I.n. inoculation of IFN-

γ 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-γ 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-γ-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-γ concentrations in 

BALF and therefore not to an impaired phagocytosis. Experiments in mice already demonstrated that 

IFN-γ 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-γ 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 naïve 

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-γ 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-γ 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-γ 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-γ in the whole lung is not ensured and on 

the other hand, that we tested only a single IFN-γ administration. To investigate the efficacy of i.t. 

applied IFN-γ 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-γ 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 α2, α5, α7 and α9/10nAChR 

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 α7nAChRs showed promising results in the prevention of spontaneous pneumonia 

after stroke, the inhibition of α2, α5 and α9/10nAChR 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-γ application to 

reconstitute pulmonary antibacterial immune response and prevent SAP. Local pulmonary IFN-γ 

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-γ 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-γ 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 β2 adrenergic receptor 

[110] or the nAChR [111] and therefore could possibly also used as a therapy for the prevention of SAP. 

 

https://www.sciencedirect.com/topics/medicine-and-dentistry/mucormycosis
https://www.sciencedirect.com/topics/medicine-and-dentistry/t-cell-proliferation
https://www.sciencedirect.com/topics/medicine-and-dentistry/cytokine-production
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Supplement 

 

Figure S1: IFN-γ treatment changed cellular composition of BALF extracted from naïve mice. 
Cellularity of BALF analyzed 12 h after solvent or IFN-γ application in naïve mice indicate that 
IFN-γ 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 

 

 

 

Figure S2: Induction of pulmonary IL-12p40 by IFN-γ treatment in naïve but not in MCAo 
mice. Analysis of IFN-γ levels in BALF of stroke mice revealed no endogenous IFN-γ secretion 
in solvent treated mice 36 h after stroke onset. In contrast, IFN-γ treatment one day after 
MCAo resulted in significantly increased IFN-γ 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-γ in naïve mice and 
compared to stroke mice 36 h after MCAo. IFN-γ significantly increased IL-12p40 secretion in 
naïve 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 Gründen in der elektronischen Version meiner 

Arbeit nicht veröffentlicht. 
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