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1. INTRODUCTION

1.1. Epidemiology of stroke

Stroke is one of the leading causes of long-term disability and the second leading cause
of death, making it a significant global health burden (Feigin et al., 2021, Benjamin et
al., 2019). Among all stroke patients, the majority suffer from ischemic stroke (62.4%),
while the remaining cases are intracerebral hemorrhage (ICH) stroke (27.9%) and
subarachnoid hemorrhage (SAH) stroke (9.7%) (Feigin et al., 2021). Stroke brings great
economic burden to the society. Only in the U.S. in 2014 to 2015, the direct and indirect
costs associated to stroke were estimated to be 45.5 billion dollars, and the total direct
stroke-related costs are projected to be more than 94.3 billion dollars in 2035 (Benjamin

etal., 2019).

1.2. Pathophysiology of ischemic stroke

The occlusion of a cerebral artery induces focal ischemia and infarct development. The
cessation of blood supply elicits the neural cell death (Shi et al., 2019). Intracellular
molecules named damage-associated molecular patterns (DAMPs) are released that
initiate inflammatory responses via pattern recognition receptors (PRRs) (Endres et al.,
2022). Microglia, resident immune cells in the brain, are the first to receive these signals,
undergo morphological changes from ramified to amoeboid, and release cytokines and
chemokines. Simultaneously, they begin to migrate towards the site of injury (Iadecola
et al., 2020, Endres et al., 2022).

The local hypoglycemic and hypoxic state can also cause damage and death of
vascular cells constituting the blood-brain barrier, leading to the disruption of the
blood-brain barrier (Jiang et al., 2018). With the influence of DAMPs, cytokines, and
chemokines, peripheral immune cells infiltrate the damaged brain tissue through the
compromised blood-brain barrier (Bernardo-Castro et al., 2020, Jiang et al., 2018).

These infiltrated immune cells can exacerbate the immune reaction and promote the



growth of the ischemic infarct into penumbral areas (Iadecola et al., 2020).

After the onset of ischemic stroke, the resident astrocytes in brain are stimulated by
the inflammatory factors, and start to form the glial scar (Dzyubenko et al., 2018). This
glial scar can limit inflammation and infection to the affected brain tissue (Bush et al.,
1999, Dzyubenko et al., 2018). Along with the formation of scar tissue, immune cells
with phagocytic functions, such as microglia, macrophages, and neutrophils,
simultaneously engulf and clear the debris of dead cells, eventually establishing a

stabilized stroke lesion (Neumann et al., 2009, Jia et al., 2021, ladecola et al., 2020).

1.3. Current status and exploration of therapies for ischemic stroke

Tissue plasminogen activator (tPA) is a serine protease with thrombolytic function,
which is the only drug approved by the U.S. Food and Drug Administration (FDA) for
the treatment of ischemic stroke (Barthels and Das, 2020). A clinical trial published in
1995 revealed that compared to the placebo control group, patients treated with tPA
were 30% more likely to be assessed as having minimal or no disability three months
after a ischemic stroke (National Institute of Neurological Disorders and Stroke rt-PA
Stroke Study Group, 1995). However, tPA treatment still has limitations, such as the
narrow therapeutic time window, which is approximately 4.5 hours (Hacke et al., 2008).
The application of tPA beyond the therapeutic time window may increase the risk of
hemorrhagic transformation, leading to more severe consequences (Barthels and Das,
2020). Additionally, even in therapeutic time window, tPA application can also bring
some risks like anaphylaxis and systemic bleeding (Barthels and Das, 2020, National
Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group, 1995).

In recent years, the clinical utilization of endovascular mechanical thrombectomy
has been swiftly evolving. For ischemic stroke patients with large artery occlusion who
do not respond well to tPA treatment, mechanical thrombectomy was shown to enhance
stroke outcome (Evans et al., 2017). The therapeutic time window for mechanical

thrombectomy is within 6 hours after the onset of ischemic stroke, longer than tPA's 4.5



hours (Evans et al., 2017). Moreover, some recent clinical trials have indicated that,
when combined with standard medical therapy the time window for mechanical
thrombectomy may be extended to 16 hours (Albers et al.,, 2018) or even 24 hours
(Nogueira et al., 2018) after the occurrence of ischemic stroke. This therapeutic
approach also faces some challenges, such as high requirements for patient eligibility
(Jadhav et al., 2018), potentially resulting in severe complications like vessel
perforation, symptomatic intracranial hemorrhage, subarachnoid hemorrhage, and
arterial dissection (Ganesh and Goyal, 2018).

The ischemic core refers to the region where blood supply is reduced by more than
80% of baseline due to vascular occlusion. Cells within this area rapidly die due to
severe ischemia, resulting in irreversible damage (Moskowitz et al., 2010). By contrast,
the peripheral area of ischemia, known as penumbra, experiences a milder blood flow
deficit. Neurons in this area stop functioning due to insufficient blood flow but remain
alive (Lo, 2008, Iadecola et al., 2020). With time, neurons in the penumbra also die due
to persistent insufficient blood flow, inflammatory responses, programmed cell death,
and other reasons, thereby losing the therapeutic opportunity (Lo, 2008, Moskowitz et
al., 2010). Researchers have made efforts in areas such as recanalization, reducing
inflammation, inhibiting programmed cell death, and minimizing microthrombus
formation. However, up to this point, the only successful clinical translations have been

tPA and mechanical thrombectomy (Lu et al., 2019, Barthels and Das, 2020).

1.4. Stroke-associated pneumonia

A variety of complications, such as infections, gastrointestinal bleeding, myocardial
infarction, deep vein thrombosis, and others, may occur after cerebral infarction (Kumar
et al., 2010). Specifically, the incidence of infections can reach up to 30% (Westendorp
et al., 2022). Among these infections, pneumonia and urinary tract infections are the
most common (Westendorp et al., 2011). Particularly, pneumonia significantly escalates

the unfavorable outcome and mortality of ischemic stroke patients (Chamorro et al.,



2012, Westendorp et al., 2022).

Currently, several factors are considered to be involved in the occurrence of
stroke-associated pneumonia. Stroke-induced immunodepression is one of the factors
(Westendorp et al., 2022). This stroke-induced immunodepression is thought to be
associated with DAMPs and cytokines. After ischemic stroke onset, DAMPs and
cytokines not only trigger local inflammatory responses but are also released into the
peripheral circulation, resulting in transient immune system activation initially, followed
by long-lasting immunodepression (Westendorp et al., 2022). Additionally, this
immunodepression is also thought to be related to the activation of sympathetic nervous
system  (SNS), the parasympathetic nervous system (PNS), and the
hypothalamus-pituitary-adrenal (HPA) axis (Liu et al.,, 2018). Lymphopenia and
increased neutrophil-to-lymphocyte ratio are thought to be the main manifestations of
stroke-induced immunodepression (Westendorp et al., 2022). Some researchers have
begun exploring the use of neutrophil-to-lymphocyte ratio to predict the prognosis of
ischemic stroke patients (Xu et al., 2023, Sharma et al., 2022). Presently, there is a
perspective suggesting that the immunodepression serves as a protective mechanism of
the body, to protect the brain from further inflammatory responses (Liu et al., 2018).
However, it increases the risk of infections (Ghelani et al., 2021).

In addition, some studies have suggested that the brain-gut axis may also be
involved in the development of post-stroke pneumonia (Li et al., 2023, Stanley et al.,
2016). And some general risk factors, such as dysphagia, impaired consciousness, and
mechanical ventilation are also thought to be related to the formation of pneumonia post
stroke (Endres et al., 2022). It is important to note that in some patients with pneumonia
post ischemic stroke, there are no causative infectious agents detected. This might be
related to sterile lung injury, known as pneumonitis, which is caused by the inhalation of
gastric acid. Alternatively, it could be due to anaerobic bacteria that require special
culturing techniques (Kumar et al., 2010, Westendorp et al., 2011). Among the patients

with bacterial pneumonia post stroke, the most commonly detected pathogens are
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Streptococcus pneumoniae, Klebsiella pneumoniae, Escherichia coli, Staphylococcus
aureus, Pseudomonas aeruginosa, and Acinetobacter baumannii (Westendorp et al.,
2022).

At present, the main treatments for stroke-associated pneumonia are administering
antibiotics and providing supportive care (Ghelani et al., 2021). However, antibiotics
can affect the gut microbiota, which has been reported to potentially worsen the
prognosis of ischemic stroke (Singh et al., 2016). Some clinical trials have attempted
the prophylactic use of antibiotics to prevent the occurrence of stroke-associated
pneumonia, however, these attempts have neither improved outcomes nor reduced the
incidence of stroke-associated pneumonia (Endres et al., 2022, Westendorp et al., 2021).
Furthermore, some investigations into the application of B-blockers and IFN-y for the
therapeutic and prophylactic management of stroke-associated pneumonia have been
conducted, but all these explorations failed to show satisfactory results (Westendorp et
al., 2022, Balla et al., 2021, Jagdmann et al., 2021).

It is widely recognized that stroke-associated pneumonia significantly worsens the
prognosis of stroke patients (Endres et al., 2022). Most of the research to date
concentrate on elucidating the mechanisms underlying the onset of stroke-associated
pneumonia. Conversely, the exploration of mechanisms through which pneumonia
influences the outcome of stroke patients is comparatively limited. A study suggested
that the inflammatory response triggered by infection may elicit detrimental T helper
cell type 1 (Th1) responses against cerebral antigens, including myelin basic protein and
glial fibrillary acidic protein. These responses correlated with a decline in post-stroke
functional outcomes and an expedited deterioration in cognitive abilities within the first
year following stroke (Oh and Parikh, 2022, Becker et al., 2016). Additionally, a study
indicated that the impact of stroke-associated pneumonia on stroke prognosis may be
associated with interleukin 1 (IL-1) and platelet glycoprotein Iba (GPIba) (Denes et al.,
2014). Overall, the underlying mechanisms by which stroke-associated pneumonia

impairs the prognosis of stroke remain unclear.
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1.5. Role of neutrophils in ischemic stroke and pneumonia

As the most abundant leukocytes of the immune system, neutrophils play a vital role in
the progression and recovery of ischemic stroke (Hermann and Gunzer, 2019).
Neutrophils begin to infiltrate the infarcted brain tissue within a short time after a stroke
occurs. Within 2 hours of the occurrence of a stroke, neutrophil rolling and adhesion
begin to appear in the pial vessels (Kataoka et al., 2004, Hallenbeck et al., 1986).
Neutrophils start to infiltrate into the brain tissue 6 to 8 hours after the onset of the
ischemic stroke, and the infiltration reaches its peak at 24 to 48 hours (Jickling et al.,
2015, Hallenbeck et al., 1986, Watcharotayangul et al., 2012). The accumulation of
neutrophils in the brain can increase the infarct volume, exacerbate blood-brain barrier
(BBB) disruption, and worsen the prognosis of ischemic stroke (Hermann and Gunzer,
2019, Jickling et al., 2015). Animal experiments have demonstrated that the depletion of
neutrophils using lymphocyte antigen 6 complex locus G (Ly6G) antibodies can provide
cerebral protection and improve neurological function recovery in animals after
ischemic stroke (Yan et al., 2023, Neumann et al., 2015). Nevertheless, neutrophils are a
crucial component of the human immune system. The clinical translation of neutrophil
depletion strategies is impossible (Yan et al., 2023). Additionally, some animal
experiments have found that injections of C-X-C motif chemokine receptor 2 (CXCR2)
inhibitors, intercellular adhesion molecule 1 (ICAM-1) antibody, or very-late-antigen-4
(VLA-4) blockade can prevent neutrophils from infiltrating into brain tissue, thereby
providing cerebral protection (Herz et al., 2015, Neumann et al., 2015, Zhang et al.,
1995). However, clinical trials have shown that these methods cannot significantly
improve the recovery of ischemic stroke patients (Hermann and Gunzer, 2019,
Enlimomab Acute Stroke Trial, 2001).

Upon the occurrence of infection, neutrophils are rapidly released and migrate to
the site of infection to engulf pathogens (Marsh et al., 1967, Liew and Kubes, 2019).
Additionally, activated neutrophils can release DNA, histones, elastase, and other

components to form a web-like structure known as neutrophil extracellular traps (NETs)
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(Brinkmann et al., 2004). NETs have been reported to capture and kill pathogens,
including bacteria, fungi, viruses, and parasites (Papayannopoulos, 2018). Furthermore,
evidence from other animal studies suggest that the formation of NETs may contribute
to the unfavorable outcomes of ischemic stroke, rendering NETs a potential target for

ischemic stroke treatment (Denorme et al., 2022, Kang et al., 2020).

1.6. Aim of the study

Considering the high incidence rate of pneumonia among ischemic stroke patients and
its detrimental impacts on the prognosis, it is particularly important to investigate the
effects of pneumonia on the recovery of ischemic stroke and its underlying mechanisms,
as well as to explore potential treatment strategies. In this study, we aimed to use middle
cerebral artery occlusion (MCAO) mouse models to (1) evaluate the impact of
experimentally induced Streptococcus pneumoniae pneumonia on ischemic injury and
stroke recovery; (2) investigate the underlying mechanism of the effects; and (3) explore

treatments to improve stroke outcome.
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2. MATERIALS AND METHODS

2.1. Legal issues, animal housing, randomization and blinding

All procedures were conducted with the consent of responsible local authorities
(Bezirksregierung Diisseldorf) and complied with EU regulations (Directive
2010/63/EU) regarding the care and use of laboratory animals. Results were reported in
accordance to Animal Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines. Experiments were strictly randomized. Throughout the study, the researcher
conducting the animal experiments, behavioral assessments, and histochemical analyses
was completely blinded at every stage by another researcher who prepared the injectable
solutions. These solutions with dummy names (A and B) were unblinded after
termination of the study. Mice were kept in a regularly inversed 12-hour light/ 12-hour
dark cycle in groups of 5 animals/ cage. All mice had free access to food and drinking
water. Behavioral tests and animal surgeries were always performed in the morning

hours throughout the study.

2.2. Focal cerebral ischemia

MCAO mouse models were induced as described before (Yin et al., 2023). Using an
animal anesthesia apparatus (Figure 1A), 10~12 weeks old male C57BL6/j mice
(Envigo, Darmstadt, Germany) were anesthetized by a gas mixture consisting of 1.5%
isoflurane, 30% oxygen, with the remainder being nitrous oxide. 150 upl of
buprenorphine (0.1 mg/kg) was injected subcutaneously for analgesia. During the
surgery, the rectal temperature was monitored and kept at 37°C using a
feedback-controlled heating system (Figure 1B). A surgical microscope (Figure 1C)
was utilized for surgical field inspection. A flexible probe was attached to the skull of
the animal, positioned over the central area of the middle cerebral artery territory, to
record the cerebral blood flow by laser Doppler flowmetry (LDF) monitoring system

(Figure 1D). Following the execution of a midline cervical incision, the left common
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carotid artery (CCA), internal carotid artery (ICA), and external carotid artery (ECA)
were subsequently exposed (Figure 1E). The CCA and ECA were ligated by sutures,
while the ICA was subjected to temporary clipping. A silicone-coated 7.0 nylon
monofilament was inserted into the CCA via a minor incision and pushed forward
through ICA to the division of the middle cerebral artery (Figure 1F). Blood flow was
halted for 30 minutes, after which the filament was removed to start reperfusion. The
incisions were carefully stitched. For the initial 3 days following the stroke, the animals
were administered daily intraperitoneal injections of carprofen (4 mg/kg). All equipment

and materials used in surgery are listed in Table 1.

Figure 1. Main surgery instruments and surgical fields
(A) Animal anesthesia apparatus. (B) Feedback-controlled heating system. (C)
Surgical microscope. (D) LDF monitoring system. (E) Exposure of CCA, ECE and ICA

in surgery. (F) Monofilament was inserted and pushed into CCA.
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Table 1. Equipment and materials used in surgery

Equipment and materials

Manufacturer

Animal anesthesia apparatus

Feedback-controlled heating system

Surgical microscope

LDF monitoring system

Silicon-coated monofilament (Cat#
702234PK5Re)

Isoflurane

Buprenorphine

Carprofen

Silk suture 5-0 (Cat# K890H)

Silk suture 7-0 (Cat# EH7464G)

Spring scissors (Cat# 15024-10)
Standard scissors (Cat# 14568-12)
Vannas spring scissors (Cat# 15000-00)
Halsey micro needle holder (Cat# 12500-
12)

Drager Trajan 808, QMS Medical
Technology, Germany

Fluovac, Harvard Apparatus, Holliston,
MA, U.S.A.

Carl Zeiss, Oberkochen, Germany
Perimed Instruments, Rommerskirchen,
Germany

Doccol, Sharon, MA, USA

Piramal Critical Care, Hallbergmoos,
Germany

Reckitt Benckiser, Slough, U.K.

Bayer Vital, Leverkusen, Germany
Ethicon, Norderstedt, Germany

Ethicon, Norderstedt, Germany

Fine Science Tools, Heidelberg, Germany
Fine Science Tools, Heidelberg, Germany
Fine Science Tools, Heidelberg, Germany

Fine Science Tools, Heidelberg, Germany

2.3. Animal allocation

After MCAO surgery, animals were randomly assigned to the following experimental

groups. Numbers of animals in each group can be found in Table 2.
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Table 2. Animal allocation

Animal set Group Number
Vehicle 7
Set 1 Amoxicillin 7
(2 dpp) Pneumonia/ vehicle 7
Pneumonia/ Amoxicillin 7
Vehicle 8
Set 2 Amoxicillin 8
(Flow cytometry) Pneumonia/ vehicle 7
Pneumonia/ Amoxicillin 8
Vehicle 8
Set 3 Amoxicillin 9
(7 dpp) Pneumonia/ vehicle 8
Pneumonia/ Amoxicillin 9
Vehicle 8
Set 4 Amoxicillin 8
(14 days) Pneumonia/ vehicle 8
Pneumonia/ Amoxicillin 8
Vehicle 12
Set 5 Amoxicillin 12
(56 dpp) Pneumonia/ vehicle 11
Pneumonia/ Amoxicillin 12
Isotype 6
Set 6

Ly6G antibody 7

(Neutrophil
Pneumonia/ Isotype 7

depletion)
Pneumonia/ Ly6G antibody 7
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Vehicle 6
Set 7 DNase | 8
(DNase I) Pneumonia/ Vehicle 6
Pneumonia/ DNase I 7

Vehicle 10
Set 8 LDC7559 8
(LDC7559) Pneumonia/ Vehicle 7
Pneumonia/ LDC7559 8

Total 259

2.4. Streptococcus pneumoniae culture and pneumonia induction

The cultivation of bacteria and induction of pneumonia have previously been described
(Zec et al., 2023). For the lung infection, a strain of pneumococcal serotype 1 (S.
pneumoniae SV1, ATCC 33400) was employed. S. pneumoniae were incubated at 37°C
overnight on Columbia blood agar plates (Oxoid, PB5039A). Individual colonies were
then picked and propagated in 10 ml of Brain—Heart Infusion Broth (Thermo Fisher
Scientific, Im Steingrund 4-6, 63303 Dreieich, Germany), until they reached the
mid-logarithmic phase of growth (OD600 = 0.045-0.055; measured with NanoDrop
1000). After reaching the desired growth phase, 800 ul of the bacterial culture was
mixed with 200 pl of 86% glycerol and stored at —80°C for future use. To prepare for
the actual infection, S. pneumoniae were cultured again to the mid-logarithmic phase,
then collected by centrifugation at 1,500g for 10 minutes at 4°C. The collected bacterial
pellet was then resuspended in 550 pl of phosphate-buffered saline (PBS). For the
infection procedure, 50 pl of the bacterial suspension, containing approximately 1 x 108
colony-forming units (CFUs) of S. pneumoniae, was administered per animal.

3 days post stroke, the animals were subjected to pneumonia induction. Initially,
anesthesia was administered through an intraperitoneal injection, consisting of 80 mg/kg

of ketamine and 10 mg/kg of xylazine. Subsequently, the mouse was positioned at a
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60-degree angle on a self-made stand and secured with Velcro straps. A small rubber
band was employed to hold the mouse's teeth in place, while gently pulling out the
tongue. A 22-gauge, blunt-ended cannula was then carefully inserted into the trachea of
the mouse, aided by a specialized small-animal laryngoscope (73-4867, Harvard
Apparatus, Holliston, MA, U.S.A.). After the needle's removal, a volume of 50 pul of the
bacterial suspension was administered into the cannula using a pipette. To ensure the
liquid was evenly distributed throughout the lungs and to assist in breathing, the

MiniVent 845 (73-4867, Harvard Apparatus) ventilator was connected to the cannula.

2.5. Drug administration

Three hours following the induction of pneumonia, the animals received a subcutaneous
(s.c.) injection of the antibiotic amoxicillin (15 mg/kg; Duphamox LA; Zoetis, Berlin,
Germany) or an equivalent volume of vehicle (Lipovends MCT 20%; Fresenius Kabi,
Bad Homburg, Germany). This injection process was carried out every 8 hours until the
third day post-pneumonia (dpp), in a total of nine injections (Abgueguen et al., 2007).

For neutrophil depletion, an intraperitoneal (i.p.) injection of 200 pg of anti-Ly6G
antibody (clone 1A8; BioXCell, West Lebanon, NH, USA) or a control IgG (clone 2A3;
BioXCell) was administered 24 hours before the induction of pneumonia and again 24
hours following the induction of pneumonia (Wang et al., 2020).

To degrade circulating DNA, Deoxyribonuclease I (DNase I; 11284932001; Roche,
Basel, Switzerland) was administered through an intravenous (i.v.) injection at a dosage
of 10 pg and through an i.p. injection at a dosage of 50 pg 30 minutes before inducing
pneumonia. The i.p. injection was then repeated at 12-hour intervals until the time of
animal euthanasia. For control treatment, a comparable volume of vehicle was
administered following the same protocol (Kang et al., 2020).

To inhibit the formation of NETs, the gasdermin D inhibitor LDC7559 (10mg/kg;
HY-111674; MedChemExpress, Monmouth Junction, NJ, U.S.A.) was dissolved in

DMSO for stock, and then further diluted in corn oil for injection. It was i.p. injected
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(10 mg/kg) about 30 minutes prior to pneumonia. An equivalent volume of vehicle was

injected using the same method for the control group (Tuz et al., 2024).

2.6. Neurological deficit score

Neurological deficits were blindly assessed blindly by modified Clark score, which
contains two parts, general deficits and focal deficits (Clark et al., 1997). The total score
ranges from 0 (healthy) to 39 (the worst) (Table 3). Assessments were conducted daily

up to 7 dpp, then on days 9, 11, and 14, followed by weekly assessments until 56 dpp.

Table 3. Modified Clark score

General deficits (total score 0-13)

1. Hair (score 0-2)

Mouse observed on open bench top. Observation with no interference.
1.1. Hair neat and clean. 0
1.2. Lack of grooming, piloerection and dirt on the fur around nose and eyes. 1
1.3. Lack of grooming, piloerection and dirty coat, extending beyond just nose 2
and eyes.

2. Eyes (score 0-4)

Mouse observed on open bench top. Observation with no interference or

stimulation.
2.1. Open and clear (no discharge). 0
2.2. Open and characterized by milky white mucus. 1
2.3. Open and characterized by milky dark mucus. 2
2.4. Eyes clotted (one or both sides). 3
2.5. Closed. 4

3. Posture (score 0-4)

Place the mouse on the palm of your hand and rock gently to observe stability.
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3.1. The mouse stands in the upright position on four limbs with the back
parallel to the palm. During the rocking movement, it uses its limbs to
stabilize itself.
3.2. The mouse stands humpbacked. During the rocking movement, it lowers
its body instead of using its limbs to gain stability
3.3. The head or part of the trunk lies on the palm.
3.4. The mouse reclines to one side but may be able to turn to an upright
position with some difficulty.
3.5. No upright position possible.
4. Spontaneous activity (score 0-3; duration 1 minute)
Mouse observed on open bench top. Observation with no interference or
stimulation.
4.1. The mouse is alert and explores actively.
4.2. The mouse seems alert, but it is calm and quiet and it starts and stops
exploring repeatedly and slow.
4.3. The mouse is listless, moves sluggishly but does not explore.
4.4. The mouse is lethargic or stuporous and barely moves during the 1

minute.

Focal deficits (total score 0-26)
5. Body symmetry (score 0-2)
Mouse observed on open bench top. Observation of undisturbed resting behavior
and description of the virtual nose-tail line.
5.1. Normal. a, Body: normal posture, trunk elevated from the bench, with
forelimbs and hindlimbs leaning beneath the body; b, Tail: straight.
5.2. Slight asymmetry. a, Body: leans on one side with forelimbs and
hindlimbs leaning beneath the body; b, Tail: slightly bent.
5.3. Moderate asymmetry. a, Body: lean on one side with forelimbs and

hindlimbs stretched out; b, Tail: slightly bent.
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6. Gait (score 0-4)

Mouse observed on open bench top. Observation of undisturbed movements.
6.1. Normal. Gait is flexible, symmetric, and quick.
6.2. Stiff, inflexible. The mouse walks humpbacked, slower than normal
mouse.
6.3. Limping with asymmetric movements.
6.4. More severe limping, drifting, falling with obvious deficiency in gait.
6.5. Does not walk spontaneously. (In this case, stimulation will be performed
gently pushing the mouse with a pen. When stimulated, the mouse walks no
longer than three steps).

7. Climbing (score 0-3)

Mouse is placed in the center of a gripping surface at an angle of 45°.
7.1. Normal. The mouse climbs quickly.
7.2. Climbs slowly, limb weakness present.
7.3. Holds onto slope, does not slip or climb.
7.4. Slides down slope, unsuccessful effort to prevent fall.

8. Circling behavior (score 0-3)

Mouse observed on open bench top. Observation of undisturbed movements.
8.1. Circling behavior absent. The mouse turns equally to left or right.
8.2. Predominantly one-sided turns. Optional: record to which side the mouse
turns.
8.3. Circles to one side, although not constantly.
8.4. Circles constantly to one side. This one is now highlighted in yellow.

9. Forelimb symmetry (score 0-4)

Mouse suspended by the tail. Movements and position of forelimbs are observed.
9.1. Normal. Both forelimbs are extended towards the bench and move
actively.

9.2. Light asymmetry. Contralateral forelimb does not extend entirely.
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9.3. Marked asymmetry. Contralateral forelimb bends towards the trunk. The
body slightly bends on the side ipsilateral to the stroke.
9.4. Prominent asymmetry. Contralateral forelimb adheres to the trunk.
9.5. Slight asymmetry, no body/limb movement.
10. Compulsory circling (score 0-3)
Forelimbs on bench, hindlimbs suspended by tail. This position reveals the
presence of the contralateral limb palsy. In this handstand position, limb
weakness is displayed by a circling behavior when the animal attempts forward
motion.
10.1. Absent. Normal extension of both forelimbs.
10.2. Both forelimbs extended but begins to circle predominantly to one side.
10.3. Circles only to one side and may fall to one side.
10.4. Pivots to one side sluggishly and does not rotate in a full circle. Mouse
will fall to one side.
11. Whisker response (score 0-4)
Mouse is placed on the bench. Using a pen, touch the whiskers and the tip of ears
gently from behind, first on the lesioned side and then on the contralateral side.
11.1. Normal symmetrical response. The mouse turns the head towards the
stimulated side and withdraws from the stimulus.
11.2. Light asymmetry. The mouse withdraws slowly when stimulated on the
paretic side. Normal response on the side ipsilateral to the stroke.
11.3. Prominent asymmetry. No response when stimulated on the paretic side.
Normal response on the side ipsilateral to the stroke.
11.4. Absent response on the paretic side, slow response when stimulated on
the side ipsilateral to the stroke.
11.5. Absent response bilaterally.
12. Gripping test of the forepaws (score 0-3)

Mouse is held by the tail on the wire bar cage lid, so that the forepaws touch the
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grid.
12.1. Mouse grasps the grid firmly with forepaws and tries to place the hind 0

paws also onto the grid by pulling the hind paws under the body.

12.2. Mouse accesses the grid but has less power. A slight pull breaks the grip 1
of the forepaws.

12.3. Mouse cannot grip with the impaired forepaw. 2
12.4. Mouse cannot grip the grip. 3

2.7. Behavioral tests

We conducted two behavioral tests, the tight rope and rotarod tests. The tight rope test
consists of a 60-cm-long rope connected to two platforms. Animals are positioned at the
rope's midpoint, and the time until dropping off or until they reach a platform is
recorded, with a maximum of 60 seconds for the test period. Prior to the study, animals
underwent trainings 3 times daily for 3 days. Following baseline evaluation, the mice
were subjected to the test on 0 dpp before the pneumonia induction, with subsequent
weekly assessments until 56 dpp (Mohamud Yusuf et al., 2022). The translation of the
time results into a quantitative score is detailed in Table 4 (Doeppner et al., 2011).

The rotarod is a motor-coordination test that is assessed on a rotating drum (Ugo
Basile, model 47600, Comerio, Italy). Mice were positioned on the drum, which then
began to accelerate from 4 rpm to 40 rpm. The time when the animal dropped off the
drum was recorded with a maximum of 300 seconds for each testing session. The
animals were trained 3 times a day for 3 days before the experiments. After a baseline
assessment, the mice were evaluated from 0 dpp prior to the induction of pneumonia,

followed by weekly assessments up to 56 dpp (Mohamud Yusuf et al., 2022).
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Table 4. Scoring of tight rope test performance

Score Time (second) Platform arrival
20 1-6 +
19 7-12 +
18 13-18 +
17 19-24 +
16 25-30 +
15 31-36 +
14 37-42 +
13 43-48 +
12 49-54 +
11 55-60 +
10 55-60 .
9 49-54 -
8 43-48 -
7 37-42 -
6 31-36 -
5 25-30 -
4 19-24 -
3 13-18 .
2 7-12 -

1 1-6 -
0 0 -
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2.8. Measurement of infarct volume, brain edema, brain atrophy and brain

hemorrhage

Under deep isoflurane anesthesia, mice were transcardially perfused with cold 0.01 M
PBS followed by 4% paraformaldehyde (PFA; 8187151000; Millipore, Darmstadt,
Germany) in 0.01 M PBS. Following animal sacrifice, brain tissues were harvested and
fixed in 4% PFA solution for 24 hours. Subsequently, the tissues underwent dehydration
through 15% and 30% sucrose solutions (S9378; Sigma-Aldrich, St. Louis, MO, U.S.A.)
at 4°C until they sank to the bottom. Before being preserved at -80°C for future use, the
samples were immersed in dry ice-precooled isopentane (143501; AppliChem,
Darmstadt, Germany). Coronal sections with a thickness of 20 pm were prepared on a
cryostat (CM 1950; Leica, Wetzlar, Germany) at intervals of 1 mm for future staining.

Cresyl violet staining was employed to evaluate infarct volume, brain edema, and
brain atrophy. Sections were scanned and analyzed by ImageJ software (National
Institute of Health, Bethesda, MD, U.S.A.). For animals sacrificed 2 dpp, the volume of
the infarct was calculated by subtracting the volume of the healthy tissue in the ischemic
hemisphere from the volume of tissue in the contralateral hemisphere. Brain edema was
assessed by evaluating the proportion of the increased volume in the ipsilateral side
relative to the contralateral side. For the analysis of brain hemorrhages, slices at the
bregma level underwent incubation in a 0.05% diaminobenzidine (DAB) solution
(D5905; Sigma-Aldrich) for 2 minutes. This compound, when oxidized by the
peroxidases of red blood cells, produced a dark brown staining. The frequency and size
of the brain hemorrhages were then evaluated (Yin et al., 2023).

In animals sacrificed at 7, 14, and 56 dpp, atrophy was evaluated by the volume
reduction of the ipsilateral striatum or hemisphere relative to the contralateral striatum

or hemisphere (Yin et al., 2023).

2.9. Immunohistochemistry

Tissue sections were incubated at room temperature for 30 minutes in 0.01 M PBS
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containing 0.1% Triton X-100, followed by a rinse with 0.01 M PBS. Subsequently, the
sections were incubated at room temperature for 1 hour in 0.01 M PBS containing 10%
normal donkey serum. After this incubation, the sections were incubated overnight at
4°C in primary antibodies. The primary antibodies used included monoclonal rabbit
anti-neuronal nuclear antigen (NeuN), monoclonal rat anti-cluster of differentiation-45
(CD45), polyclonal goat anti-intercellular adhesion molecule-1 (ICAM-1), monoclonal
rat anti-glial fibrillary acidic protein (GFAP), polyclonal rabbit anti-collagen type IV
(collagen 1V), monoclonal rat anti-glycoprotein Iba (GPIba), and polyclonal rabbit
anti-ionized calcium binding adaptor molecule 1 (Iba-1). Following a 0.01 M PBS wash,
the tissue was incubated at room temperature for 1 hour with appropriate secondary
antibodies and fluorescent DNA dyes (Hoechst 33342). After rinsing, the sections were
mounted with a mounting medium, and then scanned by microscope. Detailed

information of the antibodies and reagents used are listed in Table 5.

Table 5. Antibodies and reagents used in immunohistochemistry

Antibodies and reagents Manufacturer

Monoclonal rabbit anti-NeuN (ab177487) Abcam, Cambridge, UK

Monoclonal rat anti-CD45 (05-1416) Merck Millipore, Darmstadt, Germany

Polyclonal goat anti-ICAM-1 (AF796) R&D, Minneapolis, MN, USA

Monoclonal rat anti-GFAP (13-0300) Thermo Fisher Scientific, Waltham,
MA, USA

Polyclonal rabbit anti-collagen IV Merck Millipore, Darmstadt, Germany

(AB756P)

Monoclonal rat anti-GPIba (M043-0) Emfret Analytics, Eibelstadt, Germany
Polyclonal rabbit anti-Iba-1 (019-19741) Wako, Osaka, Japan

Hoechst 33342 (62249) Thermo Fisher Scientific, Waltham,

MA, USA
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Immun-mount (9990402)

Donkey anti-rat IgG secondary antibody
Alexa Fluor 594 (A21209)

Donkey anti-rabbit IgG  secondary
antibody alexa Fluor 594 (A21207)
Donkey anti-goat IgG secondary antibody
Alexa Fluor 594 (A11058)

Donkey anti-mouse IgG  secondary
antibody Alexa Fluor 594 (A21203)
Donkey anti-rabbit IgG  secondary
antibody alexa Fluor 488 (A21206)
Donkey anti-rat IgG secondary antibody
alexa Fluor 488 (A21208)

Triton X-100 (648462)

Normal donkey serum (D9663)

Epredia, Portsmouth, NH, USA
Thermo Fisher Scientific, Waltham,
MA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Thermo Fisher Scientific, Waltham,
MA, USA

Sigma-Aldrich, St. Louis, MO, USA
Sigma-Aldrich, St. Louis, MO, USA

Immunofluorescence stainings were scanned using an inverted microscope (Axio

Observer.Z1; Carl Zeiss, Oberkochen, Germany). The obtained images were analyzed

using Imagel] software. Extravasated IgG, ICAM-1, and GFAP were evaluated by

integrated signal intensities. To analyze microglia/ macrophage (Iba-1) and infiltrated

CD45" cells, six 300 um x 300 um ROIs were chosen to calculate density. To assess the

microthrombosis, the density of vessels with microclots (collagen-IV/GP-Iba) in

ipsilateral hemisphere was calculated. To evaluate neuronal survival within the

ipsilateral striatum, density was calculated on three 300 um % 300 um ROIs. The

calculated density values were subsequently multiplied by the total area covered by

surviving neurons in the ipsilateral striatum to estimate their overall number.
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2.10. Microglia/macrophage morphology analysis

For the analysis of microglia/ macrophage morphology, the Iba-1 immunofluorescence
staining procedure was used as described above. Images were obtained from both the
border and core of the infarct using a Leica SP8 confocal microscope (objective: HC PL
APO CS2 63x/1.30, Leica Microsystems, Wetzlar, Germany). Z-stacks with dimensions
of 184.52x184.52x15 um were acquired with an interslice distance of 0.5 um. The 3D
morphology of cells was analyzed using MATLAB (MathWorks, Natick, MA, U.S.A.)
based program 3DMorph following previously outlined methods. Briefly, cells were
identified through automated thresholding and segmentation processes. Morphological
characteristics including cell territory, volume, and ramification index (ramification
index = territory / volume) were calculated following skeletonization of the cells (York

et al., 2018).

2.11. Flow cytometry

Flow cytometry was done by previously described (Yin et al., 2023). Blood samples
were obtained from the animals' hearts prior to sacrifice at 2 dpp. And ischemic brain
hemispheres were collected from the same animals after the perfusion with cold 0.01M
PBS for further use. For blood sampling, after incubation with erythrocyte lysis buffer
(BD Biosciences, New Jersey, USA) for 7 min and exposure to two washing steps by
cold 0.01M PBS, single-cell suspensions were obtained. Brain tissue samples underwent
mechanical disaggregation using a 70 um cell strainer (Life Sciences, New York, NY,
USA) placed over a culture dish, followed by a centrifugation with 37% Percoll solution
(GE Healthcare, Uppsala, Sweden). The sediment obtained was then subjected to
washing steps, from which cell suspensions were harvested. These single-cell
suspensions were then stained with antibody cocktails (listed in Table 6) for 30 minutes
at 4 °C. Following this, cell suspensions were analyzed using a Cytoflex flow cytometer
(Beckman—Coulter, Brea, CA, U.S.A.) and FlowJo software V10 (Ashland, OR, U.S.A.).

The gating strategy is detailed in Figure 2.
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Figure 2. Flow cytometry gating strategies.
Gating strategies used for analyzing brain and peripheral blood leukocytes and
leukocyte activation via flow cytometry. (A) Lymphoid and (B) myeloid cells were

examined separately.
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Table 6. Flow cytometry antibody panel

Antigen Conjugate Host/isotype Clone Supplier
Rat IgG2b, BioL d
Mouse CD45 Pacific blue e 30F11 1onesen
kappa
Rat IgG2b, .
Mouse CD45 BV 605 30F11 BioLegend
kappa
Ph thri Rat 1gG2a, i
Mouse Ly6G yeoetyHn agha 1A8 BioLegend
(PE) kappa
M CXCR2 Rat 1gG2a, )
ouse APC/Cyanine7 ariehsd SA044G4 BioLegend
(CD182) kappa
Rat 1gG2a, .
Mouse CD62L eFluor 450 MEL-14 eBioscience
kappa
Fluorescein
Mouse Ly6C isothiocyanate Rat IgM, kappa AL21 BD Biosciences
(FITC)
Alloph i Rat IgG2b
Mouse CD11b OPlycocyanin BN, M1/70 eBioscience
(APC) kappa
Rat 1gG2a, .
Mouse CD115 PE-Cy7 AFS98 eBioscience
kappa
Mouse CD3¢ Alexa Fluor 647 Hamster [gG 145-2C11 BioLegend
Rat 1gG2a, L
Mouse CD4 BV 605 RM4-5 BD Biosciences
kappa
Rat 1gG2a, L
Mouse CDS8 BV 786 53-6.7 BD Biosciences
kappa
Rat 1gG2a, L
Mouse B220 PE RA3-6B2 BD Biosciences
kappa
Rat 1gG2a, L
Mouse NK-1.1 FITC PK136 BD Biosciences
kappa
Mouse CD69 PE-Cy7 Hamster [gG HI1.2F3 BioLegend

2.12. Quantification of NETs in mouse plasma samples

At 2 dpp, blood samples were obtained from the animals' hearts in deep anesthesia

before sacrifice. Then, the blood samples were centrifuged at 4°C, first at 3,000 g for 10

minutes and subsequently at 8,000 g for 10 minutes. The plasma samples obtained were

stored at -80°C for future use. NET levels in plasma were determined using a capture

ELISA (Cell Death ELISAP'US 11774425001, Roche, Basel, Switzerland) for
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measuring citrullinated histone H3 (CitH3) that was associated with DNA. Anti- CitH3
antibody (5 ug/ml; ab5103, Abcam, Cambridge, U.K.) was applied to 96-well plates in a
volume of 50 pl for overnight coating at 4°C. This procedure was followed by antigen
blocking with 5% BSA for 2 hours at 300 rpm on a shaker. After blocking, the wells
were washed three times with 300 pl of washing buffer. Subsequently, 50 pl of plasma
and 80 ul of incubation buffer containing peroxidase-conjugated anti-DNA antibody
were added and incubated for 2 hours at 300 rpm. Then, the wells were washed three
times with 300 pl incubation buffer. After that, 100 pl of peroxidase substrate was
added to each well, and the plates were incubated for 30 minutes in the dark at room
temperature at 300 rpm. The reaction was halted by adding 100 ul of ABTS peroxidase
stop solution to each well. Absorbance was measured at 405 nm and was subtracted by
absorbance at 490 nm (absorbance at 405 nm minus absorbance at 490 nm). The
absorbance values were directly correlated with the concentrations of soluble NETs and

were displayed as a relative elevation compared to the control (Tuz et al., 2024).

2.13. Statistical data analysis

Statistical analyses were conducted using GraphPad Prism version 9.5.1 for Windows
(GraphPad Software, San Diego, California, USA). LDF recordings, neurological
deficits, and behavioral tests underwent analysis through repeated measurement
ANOVA with subsequent LSD posthoc tests. Data were presented as mean + standard
deviation (SD). For histochemical staining data that were normally distributed, one-way
analysis of variance (ANOVA) was utilized, followed by LSD posthoc test. For data that
did not follow a normal distribution, the Kruskal-Wallis test followed by Dunn’s tests
was employed. This part of data is presented in box plots with median and mean +
interquartile ranges (IQR) with minimum and maximum data as whiskers. Hemorrhage
incidence data were assessed by Fisher’s exact test and reported as percentage rates. P

values < 0.05 were considered to statistical significance.
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3. RESULTS

3.1. Post-stroke pneumonia exacerbates neurological deficits, brain edema, and

IgG extravasation in the acute stroke phase

First, we evaluated the impact of post-stroke pneumonia on neurological deficits and
ischemic injury at 2 dpp and studied the effect of the antibiotic amoxicillin on stroke
severity. LDF recordings showed that there were no significant differences between the
groups during the MCAO and reperfusion, indicating that our ischemic stroke model
was reproducible (Figure 3A). On the first two days after pneumonia, the neurological
deficits were significantly aggravated by pneumonia (Figure 3B). Although pneumonia
did not affect the infarct volume (Figure 3C), it significantly exacerbated brain edema
(Figure 3D) and IgG extravasation (Figure 3E), both of which reflect the aggravation
of blood-brain barrier damage. Although amoxicillin treatment did not show significant
therapeutic effects on neurological deficits (Figure 3B), brain edema (Figure 3D), and
IgG extravasation (Figure 3E), there was a tendency toward alleviation in the antibiotic

studies.

33



A Laser Doppler flow B Neurological deficits

-e- Vehicle -+ Pneumonia/ vehicle
-#  Amoxicillin -* Pneumonia/ amoxicillin
120 20
© 100
= 15
% 80 *
8 [ *
s 60 g 10
§ 40 ?
5 5
a 20
0 5 10 15 20 25 30 35 40 45(min) 2 -1 0 1 2 (dpp)
[ Vehicle 1 Amoxicillin [ Pneumonia/ vehicle [ Pneumonia/ amoxicillin
C Infarct volume _ . Pneumonia Pneumonia
Vehicle Amoxicillin . Lo
60 vehicle amoxicillin
40 O
e | ; | ?
€
20 AWV
0
D Brain edema
T
N -
©
£10 boow
[ 2R
8 G
k] e
€ 5 %
s el
0
E 1gG extravasation
9°
15()(10)

10

loz®s

0

Integrated intensity

Figure 3. At 2 dpp, the effects of pneumonia on neurological deficits, brain edema,
and IgG extravasation, and the therapeutic efficacy of amoxicillin.

(A) LDF records during occlusion and reperfusion, (B) neurological deficits assessed by
the Clark score, (C) infarct volume and (D) brain edema evaluated by cresyl violet
staining, and (E) IgG extravasation staining assessed at 2 dpp in mice that exposed to 30
minutes of MCAO. The representative cresyl violet staining and IgG extravasation
staining are shown. Scale bars in (C), (D) and (E) are 1 mm. Asterisks in (B) indicate
the comparison between vehicle group and pneumonia/ vehicle group. *p<0.05 (n=7

animals/group).
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3.2. Post-stroke pneumonia aggravates peripheral leukocyte infiltration and

microvascular ICAM-1 expression

Upon observing the effects of post-stroke pneumonia on neurological deficits and
ischemic injury, we proceeded to investigate the implications of pneumonia at the
cellular level. From immunofluorescence staining, pneumonia did not induce significant
differences in neuronal survival (Figure 4A) or astrocyte immunoreactivity (Figure 4B).
However, pneumonia induced after stroke significantly increased the infiltration of
peripheral immune cells in the brain (Figure 4C). Additionally, it also increased the
abundance of ICAM-1 (Figure 4D), an adhesion molecule that can participate in
mediating the migration and infiltration of leukocytes on brain microvessels. Increased
leukocyte infiltration and upregulation of ICAM-1 expression may contribute to more
severe neurological deficits, brain edema, and IgG extravasation. Importantly,
amoxicillin treatment did not show significant effects on neuron survival, astrocyte

immunoreactivity, leukocyte infiltration, and ICAM-1 expression (Figure 4A-D).
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reactivity, leukocyte infiltration, and ICAM-1 expression.

(A) Neuronal survival, (B) astrocyte immunoreactivity, (C) peripheral leukocyte
infiltration, and (D) ICAM-1 expression were evaluated at 2 dpp in mice exposed to 30
minutes intraluminal MCAO. The representative immunofluorescent staining images of
NeuN, GFAP, CD45, and ICAM-1 are shown. Scale bars are 50 pm. *p<0.05 (n=7

animals/group).
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3.3. Post-stroke pneumonia increases the formation of microthrombi

We also evaluated the formation of microthrombi within the ischemic hemisphere by
immunofluorescent staining of GPIba and collagen IV. When GPIba positive aggregates
were identified in collagen IV positive vessels, we considered them as microthrombi
(Figure 5A). We analyzed the number and density of vessels with clots within the entire
ipsilateral hemisphere, the cortex, and the striatum, respectively. The results show that
post-stroke pneumonia significantly increased the formation of microthrombi in the
ischemic hemisphere, cortex, and striatum (Figure 5B-G). According to some studies
reported (Pham et al., 2010, Zhang et al., 2022), the increase in thrombosis may be a
reason of the exacerbation of neurological deficits, brain edema, and IgG extravasation.
The treatment of pneumonia with amoxicillin significantly reduced the density of
microthrombi in the ischemic hemisphere, cortex, and striatum, and also simultaneously

reduced the number of microthrombi in the striatum (Figure 5B, D, F, G).
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Figure 5. Post-stroke pneumonia increases microvascular thrombosis.

(A) Representative immunofluorescent staining of microthrombi, (B-G) density and

number of vessels with clots in the ischemic hemisphere, cortex, and striatum at 2 dpp

in mice exposed to 30 minutes intraluminal MCAO. Scale bar in (A) is 30 um. *p<0.05,

**p<0.01, ***p<0.001 (n=7 animals/group).

3.4. Post-stroke pneumonia decreases the number of microglia, and promotes the

activation of microglia

As resident immune cell in the brain, impact of post-stroke pneumonia on microglia was

also assessed. We evaluated the number and activation of microglia within the border of

infarct, the core of infarct, and the entire infarct by combining border and core. The
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representative images of microglia in the border and the core of the infarct are shown in
Figure 6A. The results showed that post-stroke pneumonia did not significantly affect
the density of microglia in the entire infarct or the border of infarct, but it significantly
reduced the number of microglia in the infarct core. Treatment with amoxicillin did not
show significant effects, but, compared to the pneumonia control group, significantly
increased the number of microglia in the infarct core (Figure 6B). Following
segmentation and skeletonization (Figure 6C), the activation of microglia was also
statistically analyzed. For mice with stroke only, although amoxicillin significantly
increased the territory volume and cell volume of microglia in the border of the infarct,
it did not significantly affect the ramification index (Figure 6D). Pneumonia
significantly reduced the ramification index in the border of infarct, thus promoting
microglial activation, but additional treatment with amoxicillin restored the ramification
index (Figure 6D). Similarly, in the core of the infarct, pneumonia significantly
increased the cell volume of microglia, indicating their activation, whereas amoxicillin

treatment attenuated cell volume (Figure 6E).
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Figure 6 (for figure see previous page). Post-stroke pneumonia reduces the number
of microglia in the core of infarct, and promotes activation of microglia in both the
border and core of the infarct, which are reversed by amoxicillin treatment.

(A) Representative immunofluorescent staining of microglia in the infarct border and
infarct core, (B) density of microglia in the entire infarct, in the infarct border, and in
the infarct core, (C) representative images of segmentation and skeletonization for
morphology, and (D-E) cell territory volume, cell volume and ramification index in the
infarct border and in the infarct core at 2 dpp in mice exposed to 30 minutes
intraluminal MCAOQ. Scale bar in (A) is 30 um. *p<0.05, **p<0.01, ***p<0.001 (n=7

animals/group).

3.5. Post-stroke pneumonia increases the number of neutrophils in the blood,

which is mitigated by amoxicillin treatment

At 2 dpp, flow cytometry analysis of leukocytes in peripheral blood showed that
pneumonia occurring after stroke significantly increased the number of neutrophils
(both activated and non-activated) and activated CD8" T cells in the blood, while
simultaneously significantly reducing the number of activated CD4" T cells (Figure 7).
In mice that experienced stroke only, the application of amoxicillin did not show any
significant effects (Figure 7). However, compared to the control group with stroke and
pneumonia, treatment of pneumonia with amoxicillin significantly reduced the number
of neutrophils (both activated and non-activated), CD4" T cells, and CD8" T cells
(Figure 7). Previous studies have shown that neutrophils are associated with thrombosis
(Iba and Levy, 2018, von Bruhl et al., 2012). We hypothesized that the increase in brain
microthrombosis may have been elicited by the increase and activation of microvascular

blood neutrophils.
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5

?ééga

oo N
o o o
L1

(¢,
1
Number of
CD8* CD69"* cells
bl

Number of CD8"* cells
Number of B220* cells
Number of NK1.1* cells

o
o

Leukocytes, including total CD45" leukocytes, Ly6G" neutrophils, Ly6G" CXCR2"
CD62L"e" non-activated neutrophils, Ly6G™ CXCR2" CD62L™ activated neutrophils,
CD115" monocytes, CDI115" Ly6C™2 patrolling monocytes, CDI115" Ly6C™
intermediate monocytes, CD115" Ly6C"#" inflammatory monocytes, CD115" CD11b"
CD62L" macrophages, CD3e" T cells, CD4" T cells, CD4" CD69" activated T cells,
CD8" T cells, CD8" CD69" activated T cells, B220" B cells, and NK1.17 NK cells, in
peripheral blood samples that from mice sacrificed at 2 dpp were analyzed by flow
cytometry. *p<0.05, **p<0.01 (n=8 for vehicle group, 8 for amoxicillin group, 6 for

pneumonia/ vehicle group, 8 for pneumonia/ amoxicillin group).
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3.6. Post-stroke pneumonia increases the number of infiltrating leukocytes in

brain, whereas amoxicillin treatment did not show any significant effects

As invaded leukocytes in brain were reported to contribute to ischemic brain injury after

MCAO (Neumann et al., 2015), brain infiltrating leukocytes were also analyzed by flow

cytometry at 2 dpp. The results showed that post-stroke pneumonia significantly

increased the number of total leukocytes, neutrophils, non-activated neutrophils,

monocytes, patrolling monocytes, intermediate monocytes, B cells, and NK cells in the

brain (Figure 8). In mice with stroke only as well as mice with stroke and pneumonia,

amoxicillin application did not show any significant effects on the number of leukocytes

that infiltrating the brain (Figure 8).
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Figure 8. Flow cytometry results of brain infiltrating leukocytes at 2 dpp.

Infiltrating leukocytes, including total CD45" leukocytes, Ly6G"* neutrophils, Ly6G*
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CXCR2" CD62L"#" non-activated neutrophils, Ly6G* CXCR2" CD62L™ activated
neutrophils, CDI115" monocytes, CD115" Ly6Cneg patrolling monocytes, CD115"
Ly6C™ intermediate monocytes, CD115" Ly6Chigh inflammatory monocytes, CD115
CDI11b" CD62L" macrophages, CD3e" T cells, CD4" T cells, CD4" CD69" activated T
cells, CD8" T cells, CD8" CD69" activated T cells, B220" B cells, and NK1.1* NK cells,
in the brain of mice sacrificed at 2 dpp analyzed by flow cytometry. *p<0.05, **p<0.01,
*#%p<0.001 (n=8 for vehicle group, 8 for amoxicillin group, 7 for pneumonia/ vehicle

group, 8 for pneumonia/ amoxicillin group).

3.7. Post-stroke pneumonia significantly worsens neurological deficits in the
subacute stroke phase, and also significantly impairs the performance of animals

in the rotarod test until the chronic phase

We have already reported the effects of post-stroke pneumonia on stroke during the
acute stroke phase. Next, we aimed to explore whether it had any impact on the
recovery from stroke in the subacute and chronic phase. We used the Clark score to
evaluate the neurological deficits, and employed the tight rope test and rotarod test to
assess the motor-coordination of animals up to 56 dpp. In the Clark score, pneumonia
significantly worsened the performance of animals in the subacute phase. Amoxicillin
treatment did not show significant effects in the subacute phase, but provided
improvement at 42 dpp and 56 dpp (Figure 9A). For the tight rope test, both pneumonia
and amoxicillin treatment did not show any significant effect across all phases (Figure
9B). In the rotarod test, however, pneumonia significantly worsened the performance of
animals at all time points, while amoxicillin treatment did not show any significant

improvement (Figure 9C).
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Figure 9. Post-stroke pneumonia worsens neurological deficits mainly in the
subacute stroke phase and impairs motor coordination in all phases.

(A) Neurological deficits evaluated by the Clark score, motor coordination assessed by
the (B) tight rope test, and (C) rotarod test were assessed up to 56 dpp. * indicates the
comparison between pneumonia/ vehicle group and vehicle group, # indicates the
comparison between pneumonia/ amoxicillin group and amoxicillin group, + indicates
the comparison between pneumonia/ amoxicillin group and pneumonia/ vehicle group.
*p<0.05, **p<0.01, ***p<0.001, #p<0.05, ##p<0.01, ##p<0.001, +p<0.05. (n=12 for
vehicle group, 12 for amoxicillin group, 11 for pneumonia/ vehicle group, 12 for

pneumonia/ amoxicillin group)

3.8. Post-stroke pneumonia significantly increases brain atrophy and striatal

atrophy in the chronic phase, and increases the reactivity of astrocytes
At 7 dpp, 14 dpp, and 56 dpp, brain atrophy and striatal atrophy were assessed using
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cresyl violet staining, while neuronal survival and astrocyte activation were evaluated
by immunofluorescence staining. The results showed that post-stroke pneumonia
aggravated brain atrophy (Figure 10A) and striatal atrophy (Figure 10B) at 7 dpp and
56 dpp. Post-stroke pneumonia did not affect the neuronal survival in the striatum
(Figure 10C), but increased astrocyte reactivity (Figure 10D) at 7 dpp and 14 dpp.
Amoxicillin treatment post pneumonia mitigated brain atrophy (Figure 10A) and
striatal atrophy (Figure 10B) at 56 dpp, but showed no effects on neuronal survival in

the striatum (Figure 10C) and astrocyte reactivity (Figure 10D).
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Figure 10 (for figure see previous page). Post-stroke pneumonia exacerbates brain
and striatal atrophy, and increases astrocyte reactivity.

(A) Brain atrophy and (B) striatal atrophy were evaluated via cresyl violet staining, (C)
neuronal survival and (D) astrocyte reactivity were evaluated by immunofluorescent
staining in brain sections obtained from mice at 7 dpp, 14 dpp and 56 dpp.
Representative images are shown. Scale bars in (A) and (B) are 1 mm, in (C) and (D)
are 50 um. *p<0.05, **p<0.01 (for 7 dpp, n=8 for vehicle group, 9 for amoxicillin group,
8 for pneumonia/ vehicle group, 9 for pneumonia/ amoxicillin group; for 14 dpp, n=8
for each group; for 56 dpp, n=12 for vehicle group, 12 for amoxicillin group, 11 for

pneumonia/ vehicle group, 12 for pneumonia/ amoxicillin group).

3.9. Neutrophil depletion alleviates the detrimental effects of post-stroke

pneumonia

Based on previously published articles (Jickling et al., 2015, Yan et al., 2023) and the
results of the former experiments in this study, we hypothesized that the deleterious
effects of pneumonia were associated with the increase in circulating neutrophils and
the rise in microthrombus formation. Consequently, we depleted neutrophils prior to
pneumonia. Initiating neutrophil depletion one day before pneumonia, which is two
days post-stroke, did not result in any significant changes at 2 dpp in animals that were
exposed to stroke (Figure 11 and Figure 12). However, in mice with post-stroke
pneumonia, neutrophil depletion, while not inducing significant alterations in
neurological deficits (Figure 11A), neuronal survival (Figure 12A), and ICAM-1
expression (Figure 12B), significantly mitigated cerebral infarct volume (Figure 11B),
brain edema (Figure 11C), IgG extravasation (Figure 11D), and the formation of
microthrombi within the infarct (Figure 12C, D) compared to the control group. These
results indicate that neutrophils are important mediating of the unfavorable effects of

post-stroke pneumonia.
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Figure 11. Neutrophil depletion mitigates infarct volume, brain edema and IgG
extravasation in mice with stroke-associated pneumonia.

(A) Neurological deficits were assessed by Clark score, (B) infarct volume and (C)
brain edema were evaluated by cresyl violet staining, (D) IgG extravasation was
evaluated by immunofluorescent staining in brain sections obtained from mice at 2 dpp.
Representative images are show. Scale bars in (B), (C) and (D) are 1 mm. * in (A)
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the comparison between pneumonia/ Ly6G and Ly6G groups. *p<0.05, **p<0.01,
##p<0.01 (n=6 for isotype group, 7 for Ly6G group, 7 for pneumonia/ isotype group, 7

for pneumonia/ Ly6G group).
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Figure 12 (for figure see previous page). Neutrophil depletion alleviates
post-ischemic microthrombosis.

Immunofluorescent staining was employed at 2 dpp to analyze (A) neuronal survival, (B)
microvascular [CAM-1 expression and (C, D) microthrombus formation in the ischemic
hemisphere, cortex, and striatum. Representative images are shown. Scale bars in (A)
and (B) are 50 um, in (C) is 30 um. *p<0.05 (n=6 for isotype group, 7 for Ly6G group,

7 for pneumonia/ isotype group, 7 for pneumonia/ Ly6G group).

3.10. DNase I has no significant effect on stroke outcome, but increases brain

hemorrhage formation

NETs, derived from neutrophils, have been demonstrated to promote thrombosis (von
Bruhl et al., 2012), and some studies in recent years have suggested that NETs impair
ischemic stroke outcome (Denorme et al., 2022, Kang et al., 2020). Therefore,
following the observation of an association between neutrophils and the unfavorable
effects of post-stroke pneumonia, we further investigated the role of NETs in this
process. Our findings revealed that administration of DNase I 30 minutes prior to
pneumonia did not significantly influence neurological deficits (Figure 13A), infarct
volume (Figure 13B), brain edema (Figure 13C), IgG extravasation (Figure 13D),
neuronal survival (Figure 14A), ICAM-1 expression (Figure 14B), and
microthrombosis (Figure 14C, D) at 2 dpp. Importantly, the injection of DNase I
significantly increased brain hemorrhage formation at 2 dpp, an effect observed in mice

with both pneumonia and stroke, as well as in mice with stroke only (Figure 14E).
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Figure 13. DNase I injection does not show significant effects on neurological
deficits, brain volume, brain edema, and IgG extravasation in mice with
post-stroke pneumonia.

(A) Neurological deficits, (B) infarct volume and (C) brain edema that evaluated by
cresyl violet staining, (D) IgG extravasation that evaluated by immunofluorescent
staining on brain tissues obtained from mice at 2 dpp. Representative images of the
staining are show. Scale bars in (B), (C) and (D) are 1 mm. *p<0.05 (n=6 for vehicle
group, 8 for DNase I group, 6 for pneumonia/ vehicle group, 7 for pneumonia/ DNase |

group).
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Figure 14 (for figure see previous page). DNase I injection does not significantly
reduce brain microthrombosis, but significantly increases brain hemorrhage
formation.

(A) Neuronal survival, (B) ICAM-1 expression and (C, D) microthrombi within the
ischemic hemisphere, cortex, and striatum were evaluated by immunofluorescent
staining, (E) hemorrhage formation was analyzed by DAB staining in brain sections
obtained from mice at 2 dpp. Representative images are show. Scale bars in (A) and (B)
are 50 um, in (C) is 30 pum, in (E) is 200 pm. *p<0.05, **p<0.01 (n=6 for vehicle group,

8 for DNase I group, 6 for pneumonia/ vehicle group, 7 for pneumonia/ DNase I group).

3.11. LDC7559 injection reduces the levels of NETs in blood, and reduces brain

edema and IgG extravasation

Following the unsuccessful attempt with DNase I treatment, we turned our attention to
the gasdermin D inhibitor LDC7559, a compound reported in recent years to inhibit
NET formation (Amara et al., 2021, Sollberger et al., 2018). Our results again showed
that post-stroke pneumonia significantly elevated the levels of NETs in the blood
(Figure 15A). LDC7559 injection 30 minutes before pneumonia significantly reduced
NET levels in the blood (Figure 15A). Although LDC7559 treatment in mice with
stroke only or in mice with stroke and post-stroke pneumonia did not significantly
improve neurological deficits (Figure 15B), infarct volume (Figure 15C), brain edema
(Figure 15D), IgG extravasation (Figure 15E), neuronal survival (Figure 16A), and
ICAM-1 expression (Figure 16B) at the time points examined, LDC7559 treatment
significantly reduced the density of vessels with microthrombi in the striatum, but no

significant differences were observed in other measures (Figure 16C, D).
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Figure 15. LDC7559 treatment decreases the NET levels in the blood, and
attenuates brain edema and IgG extravasation.

(A) NET levels in the blood were assessed by ELISA, (B) neurological deficits were
evaluated by Clark score, (C) infarct volume and (D) brain edema were evaluated by
cresyl violet staining, (E) IgG extravasation was evaluated by immunofluorescent
staining in brain sections obtained from mice at 2 dpp. Representative images are shown.
* in (B) indicates the comparison between pneumonia/ vehicle and vehicle groups, #
indicates the comparison between pneumonia/ LDC7559 and LDC7559 groups. Scale
bars in (C), (D) and (E) are 1 mm. *p<0.05 (n=10 for vehicle group, 8 for LDC7559
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group, 7 for pneumonia/ vehicle group, 8 for pneumonia/ LDC7559 group).
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Figure 16 (for legend see subsequent page).

55



Figure 16 (for figure see previous page). LDC7559 injection does not influence
neuronal survival and ICAM-1 expression, but significantly decreases the density
of vessels with clots.

(A) Neuronal survival, (B) ICAM-1 expression and (C, D) microthrombi including the
number and density of vessels with clots throughout the entire infarct, cortex, and
striatum were evaluated by immunofluorescent staining in brain sections at 2 dpp.
Representative images are shown. Scale bars in (A) and (B) are 50 um, in (C) is 30 pm.
*p<0.05 (n=10 for vehicle group, 8 for LDC7559 group, 7 for pneumonia/ vehicle
group, 8 for pneumonia/ LDC7559 group).

56



4. DISCUSSION

In this study, we explored the impact of pneumonia that was experimentally induced
after ischemic stroke on ischemic injury and stroke recovery. The results indicated that
during the acute phase, although pneumonia induced post-stroke did not significantly
alter the infarct volume, it markedly exacerbated the neurological deficits following
stroke, promoted cerebral edema and IgG extravasation, increased the infiltration of
peripheral leukocytes in the brain parenchyma, and elevated the expression of ICAM-1
on microvessels. These results indicated that pneumonia exacerbates brain injury by
increasing blood-brain barrier damage and inflammatory responses in the brain. The
improvements brought about by the antibiotic amoxicillin were not significant, showing
only a slight trend towards alleviation. Our findings also demonstrated that pneumonia
following ischemic stroke significantly increased brain atrophy and neurological deficits
in the subacute and chronic phase, as well as impaired overall performance in the
rotarod test. Amoxicillin treatment significantly reduced cerebral atrophy and improved
neurological deficits evaluation, but the improvement of neurological deficits and
behavioral performance was not significant.

Our study revealed that microglia, the resident immune cells of the central nervous
system, exhibited a significant decrease in number within the core of the brain infarct in
response to post-stroke pneumonia. Concurrently, microglial activation significantly
increased in both the infarct core and border by post-stroke pneumonia. The treatment
of pneumonia with amoxicillin effectively mitigated these changes. Previous studies
have indicated that following ischemic stroke, microglia within the core region
decreased in response to ischemia and hypoxia (Matsumoto et al., 2007), but
approximately 24-48 hours after reperfusion, the number of microglia in this region
began to increase (Ito et al., 2001, Zhang et al., 1997). However, in our experiments, the
occurrence of pneumonia notably reduced the number of microglia within the infarct
core at 2 dpp (5 days post-stroke) and elevated their activation level. Associated with a

rise in microvascular ICAM-1 expression levels and increased infiltration of peripheral
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leukocytes, these findings suggest that post-stroke pneumonia exacerbates local brain
inflammatory responses and brain injury, thus impeding stroke recovery. The treatment
with amoxicillin did not reverse the consequences of pneumonia.

We also observed that pneumonia following ischemic stroke significantly increased
the formation of microthrombi in previously ischemic brain vessels, and that treatment
of pneumonia with amoxicillin significantly reduced these microthrombi. In clinical
patients, infarct volume may still increase even after successful recanalization through
thrombolysis or thrombectomy, a process attributed to secondary ischemia-reperfusion
damage (Stoll and Nieswandt, 2019). Although the specific mechanisms underlying this
secondary infarct growth remain unclear, thrombo-inflammation may play a critical role
in this process (Schuhmann et al., 2017, Stoll and Nieswandt, 2019). We here provide
experimental proofs that substantiate this hypothesis that thrombus formation
contributes to secondary brain injury.

Subsequently, we conducted flow cytometry analyses on brain tissue and blood
samples of mice at 2 dpp. Our results indicated that post-stroke pneumonia affected the
numbers of various leukocyte subtypes in the blood, with a particularly notable increase
in the number and activation of neutrophils. Treatment with amoxicillin was able to
significantly reduce the pneumonia-induced increase in neutrophil numbers. However,
in brain tissues, amoxicillin treatment did not mitigate the increase of infiltrating
leukocytes evoked by pneumonia. Notably, our analysis of blood samples using flow
cytometry revealed a consistency between the results of neutrophils and the results of
microthrombi. In line with findings from various studies that neutrophils are closely
associated with thrombus formation (Darbousset et al., 2012, Darbousset et al., 2014,
Pircher et al., 2019), we hypothesized that pneumonia might exacerbate brain injury by
increasing the number and activation of circulating neutrophils, thereby augmenting the
formation of microthrombi in brain infarcts. Existing research suggests that the
mechanism by which pneumonia aggravates post-stroke brain injury may be related to

an increase in microthrombus formation (Denes et al., 2014). Our findings further
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suggest that this increase in microthrombi may be closely related to the rise in
circulating neutrophils caused by pneumonia. To test this hypothesis, we proceeded with
experiments involving the depletion of neutrophils.

One day before the induction of pneumonia, which was the second day after the
ischemic stroke, we initiated the depletion of neutrophils in mice and subsequently
euthanized them at 2 dpp for further experimental analyses. Our results demonstrated
that in the only stroke group, neutrophil depletion did not yield any noticeable
improvement. This finding is different to some previous studies indicating that
neutrophil depletion could ameliorate brain damage post ischemic stroke (Neumann et
al., 2015, Yan et al., 2023). The discrepancy could likely be attributed to the timing of
our intervention. Previous research had initiated neutrophil depletion before the onset of
ischemia (Neumann et al., 2015, Yan et al., 2023), whereas our depletion protocol was
conducted 48 hours post-stroke. Considering that neutrophils are the first peripheral
immune cells to infiltrate the brain tissue after a stroke, reaching a peak infiltration
within 24 to 48 hours post-stroke (Jickling et al., 2015, Hermann and Gunzer, 2019), our
timing for neutrophil depletion might have missed this critical window, leading to the
ineffectiveness of the intervention. However, in mice that concurrently suffered from
pneumonia, our intervention of neutrophil depletion significantly reduced the volume of
infarct, decreased the permeability of the blood-brain barrier, and lowered the number
of microthrombi. Despite this, our neutrophil depletion strategy failed to ameliorate
neurological deficits. Pneumonia is a severe infectious condition, and neutrophil
depletion might have interfered with the recovery process from pneumonia,
subsequently affecting the overall condition of the mice and potentially covered any
improvements in neurological function. This is the limitation of the neutrophil depletion
strategy. As the most abundant type of leukocytes in the human blood, neutrophils play
a crucial role in the defense against infections, which precludes the clinical translation
of this neutrophil depletion strategy in humans.

Therefore, we shifted our focus towards NETs, which are closely associated with
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neutrophils. NETs are web-like structures formed by DNA, histones, and other cellular
contents released by activated neutrophils (Thakur et al., 2023, Zhao et al., 2023). They
play a role in capturing and eliminating a wide range of pathogens (Papayannopoulos,
2018), but are also implicated in thrombosis formation (Fuchs et al., 2010). Studies have
shown that NETs can affect post-stroke revascularization, detrimentally influencing
recovery from ischemic stroke (Kang et al., 2020). Given that DNA is a critical
component of NETs, some research has explored the use of DNase I post-stroke to
degrade NETs. Animal experiments have indicated that DNase I treatment can improve
outcomes in mice with cerebral infarction (Kang et al., 2020, Denorme et al., 2022), and
studies by Laridan et al. have found that DNase I can enhance the in vitro dissolution of
clots extracted from stroke patients mediated by tPA (Laridan et al., 2017). Thus, our
initial approach was to employ DNase I intervention to observe its therapeutic effect on
post-stroke pneumonia. Our results demonstrated that DNase I treatment not only failed
to provide any improvement but also increased the incidence of brain hemorrhages.
Notably, earlier studies have suggested that DNase I application could reduce brain
damage post-infarction (Kang et al., 2020, Denorme et al., 2022) and, when used in
conjunction with tPA, could lower the risk of hemorrhages induced by tPA (Wang et al.,
2021). However, these experiments administered DNase I either before the stroke or
shortly thereafter, whereas our treatment was initiated 3 days post-ischemia. This
difference in timing of administration likely accounts for the different outcomes. It is
conceivable that, similar to tPA, DNase I treatment has a strict therapeutic window.
Administration beyond this window not only fails to bring benefits but may also
increase the risk of adverse effects. Currently, there are three randomized controlled
clinical trials performed in human stroke patients, which evaluate the effects of DNase I
(NCT05203224, NCT05880524, and NCT04785006). These studies have to be aware of
this potential deleterious action.

After the unsuccessful treatment attempts with DNase I, we shifted our attention

towards LDC7559. LDC7559 is a small molecule compound reported in recent years to
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inhibit the formation of NETs. Despite existing controversy over the precise mechanism
through which it inhibits NET formation—a study suggested its action is mediated
through the inhibition of gasdermin D (Sollberger et al., 2018), while another study
attributes its effects primarily to the suppression of reactive oxygen species (ROS)
(Stojkov et al., 2023)—the inhibitory impact of LDC7559 on NETs formation is well
documented in the literature (Sollberger et al., 2018, Amara et al., 2021). 30 minutes
prior to the induction of pneumonia, mice received LDC7559, which significantly
reduced the levels of CitH3 in the blood compared to the pneumonia control group.
However, the application of LDC7559 did not ameliorate neurological deficits, but
reduced, although not significantly, cerebral edema and IgG extravasation. LDC7559
induced a significant reduction of the increased thrombus formation in mice with
stroke-associated pneumonia. Overall, the application of LDC7559 mitigated the
unfavorable effects associated with post-stroke pneumonia, indicating its possible
therapeutic clinical potential. Additional studies are currently put forward to increase
animal numbers and evaluate long-term consequences of LDC7559 delivery in the
post-stroke pneumonia model. As a novel small molecule compound, the specific
dosage, timing of application, and mechanisms of LDC7559 in the treatment of stroke
and post-stroke pneumonia require further investigation.

This study also has several limitations. We so far did not conduct long-term
experiments on the effects of neutrophil depletion, DNase I, and LDC7559 yet. Thus,
their roles in facilitating long-term recovery in the mouse model of post-stroke
pneumonia remain to be shown. Additionally, while neutrophil depletion significantly
reduced thrombus formation and helped alleviate brain edema and IgG extravasation,
treatment with amoxicillin, although significantly reducing thrombus formation, did not
show significant effects in mitigating brain edema and IgG extravasation. Apparently,
amoxicillin was unable to reverse the consequences of pneumonia for neutrophil

recruitment and microthrombosis.
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5. CONCLUSION

In summary, we observed that pneumonia following ischemic stroke impaired the
recovery from stroke, with the potential mechanism being the increase in circulating
neutrophils and the subsequent rise in microthrombus formation caused by pneumonia.
Treatment with amoxicillin only partly alleviated the damage caused by post-stroke
pneumonia during both the acute and chronic phases; depletion of neutrophils provided
a more significant improvement; whereas DNase I not only failed to offer any
improvement but also increased the risk of hemorrhagic transformation. Despite the fact
that the use of LDC7559 indeed reduced the levels of NETs in the blood, its beneficial
effects will need to be substantiated in additional studies, which are currently on the
way. With the data obtained, we will be able to define if LDC7559 might represent a
promising tool for improving stroke recovery in ischemic stroke patients with

stroke-associated pneumonia.
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6. SUMMARY

6.1. English summary

Pneumonia is one of the most common complications following ischemic stroke. It is
widely recognized that stroke-associated pneumonia significantly worsens outcomes of
stroke patients. However, the underlying mechanisms of its influence remain unclear.

In this study male C57Bl16/j mice underwent transient middle cerebral artery
occlusion (MCAOQ). Three days after MCAO, mice received an intratracheal injection of
bacterial suspension, containing approximately 1 x 10® colony-forming units (CFUs) of
Streptococcus pneumoniae to induce pneumonia. Pneumonia significantly deteriorated
neurological deficits and rotarod test performance, exacerbated brain edema and atrophy,
enhanced IgG extravasation, inflammation, and microthrombosis within the infarct, and
increased the neutrophil number in blood. Amoxicillin was used to treat pneumonia.
Our studies showed that amoxicillin treatment attenuated the deleterious impacts of
pneumonia on stroke recovery, notably diminishing the incidence of thrombi within the
infarct and reducing neutrophil counts in the blood. Considering that microthrombosis is
associated to neutrophils, neutrophil depletion was conducted. Neutrophil depletion
more effectively improved stroke outcome than amoxicillin treatment. We also assessed
the effect of DNase I and the gasdermin D inhibitor LDC7559 to prevent the formation
of neutrophil extracellular traps (NETs), which are released by activated neutrophils and
associated with thrombosis. DNase I treatment failed to mitigate the adverse effects of
post-stroke pneumonia in the acute phase, but increased the risk of hemorrhagic
transformation. LDC7559 treatment successfully reduced NET formation,
microvascular thrombus, and brain edema in mice with post-stroke pneumonia.

In conclusion, post-stroke pneumonia impaired the recovery from stroke,
potentially through the increase of circulating neutrophils and microthrombus formation.
According to our studies, gasdermin D inhibition by LDC7559 might represent a

promising strategy for the treatment of stroke-associated pneumonia.
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6.2. Deutsche Zusammenfassung

Pneumonie ist eine der héaufigsten Komplikationen nach einem ischdmischen
Schlaganfall. Es ist allgemein anerkannt, dass schlaganfall-assoziierte Pneumonie
(stroke-associated pneumonia, SAP) die Ergebnisse fiir Schlaganfallpatienten erheblich
verschlechtert. Die zugrunde liegenden Mechanismen ihres Einflusses bleiben jedoch
unklar.

In dieser Studie unterzogen sich ménnliche C57Bl6/j Méuse einer transienten
Okklusion der mittleren zerebralen Arterie (middle cerebral artery occlusion, MCAQO)
fiir eine Dauer von 30 Minuten. Am dritten Tag nach dem Schlaganfall erhielten die
Miuse eine intratracheale Injektion einer bakteriellen Suspension, die etwa 1 x 10°
koloniebildende Einheiten (colony-forming units, CFUs) von Streptococcus
pneumoniae enthielt, um eine Pneumonie zu induzieren. Dies verschlechterte
neurologische Defizite, Rotarod-Leistungen, Hirnddeme, Atrophie, IgG-Extravasation,
Entziindungen, Mikrothrombosen und erhohte die Neutrophilenzahlen. Amoxicillin
reduzierte diese Effekte nur teilweise, darunter Thrombenbildung und
Neutrophilenzahlen. In Anbetracht der Tatsache, dass Thrombosen mit Neutrophilen in
Verbindung stehen, wurde eine Neutrophilendepletion durchgefiihrt. Die
Neutrophilendepletion zeigte effektivere Verbesserungen als die
Amoxicillin-Behandlung. Danach wurden DNase I und der Gasdermin D-Inhibitor
LDC7559 getestet, um neutrophile extrazelluldre Traps (NETs) zu verhindern. DNase I
zeigte keine Verbesserung und erhohte das Risiko einer hidmorrhagischen
Transformation. Die Behandlung mit LDC7559 hingegen reduzierte erfolgreich
NET-Bildung, mikrovaskulére Thrombose und das Hirnddem.

Zusammenfassend erkldrte diese Studie, dass post-Schlaganfall-Pneumonie die
Erholung von Schlaganfall beeintrachtigte, sehr wahrscheinlich durch die Zunahme
zirkulierender Neutrophilen und die Mikrothrombenbildung im ischdmischen Gewebe.
Gasdermin  D-Blockade koennte eine vielversprechende Behandlung der

Schlaganfall-assoziierten Pneumonie sein.
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