Aus der der Klinik fir Neurologie, Abteilung fir Experimentelle Neurologie

der Medizinischen Fakultat Charité — Universitatsmedizin Berlin

DISSERTATION

The role of CD4+ T cells in chronic immune responses and cognitive

decline following experimental stroke

Die Rolle von CD4+ T-Zellen bei der chronischen Immunantwort und

Entstehung von Demenz nach experimentellem Schlaganfall

zur Erlangung des akademischen Grades

Medical Doctor - Doctor of Philosophy (MD/PhD)

vorgelegt der Medizinischen Fakultat

Charité — Universitatsmedizin Berlin

von

Luis Weitbrecht

aus Heidenheim an der Brenz

Datum der Promotion: 23. Méarz 2024






Abstract

Inhaltsverzeichnis

Zusammenfassung

List of Abbreviations

1.Introduction

1.1.

Hypothesis

2.Materials and Methods

2.1

2.2.

2.3.

2.4,

2.5.

2.6.

Animals and Housing

Experimental Stroke Model (MCAO0)

Stroke Volumetry — Magnetic Resonance Imaging (MRI)
Bronchoscopy-Guided Application of S. Pneumoniae
Microbiological Investigation

Drug Administration

2.6.1. CD4 Depletion

2.6.2. Tamoxifen

2.6.3. Antibiotics

2.6.4. Glycolic Acid

2.7.

2.8.

2.9.

Immunofluorescence Staining — Stereological Quantification

Leukocyte Retrieval and Flow Cytometry

MRNA Expression Analysis — Quantitative Reverse Transcription Polymerase Chain

Reaction (QRT-PCR)

2.10. Cognitive Assessment

2.11. Motor Assessment

2.11.1. Pole Test

2.11.2. Gait Analysis — CatWalk

2.11.3. Corner Test

2.12. Statistical Analysis

2.13. Study Approval

10

11

11

11

12

12

12

12



2.14. Use of Published Data 12

3. Results Publication 1: “CD4+ T Cells Promote Delayed B Cell Responses in the Ischemic

Brain After Experimental Stroke” 14

3.1. CNS Autoreactivity Exacerbates Infarct Volumes and Lymphocyte Infiltration in 2D2
Mice After Stroke Compared to Wild-Type Mice 14

3.2. Delayed CD4 Depletion Inhibits CD4* T Cell Infiltration into the Ischemic Brain at Day
14 After Stroke 15

3.3. CNS-Resident Microglia and Infiltrating Myeloid Cells After CD4 Depletion 18

3.3.1. Microglia and Infiltrating Myeloid Cells Can Be Distinguished by Flow Cytometry
Using CD45 and CD11b Expression 18

3.3.2.  CD4 Depletion Mitigates Microglial Loss and Reduces Myeloid Cell Infiltration into
the Brain After Severe Infarction 19

3.4. Expression of Lymphocyte-Attracting and ELS-Inducing Cytokines in the Ischemic
Brain 22

3.5. CD4 Depletion Reduces B Cell Infiltration into the Ischemic Brain at Day 14 After
Stroke 23

3.6. CD4" T and B Cells Infiltrate the Ischemic Brain Once the CD4* T Cell Population
Recovers in the Periphery 25

3.7. Temporary Inhibition of CD4* T and B Cell Infiltration to the Brain Alleviates Cognitive

Decline Without Influencing Infarct Volumes or Mortality 27

4. Results Publication 2: “Impact of Key Nicotinic AChR Subunits on Post-Stroke Pneumococcal

Pneumonia” 29

4.1. Increased Susceptibility to Aspiration-Induced Pneumonia After Stroke is not Altered

by Genetic Deficiency of Nicotinic Acetylcholine Receptors 29

5. Results Publication 3: “A Primeval Mechanism of Tolerance to Desiccation Based on Glycolic

Acid Saves Neurons in Mammals from Ischemia by Reducing Intracellular Calcium-Mediated

Excitotoxicity” 30

5.1. Glycolic Acid Improves Functional Outcomes After Experimental Stroke 30
6.Discussion 35
References 43

7.Affidavit 52



7.1. Statutory Declaration
7.2. Declaration of Contribution to the Publications
8.Publications
8.1. Publication 1
8.1.1.  Excerpt From the ISI Journal Summary List
8.1.2.  Print Copy
8.2. Publication 2
8.2.1.  Excerpt From the ISI Journal Summary List
8.2.2.  Print Copy
8.3. Publication 3
8.3.1.  Excerpt From the ISI Journal Summary List
8.3.2.  Print Copy
9.Curriculum Vitae
10.List of Publications

Acknowledgements

52

53

55

55

55

57

71

71

75

91

91

92

111

111

114



List of Tables

Table 1: Primary Antibodies for Immunofluorescence Staining.............cccoeeeeiieeeriiciiiiiiec e, 9
Table 2: Primary Antibodies for FIOW CYtOMEtIY .........ccoiiviiiiiiiiii et e e 10
Table 3: Primers for gRT-PCR......cco o 11

List of Figures

Figure 1: Flow Cytometry Gating Srat@QY ..........uuuuuuruuuuumueuunnnneninnnnnnnnnnnnnnnnsnnnnsnnnnnnnsenneeeenennnnnes 13
Figure 2: 2D2 Mice Show Enhanced Immune Responses After MCAO...........ccccveveeeeiiiiiinnnen, 15
Figure 3: Leukocyte Infiltration into the Brain Increases with Infarct Volumes..............ccccvvveee. 16
Figure 4: Experimental Set-Up and CD4 Depletion EffiCaCY ............uuuurmmiiiiiiiiiiiiiiiiiiiiiiiiiiiiinnnns 17
Figure 5: CD45 Expression is Sufficient to Distinguish Infiltrating Myeloid Cells (IMC) and

Microglia by Flow Cytometry 14 Days After MCAO ........covvviiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee 19
Figure 6: CD4 Depletion Reduces Microglial Loss and Myeloid Cell Infiltration at Day 14 After

1Y [ A o PP PPPPPPPPPP 21
Figure 7: Lymphocyte-Attracting Cytokines Are Upregulated in the Ischemic Brain After Stroke
................................................................................................................................................. 22
Figure 8: CD4 Depletion Inhibits B Cell Infiltration into the Ischemic Brain at Day 14 After MCAo
................................................................................................................................................. 24
Figure 9: Lymphocytes Infiltrate the Ischemic Brain After the CD4* Population Recovers in the

POIIPNEIY ..o e 26
Figure 10: Long-Term Functional Outcome After Stroke and CD4 Depletion..................evvvennn. 28
Figure 11: The Susceptibility to Aspiration-Induced Pneumococcal Pneumonia After Experimental

Stroke Is Not Altered in NAChR Knockout (KO) MICe .......ccooveiiiiieeieeeeeeeeeeeeeee 29
Figure 12: Impact of S. Pneumoniae Infection on the Pulmonary Immune Cell Repertoire in WT

ANd NACHR KO MICE... ettt e e e e e ettt a s e e e e e e e eaattaaaaeeeaaaeannnes 30
Figure 13: Glycolic Acid Improves Histological and Functional Outcomes After MCAo.............. 32
Figure 14: Glycolic Acid Does Not Improve the Performance on CatWalk or Pole Test............ 34

Figure 15: Differential B Cell Functions in the CNS After Stroke..........ccccccoiiiiiiiiiiiiiiii, 37



APC
CCL19
CD

CFU
CNS
CreERT2
CSF
CXCL13
CXCR5
Cx3Crl
DAPI
ELS
FSC

GA

IMC

i.p.

KO

LI

Ltb
MBP
MCA
MCAo
MHC-II
MOG
MRI

MS

List of Abbreviations

Antigen presenting cell

C-C motif ligand 19

Cluster of differentiation

Colony forming units

Central nervous system

Cre recombinase (Cre) estrogen ligand-binding domain (ERT2) fusion protein
Cerebrospinal fluid

C-X-C motif ligand 13

C-X-C motif receptor 5

CX3C chemokine receptor 1

4' 6-diamidino-2-phenylindole
Ectopic lymphoid structures
Forward scatter

Glycolic acid

Infiltrating myeloid cell
Immunoglobulin

Intraperitoneal

Knock-out

Laterality index

Lymphotoxin beta

Myelin basic protein

Middle cerebral artery

Middle cerebral artery occlusion
Major histocompatibility complex class Il
Myelin oligodendrocyte glycoprotein
Magnetic resonance imaging

Multiple sclerosis



NGS
nAChR
PBS
PFA
PSCI
qRT-PCR
SAP
SD
SEM
SIDS
SSC
s.C.
TCR
Treg
WT

YFP

Normal goat serum

Nicotinic acetylcholine receptor

Phosphate buffered saline

Paraformaldehyde

Post-stroke cognitive impairment
Quantitative reverse transcription polymerase chain reaction
Stroke-associated pneumonia

Standard deviation

Standard error of the mean

Stroke-induced immunodepression syndrome
Sideward scatter

Subcutaneous

T cell receptor

Regulatory T cell

Wild type

Yellow fluorescent protein

2D2  Myelin oligodendrocyte glycoprotein T cell receptor transgenic mice



Abstract

Stroke is a leading cause of morbidity and mortality in developed countries. Treatment options
are limited to pharmacological thrombolysis and mechanical thrombectomy despite extensive
efforts to develop new treatment strategies for acute stroke and aftercare. Ongoing research aims
to reduce lethal stroke complications such as pneumonia, to rescue brain tissue from ischemic
damage with neuroprotective substances, and importantly, to improve long-term outcomes in
stroke patients by modulating chronic immune responses in the brain. The disruption of cerebral
perfusion leads to an activation of the innate immune system and enables an infiltration of
adaptive immune cells into the ischemic brain tissue. Delayed accumulation of B lymphocytes in
ectopic lymphoid structures (ELS) within the infarct area has been associated with post-stroke
cognitive decline, as displayed in vascular dementia. Therefore, we aimed to investigate the effect
of late CD4* T cell depletion on B cell responses in the brain and the long-term functional outcome
after stroke. Repeated injections of monoclonal CD4-antibody at day three to nine after 60min
middle cerebral artery occlusion (MCAO0) in 2D2 mice (strain carrying transgenic T cell receptors
reactive to myelin oligodendrocyte glycoprotein) successfully prevented initial infiltration of CD4*
T cells to the ischemic area. B cell numbers and ELS formation were reduced in CD4-depleted
mice when compared to an isotype-treated control group at 14 days after stroke. Once the
peripheral CD4" T cell population had recovered, CD4" T and B lymphocytes infiltrated the
ischemic brain and formed ELS with evidence for local B cell differentiation and antibody
production. Even though we found no difference regarding lymphocyte numbers and ELS
phenotype between treatment groups at late time-points, CD4 depletion had a beneficial effect
on cognitive functions after stroke. Taken together, these main findings indicate a pivotal role for
CD4" T cells in delayed autoreactive B cell responses after stroke and their contribution to
cognitive decline. In a second publication we investigated the mechanisms of stroke-induced
immunodepression syndrome (SIDS). Stroke leads to suppression of the immune system via the
autonomic nerve system and especially cholinergic signaling, which promotes stroke-associated
pneumonia (SAP). CNS-reactive immune responses can be exacerbated by systemic infections
on the one hand and decreased by SIDS on the other. In an aspiration model with Streptococcus
pneumoniae, a typical Gram-positive pathogen of SAP, we found reduced bacterial clearance in
the lung with an altered pulmonary immune cell repertoire in animals with stroke when compared
to controls. In this aspiration model, using different knockout models for nicotinic acetylcholine
receptors, we did not find evidence for functional involvement of cholinergic mechanisms in
mediating SIDS, as observed in a spontaneous SAP model with predominantly Gram-negative
bacteria. In a third paper, we demonstrated a protective effect of glycolic acid on neuronal
metabolism. Glycolic acid resulted in better performance in various behavioral tests in mice when

administered during reperfusion after stroke. If this protective effect is confirmed in further studies,



intra-arterial application would also be feasible in humans in the acute phase of stroke, during
mechanical recanalization by thrombectomy. Overall, this dissertation provides further evidence
for dysregulation of the immune system in the chronic phase after stroke. Here, an exaggerated
immune response of autoreactive lymphocytes in the brain seems to contribute to the
development of cognitive deficits, whereas peripheral immunosuppression by the autonomic
nervous system promotes severe infections. In addition to direct neuroprotective approaches,
these pathomechanisms offer new targets for immunomodulatory therapeutic strategies.
However, the sometimes opposing immune mechanisms in the CNS and peripheral organs such
as the lungs need to be considered.



Zusammenfassung

Der ischamische Schlaganfall gehort zu den haufigsten Ursachen fur Tod und lebenslange
Behinderung. In der Akutphase wird der Krankheitsverlauf durch den Untergang von
Nervengewebe und systemische Infektionen bestimmt, wahrend in der Folgezeit autoreaktive
Immunprozesse im Hirn mutmalflich zur Entstehung von Demenz beitragen. Zerebrale Ischamie
fuhrt durch Aktivierung des angeborenen und spater des erworbenen Immunsystems zu einer
lokalen Entzindungsreaktion. Dabei bilden CD4* T-Zellen und B-Zellen ektope
lymphfollikeldhnliche Strukturen (ELS) im Himn, was mit der Entstehung von verzdgert
auftretenden kognitiven Defiziten als Form der vaskularen Demenz in Verbindung gebracht
wurde. Die vorliegende Arbeit beleuchtet verschiedene Aspekte der Pathophysiologie des
Schlaganfalls anhand eines Mausmodells. SchwerpunktméaRig wurde die Rolle von CD4* T-Zellen
bei autoreaktiven B-Zellantworten nach Schlaganfall untersucht. Hierfir induzierten wir einen
ischamischen Schlaganfall in 2D2-Mausen und injizierten einen Anti-CD4-Antikdrper. So wurden
die peripheren CD4* T-Zellen depletiert und deren anfangliche Infiltration in das ischamische
Gewebe verhindert. Das Ausmald der B-Zellinfiltration und ELS-Bildung im Hirn waren zwei
Wochen nach Schlaganfall im Vergleich mit Kontrolltieren signifikant reduziert. Jedoch begann
die Infiltration von CD4* T- und B-Lymphozyten ins ischdmische Hirn erneut, sobald sich die
periphere CD4* T-Zellpopulation erholt hatte. Sieben bis zehn Wochen nach Schlaganfall
entstanden ELS mit Anzeichen von lokaler B-Zelldifferenzierung und Antikdrperproduktion.
Obwohl zu diesen Zeitpunkten kein Unterschied in der Lymphozytenzahl und dem
Organisationsgrad der ELS zwischen den Behandlungsgruppen festzustellen war, hatte die CD4-
Depletion positive Auswirkungen auf die kognitive Funktion. Insgesamt sprechen diese
Ergebnisse fiir eine Schlusselrolle von CD4* T Zellen bei der autoreaktiven Immunantwort nach
Schlaganfall und ihrer Beteiligung an den verzégert auftretenden kognitiven Defiziten nach
Schlaganfall. In der zweiten Arbeit untersuchten wir Mechanismen des Schlaganfall-induzierten
Immundepressionssyndroms (SIDS). Schlaganfall fuihrt Giber autonome und insbesondere auch
cholinerge Signale zu einer Suppression des Immunsystems, wodurch Schlaganfall-assoziierte
Pneumonien (SAP) beglnstigt werden. Autoreaktive Immunantworten kénnen durch systemische
Infektionen einerseits verstarkt und andererseits durch die Immundepression vermindert werden.
In einem Aspirationsmodell mit Streptococcus pneumoniae, einem typischen Gram-positiven
Erreger der SAP, konnten wir bei Tieren mit Schlaganfall eine reduzierte bakterielle Clearance
bei verédndertem pulmonalem Immunzellrepertoire im Vergleich zu Kontrolltieren ohne
Schlaganfall nachweisen. In diesem Aspirationsmodell konnten wir mit Hilfe verschiedener
Knockout-Modelle nikotinerger Acetylcholinrezeptoren keinen Hinweis fir die funktionelle
Beteiligung cholinerger Mechanismen in der Vermittlung von SIDS feststellen, wie dies bei einem

spontanen SAP-Modell mit Uberwiegend Gram-negativen Bakterien beobachtet wurde. In der



dritten Arbeit konnten wir eine protektive Wirkung von Glykolsdure flr den neuronalen
Metabolismus nachweisen. Glykolsdure fuhrte in Mausen zu besseren Leistungen in
verschiedenen Verhaltenstests, wenn sie wahrend der Reperfusion nach Schlaganfall verabreicht
wurde. Sollte der protektive Effekt sich in weiteren Studien bestatigen, ware auch beim Menschen
eine intraarterielle Anwendung in der Akutphase des Schlaganfalls, wahrend der mechanischen
Rekanalisation mittels Thrombektomie, mdglich. Insgesamt liefert diese Doktorarbeit weitere
Belege fur eine Dysregulation des Immunsystems wahrend der chronischen Phase nach
Schlaganfall. Hierbei scheint eine (berschiefende Immunreaktion von autoreaktiven
Lymphozyten im Hirn zur Entstehung von kognitiven Defiziten beizutragen, wahrend die periphere
Immunsuppression durch das vegetative Nervensystem schwere Infektionen begtinstigt. Neben
direkten neuroprotektiven Ansatzen liefern diese Pathomechanismen neue Targets fur
immunmodulatorische Therapiestrategien, wobei die teils gegenlaufigen Immunmechanismen im

ZNS und peripheren Organen wie der Lunge bertcksichtigt werden mussen.



1. Introduction

Ischemic stroke is among the leading causes of mortality and disability worldwide (Johnson et al.,
2019). Acute neurological and physical dysfunction caused by ischemic brain damage are
followed by dementia or post-stroke cognitive impairment (PSCI) in up to 50 percent of stroke
survivors (Pendlebury et al., 2019). The risk for developing post-stroke dementia increases over
the course of time, indicating that the underlying pathomechanism may be a chronic process
(Pendlebury & Rothwell, 2009).

To this date, the treatment options for acute stroke are limited to thrombolysis by intravenous
administration of recombinant tissue plasminogen activator and percutaneous endovascular
interventions for local thrombolysis or thrombectomy (Roaldsen et al., 2021). Due to an increasing
risk of intracerebral bleeding over time, these therapies can only be administered within few hours
after stroke onset (Hacke et al., 2008; Jovin et al., 2015). However, improvements in acute stroke
care have enabled an increasing number of patients for treatment within the required time frame
(Stroke Unit Trialists, 2013). Consequently, the number of patients suffering from long term
disability after stroke, such as PSCI, has increased with the number of stroke survivors (Johnson
et al.,, 2019). Subsequent treatment is limited to secondary stroke prevention as numerous
attempts to implement preclinical findings into clinical practice have failed, highlighting the need
for a better understanding of the processes that determine stroke patients’ long-term outcome
(Endres et al., 2008).

Only recently it was discovered that B cell responses facilitate cognitive decline in an experimental
stroke model, suggesting a role for the adaptive immune system in the pathogenesis of PSCI
(Doyle et al., 2015). According to the current understanding innate-like lymphocytes infiltrate the
ischemic brain early after stroke onset with a peak for both T and B cells at day three (Gelderblom
et al., 2009). This early response is deemed independent from central nervous system (CNS)
antigens (Kleinschnitz et al., 2010). After a temporary decrease in brain-residing lymphocytes, a
second wave of T and B cell infiltration to the ischemic tissue was observed around day 14 after
stroke (Doyle et al., 2015; Stubbe et al., 2013). Such delayed adaptive immune responses may
be initiated once CNS antigens are released from damaged brain cells and drained to peripheral
lymphoid tissue to be presented to lymphocytes by antigen presenting cells (APC) (Kono & Rock,
2008; Planas et al., 2012; van Zwam et al., 2009).

After priming in the periphery, lymphocytes infiltrate the ischemic brain in an antigen-specific
manner where they form ectopic lymphoid structures (ELS) (Doyle et al., 2015; Mir6-Mur et al.,
2020). This process may be supported by resident microglia and infiltrating myeloid cells (IMC),
which shift to a detrimental phenotype during the chronic phase of stroke and produce cytokines
to create a proinflammatory environment (Hu et al., 2012; Jin et al., 2010). Findings from cancer,

autoimmune diseases and other states of chronic inflammation indicate that ELS execute similar



functions as lymphoid follicles, including B cell differentiation, antibody production and
hypermutation, thereby facilitating chronic on-site immune responses (Corsiero et al., 2016).
Multiple studies demonstrated that autoantibodies directed against CNS-specific proteins, such
as myelin oligodendrocyte glycoprotein (MOG) and myelin basic protein (MBP), can be found in
stroke patients and are associated with cognitive decline (Becker et al., 2011; Becker et al., 2016;
Pruss et al., 2012).

This thesis highlights the role of CD4* T cells during chronic immune responses in the brain after
experimental stroke and for post-stroke cognitive decline. However, we provide additional data
providing insights into other determinants of stroke patients’ functional outcome. For instance,
acute cerebral ischemia induces a state of peripheral immunodepression predisposing patients
to severe pulmonary infections that account for a threefold increase of stroke mortality (Katzan et
al., 2003). This stroke-induced immunodepression syndrome (SIDS) is mediated by an activation
of the sympathetic and the parasympathetic nervous system (Engel et al., 2015; Prass et al.,
2003). Using various knockout models, we investigated the role of nicotinic acetylcholine receptor
(nAChR) subtypes for the pulmonary bacterial clearance and local immune cell composition after
stroke.

Additionally, we investigated the neuroprotective properties of glycolic acid (GA) during cerebral
reperfusion after experimental stroke. GA was previously characterized as a metabolite that
protects Caenorhabditis elegans dauer larva during desiccation, a process which is characterized
by a sudden withdrawal and subsequent supply of oxygen and nutrients comparable to the
occlusion/reperfusion mechanism during stroke (Erkut et al., 2016). Here, we used multiple
behavioral tests to assess the sensorimotor functions of mice after stroke with or without GA

treatment.

1.1. Hypothesis

We hypothesized that adaptive immune responses in the ischemic brain contribute to PSCI and
therefore serve as a potential therapeutic target to improve stroke patients’ long-term outcome.
As formation of lymphoid tissue and general B cell functions vastly rely on chemokines secreted
or induced by CD4" T helper cells and cell-cell-interaction (Corsiero et al., 2016; Cupedo &
Mebius, 2003), we also hypothesized that the treatment with an antibody depleting CD4* T cells

would mitigate B cell infiltration, ELS formation and alleviate cognitive decline after stroke.

Therefore, we induced an ischemic stroke by middle cerebral artery occlusion (MCAO0) in male
and female mice and subsequently characterized the kinetics of immune cell infiltration and ELS
formation in the brain. After administering a CD4" T cell depleting antibody or an isotype control,
we measured ELS formation by flow cytometry, histology and gRT-PCR while cognitive functions

were assessed by behavioral testing.



2. Materials and Methods

The materials and methods listed below have previously been published and are described in
detail elsewhere (Chovsepian et al., 2022; Jagdmann et al., 2020; Weitbrecht et al., 2021). A brief

outline is provided for each method.

2.1. Animals and Housing

Experiments were conducted with male and female 2D2 mice (Bettelli et al., 2003) and C57BL/6J
(WT) mice between the ages of 10 to 14 weeks when entering the study. Male 8-week-old
Cx3Cr1°*ERT2.YFP transgenic mice were used for validating CD45 to distinguish microglia from
IMC. Male a2 nAChR knock-out (KO) a5 nAChR KO, a7 nAChR KO, a9/10 nAChR KO mice and
corresponding WT littermates aged between 12-20 weeks were used for infection experiments.

2.2. Experimental Stroke Model (MCAO0)

Ischemic stroke was modeled by 60-minute middle cerebral artery (MCA) occlusion (MCA0). MCA
perfusion was disrupted by introducing a monofilament into the common carotid artery towards
the origin of the MCA, where it was left for 60 minutes. Thereafter, the filament was withdrawn to
reestablish perfusion. A sham-operation where the filament was immediately withdrawn after
exposition to the MCA was performed in control animals. The success of MCAo was verified
immediately with the modified Bederson score (Bederson et al., 1986) and at day one with T2-

weighted magnetic resonance imaging.

2.3.  Stroke Volumetry — Magnetic Resonance Imaging (MRI)

Infarct volumes were quantified by T2-weighted MRI as previously described (Hetze et al., 2012).
Infarct volumes were calculated and expressed as percentage of the edema corrected ipsilateral
hemisphere volume (Gerriets et al., 2004). For aspiration-induced pneumonia experiments stroke

volumes were determined by hematoxylin staining.

2.4. Bronchoscopy-Guided Application of S. Pneumoniae

Streptococcus pneumoniae (S. pneumoniae) was diluted in PBS to 2000 colony forming units
(CFU)/50pL. Under anesthesia with midazolam (5.0mg/kg BW) and medetomidin (0.5mg/kg BW)
the bronchoscope was advanced along the trachea to the bifurcation where 50uL pneumococcal
suspension were administered. Subsequently, mice recovered under flumazenil (0.5mg/kg BW)

and atipamezol (5mg/kg BW) to antagonize the anesthesia.

2.5. Microbiological Investigation

Bronchoalveolar lavage (BAL) was performed as described elsewhere (Sun et al., 2017). BAL
fluid and homogenized lung tissue were serially diluted and incubated on Columbia-Agar plates

at 37 °C for 18h. Bacterial colonies were counted to calculate the CFUs per ml tissue/liquid.



2.6. Drug Administration
2.6.1. CD4 Depletion

200ug of CD4 depletion antibody (anti-mouse CD4, clone GK1.5) or isotype control antibody were
injected intraperitoneally (i.p.) at day 3, 5, 7 and 9 after MCAo to eliminate peripheral CD4* T cells
in MCAo and sham animals.

2.6.2. Tamoxifen

4mg Tamoxifen was injected four weeks prior to MCAo surgery in 8-week-old Cx3Cr1CreERT2.YFP
transgenic mice to induce YFP expression in Cx3Crl-positive cells. Due to the high turnover of
peripheral myeloid cells, YFP was expressed in microglia and brain-resident macrophages but
not IMC when the tissue was analyzed by flow cytometry at day 14 after stroke (Goldmann et al.,
2016).

2.6.3. Antibiotics

For aspiration-induced pneumonia experiments, spontaneous pneumonia was prevented by i.p.

injections of marbofloxacin (5mg/kg body weight) at the day of MCAo and the day before.

2.6.4. Glycolic Acid

100 pl of glycolic acid (GA) or 0.9% NaCl (vehicle) solution were injected i.p. immediately after
MCAo or sham operation and on the following 3 days. GA powder was diluted in pure water to a
concentration of 15.6 mg/ml (60 mg/ kg BW).

2.7.  Immunofluorescence Staining — Stereological Quantification

Mouse brains were snap frozen and cut into 30um slices on a sliding microtome. Antibodies were
diluted in 1% normal goat serum and 0.3% Tween20 in PBS. Sections were incubated with
primary antibodies (Tab. 1) at 4°C overnight. Slices were washed and incubated with secondary
antibodies for 2 hours at room temperature on a shaker. DAPI was used to stain nuclei.
Fluorescent images were taken using a confocal microscope. Stereological cell quantification was
performed using LEICA LAF software, where CD4* and B220* cells were counted in 9 frames
(173pm x 173um) per hemisphere. One slice around the bregma including lesions in both striatum

and cortex was chosen to represent each animal.



Table 1

Primary Antibodies for Immunofluorescence Staining

Antigen Conjugate Dilution Clone Type Source
B220 Alexa488 1:200 RA3-6B2 Monoclonal BioLegend
CD3 1:200 500A2  Monoclonal BD Bioscience
CD4 1:200 RM-4-5  Monoclonal BD Bioscience
Laminin 1+2 1:400 Ab7463 Polyclonal Abcam
CD138 1:200 281-2 Monoclonal BD Bioscience
IgM Alexa594 1:200 A21044 Polyclonal  Life Technologies
19G Oregon Green 488 1:200 06280 Polyclonal  Life Technologies

2.8. Leukocyte Retrieval and Flow Cytometry

Mice were transcardially perfused with PBS after deep anesthesia. Cerebrums were separated
from the cerebellum and kept on ice in medium with penicillin, streptomycin, and 2 mM L-alanyl-
L-glutamine. Hemispheres were pressed through a 70um cell strainer separately to obtain single
cell suspensions. After centrifugation, cell pellets were resuspended in 35% Percoll. The 35%
Percoll solution was carefully layered on top of 70% Percoll and centrifuged at room temperature
for 30 minutes at 1159¢ to obtain mononuclear cells at the 35%/70% interface.

Peripheral blood was collected by submandibular puncture or from the vena cava in deeply
anesthetized mice. Obtained blood samples were treated with erythrocyte lysis reagent.
Leukocytes collected from brain or blood were incubated with primary, fluorochrome-conjugated
antibodies (Tab. 2) that were diluted in PBS, 0.5% bovine serum albumin and 2mM
ethylenediaminetetraacetic acid for 20 minutes at 4°C in the dark according to the manufacturers’
instructions. Pacific orange was used to discriminate living from dead cells in blood samples. Cells
were analyzed using LSRII SORP and FACSCanto Il flow cytometers with FlowJo v10.0 software.

Gating strategies are provided in Figure 1 and 5A.



Table 2

Primary Antibodies for Flow Cytometry

Brain Leukocytes

Antigen Conjugate Clone Type Source
CD11b ECD M1/70 Monoclonal eBioscience
CD138 BV605 281-2 Monoclonal BD Biosciences
CD19 BV785 6D5 Monoclonal BioLegend
CD25 BVv711 PC61 Monoclonal BD Biosciences
CD3e Pacific Blue 17A2 Monoclonal BioLegend
CDh44 PE-Cy7 IM7 Monoclonal eBioscience
CD45 Alexa700 30-F11 Monoclonal BioLegend
CD8 PE-Cy5 53-6.7 Monoclonal BioLegend
GL7 Alexa488 GL7 Monoclonal eBioscience
IgD BV510 11-26c¢c.2a Monaoclonal BD Biosciences
TCR VB11 PE RR3-15 Monaoclonal BioLegend

Blood Leukocytes
CD11b PE-Cy7 M1/70 Monoclonal eBioscience
CD19 PerCp-Cy5.5 1D3 Monaoclonal FisherScientific
CD3 PE 17A2 Monaoclonal BioLegend
CD4 FITC RM4-5 Monoclonal BD Bioscience
CD8 Alexa647 53-6.7 Monaoclonal BioLegend
Ly6C Bv421 HK1.4 Monaoclonal BioLegend
Ly6G APC-Cy7 1A8 Monoclonal BioLegend

2.9. mRNA Expression Analysis —Quantitative Reverse Transcription Polymerase Chain
Reaction (QRT-PCR)

Phenol-chloroform extraction was used to isolate the RNA from both hemispheres separately.
DNasel was employed according to the manufacturer’s instructions to digest genomic DNA.
Extracted mRNA was reverse-transcribed to cDNA using the M-MLV reverse transcriptase. The
cDNA was then quantified using a LightCycler 480. Target gene expression was normalized to
Reep5 as housekeeping gene. The relative expression of the target gene in ipsilateral
hemispheres was expressed as a ratio of ipsilateral to contralateral hemisphere expression.

Primers are specified in Table 3.
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Table 3

Primers for qRT-PCR

Gene Forward sequence Reverse sequence
Ccxcr5 CCCACTAACCCTGGACATGGGCTC AGTGTGCCGGTGCCTCTCCA
Cxcl13 TACGCCCCCTGGGAATGGCT AGTGGCTTCAGGCAGCTCTTCT
Cxcl12 TGGACGCCAAGGTCGTCGCC GAACCGGCAGGGGCATCGGT
Ccl19 CTGCTGGTTCTCTGGACCTTC GCGGAAGGCTTTCACGATGT
Ltb ACCTCATAGGCGCTTGGATG CGACGTGGCAGTAGAGGTAA
Pax5 CCGACTCCTCGGACCATCAGGACA GGGCCTGACACCTTGATGGGCA
Cst7 AGTCCCATGTCAGCAAAGCC ATATAGAGTCCGCTTCAAGGCAG
Csfl CTCTAGCCGAGGCCATGTG GCTCCTCCACTTCCACTTGT
Ctsd ACATAGCCTGCTGGGTCCAC CCTGAGCCGTAGTGGATGTC
Apoe CTGAGAAGGGAAGATGGGGTTC GGCTAGGCATCCTGTCAGCAA
Lpl CTCCAGAGTTTGACCGCCTT TTCCCGTTACCGTCCATCCA
Ctsl GTGGACTGTTCTCACGCTCA ACAAGATCCGTCCTTCGCTT
P2ry13 TCGTGGGTTGAGCTAGTAACTG TCCCGAGCATCAGCTTTGTT
Hexb CATCGACCACAGTCCCAATTC CCAAAAACATAGTTGTAATATCGCC
Cx3Cr1 GTGAGACTGGGTGAGTGACTG GTGGACATGGTGAGGTCCTGAG
Tmem119 CACCCAGAGCTGGTTCCATAGC GGTCTCTCCGGTGTGGGACT

Note. Adapted from (Weitbrecht et al., 2021).

2.10. Cognitive Assessment

The Y-maze test was used to examine the cognitive function and spatial working memory of mice
after stroke and CD4 depletion as previously described (Itoh et al., 1993). The number of arm
entries in 8-minut-sessions served as an indicator for exploration behavior and memory.

Behavioral tests were performed at baseline (day -1), 2 weeks and 7 weeks after MCAo.

2.11. Motor Assessment

After stroke, mice show impaired motor functions and a preference towards the nonaffected limb
(Balkaya et al., 2012). For the glycolic acid experiments, various functional tests were performed

to assess such deficits.

2.11.1. Pole Test

Animals were placed on top of a vertical pole facing upwards. The time from the start of a full 180°

turn (time to turn) and latency to reach the ground (time to descend) was measured. 3 successful
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trials per mouse were taken. Trials in which mice took longer than 5 s to turn or longer than 20 s

to descend were excluded. Pausing was also an exclusion criterion.

2.11.2. Gait Analysis — CatWalk

Quantitative gait analysis using the semi-automated CatWalk (Noldus Information Technology)
system was used to assess deficits of motor function at day 10 after MCAo. The animals’
footprints on a transparent, fluorescently illuminated platform were recorded by a camera from
underneath. Mice were trained to walk across the platform on 3 consecutive days before MCAo.
Each mouse was observed until 3 successful trials were recorded (speed variation <60%, no
pausing). Analysis was performed with CatWalk XT 10.5 Software, which visualizes the footprints
and calculates statistics regarding their dimensions and the time and distance ratios between

footfalls.

2.11.3. Corner Test

At day 12 after MCAO, mice were placed in a cardboard box where two opposing corners were
set at a 30° angle. Mice were motivated to move into the corner by a small opening in the wall.
As a response to the whiskers touching the walls of the corner, the animals rear and turn to either
side with a preference for the healthy side after stroke. Mice were observed during 10-minute
sessions and the turns in each direction were counted. The laterality index (LI) was calculated as
described: LI=(TL-TD)/(TD+TL) (Balkaya et al., 2013).TL: turn left (stroke-affected side); TD: turn
right (nonaffected side).

2.12. Statistical Analysis

Data are presented as scattered dot plots with mean + standard deviation (SD) or box plots (25-
75 percentile) with whiskers (5-95 percentile), if not stated otherwise in the figure legend. Tests
were two-sided and a p-value <0.05 was considered statistically significant. Normal distribution
was verified with the Kolgomorow-Smirnov test. Where data was not normally distributed, a log-

transformation was performed before analysis.

2.13. Study Approval

All animal experiments were conducted in accordance with the ARRIVE guidelines (Kilkenny et
al., 2010), Directive 2010/63/EU of the European Parliament and German national laws and

approved by local authority (Landesamt fur Gesundheit und Soziales, Berlin, Germany).

2.14. Use of Published Data

The data, tables, and figures presented in this thesis have in part been published as indicated.
All'included publications are licensed under a Creative Common License (CC-BY) and permission

to reprint figures, data and text are therefore granted by the publisher.
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Figure 1
Flow Cytometry Gating Strategy

250K = sl J 250K 260K =
200K = v ] 200K = ! 200K =
150K =

150k B S : 150k

ok 0 3 . 100K = 100K =

<. 50K = :.E 50K = :I.: 50K =
O Q Q
(%2} %} (%]
7] el . 9 0
T T T T T T T T T T T T T T T
50K 100K 150K 200K 250K 0 8K 100K 150K 200K 250K 0 50K 100K 150K 200K 250K
FSC-A FSC-W SSC-W
10°7 coige 10’
16,8
IO‘ 9
10° o
—
a ) o4
- — 0 3
o o &) a
o ) (O
™ Al 3 T T T Ll T Al R
0 10 10 w0 10 10t 10°
CD3 CD4
A 4
o Plasmacells_blasts o - IgD-GL7+ IgD+GL7+
0,90 3580 : 792
0t 10 3
’ i
a
Ja) i
O (U]
L T Al

CD138 IgD

Note. “Isolated leukocytes were gated based on forward (FSC) and sideward (SSC) scatter to
determine single cells. CD45 was used to separate CD11b* myeloid cells into microglia
(CD11b"CD45") and infiltrating myeloid cells (CD11b"CD45"). Lymphocytes were defined as
CD45*CD11b" and gated into CD138" plasmablasts / plasma cells [...] CD3* T cells and CD19*
cells of B cell lineage. CD3* T cells were discriminated into CD4* T helper cells and CD8" cytotoxic
T cells. CD19* cells were further discriminated to define IgD- GL7* [germinal center- like] B cells.”
Reprinted (Weitbrecht et al., 2021).
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3. Results Publication 1: “CD4+ T Cells Promote Delayed B Cell Responses in the

Ischemic Brain After Experimental Stroke”

The results (except section 3.4) have previously been published as indicated. Selected results of

two separate publications are enclosed in section 4-5.

3.1. CNS Autoreactivity Exacerbates Infarct Volumes and Lymphocyte Infiltration in 2D2
Mice After Stroke Compared to Wild-Type Mice

Previous studies suggest that CNS antigen-specific lymphocytes infiltrate the brain following
experimental stroke and exacerbate stroke outcome (Jin et al., 2018; Ren et al., 2012; Romer et
al., 2015). Therefore, we investigated lymphocyte infiltration to the brain, infarct volumes at day
14 and survival following 60min MCAo in WT mice and 2D2 mice, a transgenic strain with more
than 80% of peripheral CD4" T cells expressing T cell receptors (TCRs) directed against the CNS-
specific antigen MOG. Immunofluorescence staining of selected brain slices and flow cytometry
indicated that CD4" T cell and B cell infiltration into the ischemic brain was more pronounced in
the ipsilateral hemisphere of 2D2 mice compared to WT animals (Fig. 2A-B). Lymphocytes did
not infiltrate the contralateral hemisphere of MCAo mice or the brains of sham-operated
control mice (data not shown). Larger infarct volumes at day 14 after MCAo (Fig. 2C) and lower
long-term survival (Fig. 2D) compared to WT mice are additional indicators for an exacerbated
immune response in 2D2 mice, which makes them a useful model organism when investigating
the role of CD4* T cell-dependent CNS antigen-specific immune cell responses after experimental

stroke.
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Figure 2
2D2 Mice Show Enhanced Immune Responses After MCAo
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Note. “A) Representative immunostaining of CD4* T cells that infiltrate the ischemic brain through
the vascular basement membrane (laminin) in 2D2 mice and WT mice 14 days after MCAo. Scale
bar = 50um. B) Flow cytometry quantification of CD4* T cells and CD19* [B] cells in ipsilateral
hemispheres of 2D2 and WT mice 14 days after MCAo (Mann-Whitney U Test). C) Infarct volumes
measured by T2-weighted MRI on day 1 after MCAo in 2D2 and WT mice. D) Long-term survival
after 60min MCAo in 2D2 and WT mice (Log-Rank (Mantel-Cox) Test).” Mice were sacrificed after
49 days or 72 days. Sample size is displayed as surviving/total mice used in the study. Reprinted
(Weitbrecht et al., 2021).

3.2. Delayed CD4 Depletion Inhibits CD4* T Cell Infiltration into the Ischemic Brain at
Day 14 After Stroke

We observed immune cell infiltration into the CNS at day 14, 49 and 72 by histology, flow
cytometry and gRT-PCR after administering a monoclonal anti-CD4 antibody or an
immunoglobulin (Ig) G control antibody. We had previously observed that leukocyte infiltration
into the ischemic brain correlates with infarct sizes (Fig. 3A). Infarct volumes at day 1 were
therefore used to allocate the animals into equal groups for subsequent antibody treatment
(Fig. 3B).
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Figure 3
Leukocyte Infiltration into the Brain Increases with Infarct Volumes
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Note. “A) Infiltration of CD45* leukocytes correlated with infarct volumes at day 1 (r = 0.826; p =
0.016; Spearman correlation) in isotype-treated mice [...]. B) Mice were assigned to equal
treatment groups according to their initial infarct volumes.” Adapted from (Weitbrecht et al., 2021).

By depleting circulating CD4" T cells with repeated anti-CD4 antibody injections at day 3, 5, 7 and
9 after MCAo0, we focused our observations on delayed but not immediate or early immune
responses after stroke onset (Fig. 4A). Following this protocol, we eliminated CD4* T cells from
the peripheral blood between day 7 and day 28 after stroke in CD4-depleted animals (Fig. 4B),
while numbers of CD8* T cells, CD19* B cells and myeloid cells were not affected (Fig. 4C).
Accordingly, at day 14 after MCAo CD4* T cell infiltration into the brain was completely prevented
by CD4 depletion, whereas isotype-treated control animals showed a diffuse infiltration pattern

into the ischemic tissue in immunofluorescence staining (Fig. 4D).
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Figure 4
Experimental Set-Up and CD4 Depletion Efficacy
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Note. “A) Stroke was induced by 60 min MCAo and verified by MRI. Anti-CD4 antibody or IgG-
isotype control was injected i.p. at day 3, 5, 7 and 9 after MCAo0. Leukocyte infiltration was
investigated at day 14, 49 [and] 72 after stroke by histology, flow cytometry and qRT-PCR.
Additional MRI analysis on day 14 and 48 was performed to assess infarct maturation after CD4
depletion. B) Flow cytometry quantification of CD4* T cells in blood samples of CD4-depleted and
isotype-treated mice at baseline, day 7, 14, 28 and 49 after MCAo (2way ANOVA and Sidak’s
multiple comparison) [...]. C) Flow cytometry quantification of circulating CD4" T cells, CD8" T
cells, CD19" [B] cells [...] and CD11b* myeloid cells [...] at day 14 after MCAo (Mann-Whitney U-
Test). D) Representative immunostaining for CD4* T cells in ipsilateral hemispheres of sham-
operated mice, isotype-treated MCAo mice and CD4-depleted MCAo mice 14 days after stroke
onset with stereological quantification for CD4-depleted [...] and isotype-treated [...] mice (Mann-
Whitney U-Test). Scale bar = 50um.” Reprinted (Weitbrecht et al., 2021).
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3.3.  CNS-Resident Microglia and Infiltrating Myeloid Cells After CD4 Depletion

To investigate whether CD4 depletion influenced myeloid cell numbers in the delayed phase after
stroke, we aimed to quantify resident microglia and IMC 14 days after MCAo by flow cytometry.
Resting microglia express low levels of CD45 and can therefore be distinguished from IMC.
However, there are no well-established markers to differentiate microglia from IMC in an activated

State.

3.3.1. Microglia and Infiltrating Myeloid Cells Can Be Distinguished by Flow
Cytometry Using CD45 and CD11b Expression

To validate CD45 as a marker to differentiate microglia from IMC after stroke, we administered
Tamoxifen in 8-week-old Cx3Cr1°"ERT2.YFP transgenic mice to induce YFP expression in all
Cx3Crl-positive myeloid cells. Due to the high turnover of circulating monocytes, YFP was only
expressed in the long-lived microglia and perivascular macrophages when we performed MCAo0
4 weeks later (Goldmann et al., 2016). Using CD45 expression levels measured by flow
cytometry, we discriminated CD11b* myeloid cells into CD45" IMC and CD45" microglia and
perivascular macrophages at day 14 after stroke (Fig. 5A). Around 25% of CD45" cells in the
ipsilateral hemisphere showed high CD45 expression, whereas all CD45* cells in the contralateral
hemisphere were CD45'"° (Fig. 5B). Nearly all CD45" cells were YFP-and had therefore infiltrated
from the periphery (Fig. 5C), which verifies that IMC and microglia can be distinguished by CD45

expression.

18



Figure 5
CD45 Expression is Sufficient to Distinguish Infiltrating Myeloid Cells (IMC) and Microglia by Flow
Cytometry 14 Days After MCAo

SSC-A
FSC-W
2

Single Cells
86.5

FSC-A

CD4a5hi
303

CD45+
934

CD11b
CD11b
CD11b
Skl

1001

. 100+
® (CD45" V00 Q>

® Cx3Cr1-YFP" {E’
< Cx3Cr1-YFP"

% of CD45" cells
[¢,]
o
H_bo
% of CD45" cells
[4,]
o

0 ; r Y .- 0 e - 4 . .
) X > R

] " R &

N o°° S

Note. “8-week-old Cx3Cr1C™®ERT2.YFP transgenic mice received 2 s.c. injections of 4mg Tamoxifen
each to induce YFP expression in Cx3Crl-positive cells. Stroke was induced 4 weeks after
tamoxifen injections and brain tissue was analyzed by flow cytometry at day 14 after stroke. Due
to the high turnover of peripheral myeloid cells, YFP was expressed in microglia and brain-
resident macrophages but not IMC at this time [...]. A) Isolated leukocytes were gated based on
[...] FSC and [...] SSC to determine single cells. CD45+ cells were discriminated into CD45" and
CD45" populations. CD45" cells were further discriminated into YFP* and YFP-. B) Quantification
of CD45" and CD45" cells in ipsilateral and contralateral hemispheres. Data expressed as
percent of CD45* cells. C) Less than 5% of CD45" cells are YFP* in the ipsilateral hemispheres
at day 14 after MCAo indicating that CD45 gating is sufficient to distinguish microglia and brain-
resident macrophages from IMC by flow cytometry.” Reprinted (Weitbrecht et al., 2021).

3.3.2. CD4 Depletion Mitigates Microglial Loss and Reduces Myeloid Cell Infiltration

into the Brain After Severe Infarction

We used flow cytometry to investigate CNS myeloid cell populations as described above (see
3.3.1) and to determine whether CD4 depletion influenced numbers of IMC and resident microglia
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in the delayed phase after stroke. At day 14 after MCAo, we observed a loss of microglia in the
ipsilateral compared to the contralateral hemisphere of isotype-treated mice that was not
statistically significant. This trend was completely abrogated by CD4 depletion. In fact, microglia
numbers were significantly higher in the ipsilateral hemisphere of CD4-depleted mice compared
to isotype-treated mice (Fig. 6A). Microglia numbers in the ipsilateral hemisphere of both
treatment groups depended on infarct volumes and decreased with increasing lesion size.

However, the correlation did not reach statistical significance in isotype-treated animals (Fig. 6B).

Infiltration of myeloid cells from the periphery to the CNS was only observed in the ipsilateral
hemisphere and was highly elevated only in a subgroup of isotype-treated animals (Fig. 6C).
A correlation analysis indicated that these animals had suffered from large infarcts, suggesting
that excessive myeloid cell infiltration may depend on infarct volumes. However, this
interdependence did not reach statistical significance (Fig. 6D). In contrast, we observed only
moderate IMC numbers in CD4-depleted mice, even in animals with large infarcts (Fig. 6D).
Further correlation analysis indicated a relationship between IMC and microglia numbers in
isotype-treated animals, where infiltration of myeloid cells into the ipsilateral hemisphere
increased with decreasing microglia numbers, but not in CD4-depleted animals (Fig. 6E).
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Figure 6

CD4 Depletion Reduces Microglial Loss and Myeloid Cell Infiltration at Day 14 After MCAo

A

1x1005,  P=0:038 ? I(.;g;;pl))ee PO 1x 100 g CD4 Depletion Isotype
© o B | r=-0.775 -+ r=-0.703
2 8x10%- p=0.078 o 8x10% p=0.049 p=0.086
@ o ~ 2 -0
E 6x1004 8 & 6x10%4,  TTSeel g
£ » - N el
o 4x 10044 -E f
g a
8 2x 10044 4 =
= O
0 Ll L} s
ipsi contra 40
Infarct volume d1[% of hemisphere]
C D CD4 Depletion Isotype
O CD4 Depletion 4 r=0.278 = r=0.703
1x 1095- A lsotype " 1% 1094 p=0.487 p=0.08
© 8x10%- T 2 g.1004]
g x A .§ x
£ a2
2 6x10% § 6x10%4
E 1 =
£ 4x10%- 2 4x10%4
= k=
8 o =
= 2x10%44 O 2x10%4
8 i =
0 T — m"h— 0 T T 1
ipsi contra 10 20 30 40
E F Infarct volume d1 [% of hemisphere]
100000+ CD4 Depletion 500 [ CD4 Depletion
o A = r=0 300
2 80000 p=0.999 S 100 3 Isotype
7y A Isotype 2% 5
» O 15+
E 60000- -+ r=-1 g‘g
5 p=0.0004 88 410,
g 40000+ O ) g
O 200004 [m} 4 ﬁ
A
s . S L ELLE
0 20000 40000 60000 80000 100000 A A .«,6 & Q\ & 2D © N9
Microglia / ipsi. hemisphere SV, T e ("prd Q‘Q’OPOG@'\
<&

“‘Note. A-E) Flow cytometry quantification of microglia and IMC [...]. A) Quantification of
CD45"°CD11b* microglia in ipsilateral and contralateral hemispheres of CD4-depleted and
isotype-treated mice (Wilcoxon test). B) Correlation of microglia numbers in the ipsilateral
hemisphere with infarct volume on day 1 in CD4-depleted and isotype-treated mice (Spearman
correlation). C) Quantification of CD45"CD11b* IMC in ipsilateral hemispheres of CD4-depleted
and isotype-treated mice (Wilcoxon test). D) Correlation of IMC numbers in the ipsilateral
hemisphere with infarct volume on day 1 in CD4-depleted and isotype-treated mice (Spearman
correlation). E) Correlation of microglia numbers with IMC numbers in the ipsilateral hemisphere
CD4-depleted [...] and isotype-treated [...] mice (Spearman correlation). F) gRT-PCR analysis of
microglial markers for activation (Cst7, Csfl, Ctsd, Apoe, Lpl, Ctsl) and homeostasis (P2ry13,
Hexb, Cx3crl, Tmem119). Data is presented as ratio of gene expression in ipsilateral to
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contralateral hemisphere of CD4-depleted [...] and isotype-treated [...] animals. Box plots with
mean and whiskers (5—-95%)” Reprinted (Weitbrecht et al., 2021).

3.4. Expression of Lymphocyte-Attracting and ELS-Inducing Cytokines in the Ischemic

Brain

The expression of mMRNA coding for the lymphocyte-attracting chemokines C-X-C motif ligand 12
(CXCL12) and (C-C motif) ligand 19 (CCL19) was significantly upregulated in the ipsilateral
compared to the contralateral hemisphere 14 days after MCAo. Likewise, we observed elevated
expression of the lymphoid follicle-inducing cytokine Lymphotoxin-beta (LTb) and CXC receptor 5
(CXCRY5) (Fig. 7 A-D).

Figure 7
Lymphocyte-Attracting Cytokines Are Upregulated in the Ischemic Brain After Stroke
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Note. gRT-PCR analysis at day 7 and 14 after MCAo in 2D2 mice reveals an upregulation of
CXCRS5 which enables B cells and Tfh to enter lymphoid tissue, the ELS-inducing cytokine LTb
and the lymphocyte-attracting cytokines CXCL12 and CCL19 in the ipsilateral compared to the
contralateral hemisphere. Two-way ANOVA; *p<0.05; **p<0.01; ***p<0.001.
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3.5. CD4 Depletion Reduces B Cell Infiltration into the Ischemic Brain at Day 14 After
Stroke

Immunohistological staining of CNS tissue at 14 days after MCAo revealed that infiltrating B cells
accumulated in the ischemic area while CD4* T cells showed diffuse infiltration of the surrounding
area (Fig. 8A). The composition of resulting lymphocyte clusters resembled that of lymphoid
follicles as described for ELS (Fig. 8B). In comparison with isotype-treated mice (Fig. 8B,
top panels), B cell infiltration and ELS formation was strongly reduced in CD4-depleted animals
(Fig. 8B, bottom panels). We confirmed this finding by stereological quantification (Fig. 8C) and
by gRT-PCR measurement of the B cell marker Pax5 in tissue homogenates (Fig. 8D). In addition
to the significant reduction of CD4* T cells and CD19* B cells, we also found a decrease in plasma
cell numbers in the ischemic brain of CD4-depleted animals using flow cytometry (Fig. 8E). A
correlation of CD19* B cell infiltration with infarct volumes was completely abrogated by CD4

depletion as well (Fig. 8F).
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Figure 8
CD4 Depletion Inhibits B Cell Infiltration into the Ischemic Brain at Day 14 After MCAo

A

Isotype

CD4 Depletion

m

Cells / ipsi. hemisphere

2.0x1005-
1.5%x 10054
1.0%x 10054
5.0x 1004+

1x 1004+

B220

— ’_r"

B220 CD3 DAPI

p<0.0001 p=0.04

O CD4 Depletion A
A [sotype

A
5x 10034 AA % i
o

T cells CD19+ cells Plasma cells

CD4+

D

Pax5 expression
[ratio ipsi/contra]

p=0.01
3000+ A
2000+
Q 1 T
= 1000
c
©
o)
£ 5004
[}
o
m
0 E

Depletion Isotype

80- p=0.004
A
60+
40+
20
O..
Depletion Isotype

A

o .
_ S 241005, CD4 Depletion
= & 1=0.487

2 N p=0.278

§ 2x10™4 Isotype

- - r=0.775

4 & 1x1005]  p=0.049

o

8 5x10%4

+

[ep]

S o

24

Infarct volume d1[% of hemisphere]

40



Note. “A) Representative images indicating distribution of B220* B cells and CD4" T cells in the
ipsilateral hemisphere at day 14 after MCAo. B) Immunostaining of infarct area in CD4-depleted
and isotype-treated mice (left panels) and B cell follicles in detail (right panels). Scale bar =
250um. C) Stereological quantification of B220* B cells after CD4 depletion [...] or isotype
treatment [...] (Mann-Whitney U Test). D) qRT-PCR analysis of the B cell marker Pax5, displayed
as ratio of gene expression in ipsilateral to contralateral hemisphere in CD4-depleted [...] and
isotype-treated [...] animals (Mann-Whitney U Test). E) Flow cytometry quantification of
CD4* T cells, CD19* B cells and CD138" [plasma cells] in CD4-depleted and isotype-treated
animals. Cell numbers are presented as mean with SD. Data was log-transformed prior to
statistical analysis to attain normal distribution. Data was analyzed with Kolgomorow-Smirnov test
for normality followed by unpaired t-test. F) Flow cytometry: Correlation of CD19* B cell numbers
in the ipsilateral hemisphere with infarct volumes at day 1 in CD4-depleted and isotype-treated
mice (Spearman correlation).” Reprinted (Weitbrecht et al., 2021).

3.6. CD4* T and B Cells Infiltrate the Ischemic Brain Once the CD4* T Cell Population

Recovers in the Periphery

Treatment with anti-CD4 antibody between day 3 and 9 after MCAo reduced B cell infiltration into
the brain and ELS formation at day 14 after stroke. However, circulating CD4* T cells started
recovering at day 28 after stroke in CD4-depleted mice. Therefore, we wondered whether the
inhibitory effect of anti-CD4 antibody on B cell infiltration to the brain would also persist at later
time-points when the peripheral CD4* T cell population had recovered.

At day 49 and 72 after stroke we found high numbers of B cells within the ischemic brain of
isotype-treated mice and animals where CD4" T cells had recovered after previous CD4 depletion
(Fig. 9A). In line with our hypothesis that CD4" T cells facilitate B cell infiltration, we observed
equal numbers of CD4* T cells in both treatment groups (Fig. 9A) correlating with B cell infiltration
at 49 days (Fig. 9B). Moreover, we found large, highly organized ELS at day 49 and 72 in both
groups regardless of previous treatment. This may indicate that an adaptive immune response
develops within the damaged brain tissue in response to the ischemic cell death (Fig. 9C). Further
evidence for this hypothesis is provided by the presence of antibody-producing plasma cells and
GL7*1gD  germinal center-like B cells that differentiate from naive B cells within lymphoid tissue
upon exposure to their cognate antigen (Fig. 9D). CD138* plasma cells expressed either IgM or
IgG and were found in proximity to ELS (Fig. 9E). Diffuse IgM and IgG staining may represent
autoreactive, locally produced antibodies binding to the surrounding tissue.

Overall, these data indicate that infiltration of B lymphocytes into the ischemic brain is not limited
to the early phase after stroke but depends on the presence of peripheral CD4* T cells and that
brain-infiltrating B cells may differentiate within ELS, inducing an adaptive immune response on-

site.
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Figure 9

Lymphocytes Infiltrate the Ischemic Brain After the CD4" Population Recovers in the Periphery
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Note. “A) Flow cytometry quantification of CD4* T cells and CD19* B cells in the ipsilateral
hemisphere of CD4-depleted and isotype-treated mice at day 49 (CD4 depletion: n = 7; isotype:
n = 5) and day 72 (n = 4 per group) after MCAo. At this time, the CD4* T cell population had
recovered in the periphery of depleted animals. B) Correlation of CD19* B cell numbers with CD4*
T cells in the ipsilateral hemisphere at day 49 after MCAo. Mice from both treatment groups are
analyzed collectively in one correlation (n = 12) (Spearman correlation). C) Representative
images of B cell follicles in ischemic brains of CD4-depleted and isotype-treated mice at day 72.
Scale bar = 100 um. D) CD138* [plasma cells] and GL7*IgD" [germinal center-like] B cells were
detected by flow cytometry in both treatment groups at day 49 and 72 after MCAo. E)
Representative images of IgG* and IgM* plasma cells in proximity to cell-rich ELS in CD4-depleted
and isotype-treated mice at day 72 after MCAo0. Top panels display ELS with surrounding plasma
cells at 20x magnification. Bottom panels display 63x magnification of indicated areas. Scale bar
=100 pym.” Reprinted (Weitbrecht et al., 2021).

3.7. Temporary Inhibition of CD4* T and B Cell Infiltration to the Brain Alleviates
Cognitive Decline Without Influencing Infarct Volumes or Mortality

To assess long-term neurological outcome, mice underwent repeated MRI brain scans for up to
10 weeks after stroke. Here we observed a significant reduction of infarct volumes from day 1 to
day 14 in both CD4-depleted and isotype-treated mice and a similar infarct maturation in both
treatment groups beyond this time-point (Fig. 10A). In addition, no significant differences in
survival or weight loss and body temperature, two parameters of the animals’ overall well-being,

were observed between groups (Fig. 10B-D).

A previous study suggested that infiltrating B cells and CNS antigen-specific autoantibody
responses lead to cognitive impairment after stroke (Doyle et al., 2015). Therefore, we
investigated whether CD4 depletion and the subsequent reduction in brain B cell infiltration would
alleviate cognitive decline after stroke by subjecting all mice to behavioral testing in a Y-maze
prior to the MCAo (baseline), as well as 2 weeks and 7 weeks after MCAo. Using the number of
arm entries to assess learning and memory abilities, we observed that after 2 weeks all groups
had decreased entries when compared to baseline, but only sham-operated and MCAo mice
which received CD depletion displayed a further decrease in arm entries after 7 weeks. In
contrast, isotype-treated control mice had almost as many arm entries after 7 weeks as they did
at baseline (Fig. 10E) indicating differences in cognitive function between CD4-depleted and

isotype-treated animals over the course of time after stroke.
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Figure 10

Long-Term Functional Outcome After Stroke and CD4 Depletion
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Note. A) “Long-term infarct maturation was assessed by T2-weighted infarct volumetry in CD4-
depleted and isotype-treated mice at day 1 (n = 15 per group), 14 (n = 13-14), 48 (n = 11-12) and
71 (n = 4-7) after MCAo0.” B) “CD4 depletion did not influence weight loss (sham: n =11; CD4
depletion: n = 28; isotype: n = 24) or C) hypothermia (sham: n = 8; CD4 depletion: n = 26; isotype:
n = 21) after MCAo0.” D) “Long-term survival after 60min MCAo in CD4-depleted and isotype-
treated animals from 2 separate experiments (Log-rank Mantel-Cox Test). Mice were sacrificed
after 49 days or 72 days. Sample size is displayed as surviving/total mice used in the study. E)
The number of spontaneous Y-maze arm entries was used to test learning and memory abilities,
where decreased arm entries after repeated testing was interpreted as a learning effect due to
functional memory (paired and unpaired t-test).” Adapted from (Weitbrecht et al., 2021).
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4. Results Publication 2: “Impact of Key Nicotinic AChR Subunits on Post-Stroke

Pneumococcal Pneumonia”

4.1. Increased Susceptibility to Aspiration-Induced Pneumonia After Stroke is not

Altered by Genetic Deficiency of Nicotinic Acetylcholine Receptors

Our group hat previously demonstrated that cholinergic signaling via the parasympathetic nervous
system mediated peripheral immunosuppression and therefore contributed to post-stroke
pneumonia (Engel et al., 2015). We used aspiration-induced pneumonia, where S. pneumoniae
was applied one day after MCAo surgery to the tracheal bifurcation in various NAChR deficient
mouse strains and WT mice, to model stroke-associated pneumonia. The WT naive control
animals were infected with S. pneumoniae but were not subjected to MCAo. We obtained bacterial
cultures from homogenized lung tissue and bronchoalveolar lavage (BAL) at day one after
infection. We observed an elevated bacterial burden across all NAChR KO strains and WT mice,
whereas bacterial clearance was preserved in control animals without infarcts (Fig. 11A-B).
Histological staining revealed comparable infarct sizes between various NAChR KO strains and
WT mice (Fig. 11C).

Figure 11
The Susceptibility to Aspiration-Induced Pneumococcal Pneumonia After Experimental Stroke Is
Not Altered in nAChR Knockout (KO) Mice
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Note. “A—C) Untreated WT mice (naive) or WT and nAChR KO mice subjected to MCAo surgery
were infected with S. pneumoniae three days after MCAo.” Microbiological analysis of lung tissue
and bronchoalveolar lavage (BAL) at day one after infection showed no effect on bacterial burden
in mice deficient of a2, a5, a7 and a9/10 nAChRs. C) Histological staining indicated that nAChR
deficiency did not impact infarct size four days after MCAo. Data from 6 independent experiments
are shown (n = 7-15 per group) as box plots compared to WT naive mice as a reference group
for bacterial analysis and compared to WT MCAo0 mice as the reference group for infarct analysis
using the Kruskal-Wallis test followed by Dunn’s test for multiple comparisons. Adapted
(Jagdmann et al., 2020).

We then performed flow cytometry of homogenized lung tissue at day one after infection to
determine whether impaired bacterial clearance after stroke correlated with changes in the

pulmonal immune cell composition. Here we found a reduction in interstitial macrophages in a7

29



and a9/10 nAChRs KO mice and WT mice when compared to WT mice without stroke (Fig. 12B),

while neutrophil and lymphocyte numbers were similar across all groups (Fig. 12A, C).

Figure 12
Impact of S. Pneumoniae Infection on the Pulmonary Immune Cell Repertoire in WT and nAChR

KO Mice

A Neutrophils B Interstitial Macrophages Lymphocytes

> S
L s

p=0.0184

35 3

p=0.0011
p=0.0092

-
c

th
£
i
HH
54

2
10°4 S0 G oo F';';q
104 10! S @

10°
WT WKO  a5KO  aKO o9/10KO WT  WT
MCAo MCAo MCAo MCAo MCAo naive

ell count/lung

cell count/lung

C

@2KO  a«3KO  a7KO a9/10KO  WT WT

@2KO SKO 7KO 9/10KO w ») © ] o e
©2KO - a3KO  a7KO  a9/10KC VT MCAo MCAo MCAo MCAo MCAo naive

MCAo MCAo MCAo MCAo MCAo  naive

Note. Immune cells were isolated from lung tissue and quantified by flow cytometry one day after
infection with S. pneumoniae, B) where WT MCAo mice and MCAo mice deficient of a7 and a9/10
NAChRs showed a significant reduction in interstitial macrophages when compared to WT mice
without MCAo surgery. A, C) The number of pulmonary neutrophils and lymphocytes did not differ
between MCAo mice and naive WT mice. The grey area represents numbers of leukocyte subsets
in healthy mice (median with IQR). Data from 6 independent experiments are shown (n = 5-15
per group) as box plots compared to naive WT mice as a reference group using the Kruskal—
Wallis test followed by Dunn’s test for multiple comparison. Gating: Neutrophils
(CD45*/CD11b"/GraM) (CD45*/CD11b"/Gr1M); interstitial macrophages
(CD45*/Gr17/SiglecF/CD11b"/F480%); lymphocytes (B cells: CD45*/CD11b/CD19*; T cells:
CD45*/CD11b7/CD3*; NK cells: CD45*/NK1.1*/CD3™; NKT cells: CD45*/NK1.1*/CD3"). Adapted
(Jagdmann et al., 2020).

5. Results Publication 3: “A Primeval Mechanism of Tolerance to Desiccation Based
on Glycolic Acid Saves Neurons in Mammals from Ischemia by Reducing

Intracellular Calcium-Mediated Excitotoxicity”

5.1.  Glycolic Acid Improves Functional Outcomes After Experimental Stroke

Additionally, we investigated the neuroprotective properties of glycolic acid (GA) after stroke. Mice
were subjected to MCAo or sham surgery and received GA injections i.p. immediately after stroke
and on the following 3 days. Overall well-being of the animals, infarct progression and functional
outcome were assessed by daily scoring, repeated MRI and behavioral testing until reaching the
primary endpoint at day 14 after stroke (Fig. 13A). Survival did not differ between GA-treated and
vehicle-treated control mice (Chovsepian et al., 2022). However, we observed that death only
occurred in a subgroup of animals with large infarct volumes (>18% of ipsilateral hemisphere)
(Fig. 13B-i). Within this subgroup mortality was significantly lower in GA-treated mice compared
to control animals (Fig. 13B-ii). MRI infarct volumetry at day 1 after MCAo showed no difference

in infarct lesions between GA-treated and vehicle-treated mice (data not shown) (Chovsepian et
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al., 2022). An additional MRI at day 14 indicated that infarct lesions had decreased significantly
after GA but not after vehicle treatment (Fig. 13C-E). Sensorimotor functions after stroke were
analyzed with the corner test. Here, the laterality index (LI) of vehicle-treated animals was
significantly higher compared to sham animals indicating a preference towards the non-affected
side. In contrast, a similar LI in GA-treated animals and sham mice suggested that GA treatment
alleviated stroke-induced sensorimotor dysfunction (Fig. 13G). We performed a gait analysis
using the CatWalk system to further assess the effect of glycolic acid on motor functions after
stroke. A camera recording each footprint on a transparent platform from underneath allowed for
an analysis of various gait parameters, none of which showed any differences between GA-
treated and control animals however (Fig, 14A-F). Likewise, both GA-treated and vehicle-treated

animals performed similarly in the pole test (Fig. 14 G-H).
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Figure 13

Glycolic Acid Improves Histological and Functional Outcomes After MCAo
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Note. Caption Figure 13 (previous page) A) Experimental design. Day 0: MCAo or sham
operation. Day 0-3: Glycolic acid (GA) treatment. Day 1: Infarct volumetry by MRI. Day 8: Pole
test. Day 10: Gait analysis. Day 12: Corner test. Day 13: MRI. Day 14: Primary endpoint. B) Only
animals with infarcts larger than 18% of hemispheric volume reached humane endpoints and
were sacrificed before reaching the primary endpoint at day 14 (i). Early survival after stroke in
mice with large infarcts (>18%) was improved after GA treatment (33% of vehicle-treated mice
vs. 58.8% of GA-treated mice (Mantel-Cox survival test: Chi square = 6.215, p = 0.0447) (ii). C)
Representative MRI images: Infarct maturation after GA treatment at day 1 (top) and day 13
(bottom) after MCAo0. D-E) Infarct volumes decreased significantly from day 1 to day 13 in GA-
treated mice (paired t-test, p = 0.0004, n = 17), whereas no difference was detected in vehicle
treated animals (paired t-test, p = 0.091, n = 10. F) Stereological quantification of ischemic core
volumes (sham vs. vehicle: p = 0.0243; sham vs. GA: p = 0.0638, unpaired t-test; nga = 17, Nyen
= 10, and nsham = 5). G) The corner test was used to assess sensorimotor functions after stroke.
Impaired animals show a preference for the non-affected limb when turning in the corner (high
laterality index — LI). When compared to sham animals, the LI was significantly increased in
vehicle-treated mice (p = 0.0064) but not GA-treated animals (p = 0.1042; one-way ANOVA
followed by Bonferroni’s multiple comparisons test; nga = 17, Nven = 13, Nsham = 6). H) The
functional outcome after MCAO (LI index) was not correlated with the infarct size in either
treatment group (GA-treated mice: Pearson’s r = -0.03202, p = 0.9; vehicle-treated mice:
Pearson’s r = 0.5086, p = 0.07; nga = 17, nven = 13, and nsham = 6). Data are presented as mean
+ SEM. Adapted (Chovsepian et al., 2022).

Note. Caption Figure 14 (following page) A-F) Gait analysis using the Catwalk system revealed
no significant differences in the tested parameters between baseline, sham animals and GA or
vehicle treatment regarding A) run duration B) base of support (distance between right and left
forelimb), C) print position (distance between the two limbs of the same side), D) diagonal phase
dispersion (contact of the target paw in relation to step cycle of the anchor paw), E) nhon-diagonal
phase dispersion (all other comparisons) and F) stride length (distance between two successive
steps with the same paw). G-H) No significant changes in motor function after MCAo were
detected between sham mice and vehicle or GA treatment by the pole test regarding G) time until
mice turn downward and H) time until mice touch the floor. One-way ANOVA, followed by Tukey’s
multiple comparison’s test; Data displayed as meantSEM; Npaseine=36 (CatWalk only), neca=17,
Nven=13, Nsham=6. Adapted (Chovsepian et al., 2022).
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Figure 14
Glycolic Acid Does Not Improve the Performance on CatWalk or Pole Test
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6. Discussion

This thesis depicts various aspects that determine the functional outcome after experimental
stroke. The main publication characterizes CD4* T cells as key players that facilitate infiltration of
autoreactive B cells to the brain which contribute to long-term cognitive decline after experimental
stroke. Other papers that | contributed to demonstrate that an altered pulmonary immune cell
repertoire after stroke may increase susceptibility to pneumonia independently of single nAChR-
subtype signaling and characterized glycolic acid as a novel neuroprotective substance that had
beneficial effects on infarct remodeling and sensorimotor functions when administered during

reperfusion.

Early immune responses in the brain following stroke have been studied extensively while the
role of adaptive responses in the chronic phase are only poorly understood. A previous study
demonstrated that delayed B cell infiltration to the CNS and ELS formation contribute to cognitive
decline following stroke (Doyle et al., 2015). The main finding of our study is that this process
largely depends on CD4* T cell-dependent mechanisms and therefore supports our primary
hypothesis. Additionally, we provide evidence that lymphocyte infiltration following stroke is a
protracted process lasting more than 28 days in mice. The observation of reduced B cell
infiltration, ELS formation within the brain and improved cognitive function in mice that underwent

CD4 depletion sets the ground for new therapeutic targets in stroke (Weitbrecht et al., 2021).

The involvement of CD4* T cells in early stroke pathology has been extensively investigated in
various animal models in the past. Yet, the picture emerging from these studies is far from clear
as divergent and even contradictory findings have been reported for certain T cell subsets. For
instance, different kinetics of T cell infiltration have been reported (Gelderblom et al., 2009;
Vindegaard et al., 2017). Overall, early T cell infiltration seems to increase infarct volumes by
exacerbating neuroinflammation (Brait et al., 2010; Hurn et al., 2007; Kleinschnitz et al., 2010;
Yilmaz et al., 2006), while regulatory T cells (Treg) may be harmful early after stroke and acquire

protective functions later on (Liesz et al., 2015; Shi et al., 2021).

It remains a controversial discussion whether T cells infiltrate the ischemic brain in a CNS antigen-
dependent manner. It has been argued that T cells may fulfill their detrimental function even when
they were deprived of antigen recognition and co-stimulatory pathways by genetic modification
(Kleinschnitz et al., 2010). On the other hand it was shown that inhibiting CNS-reactive T cell
responses in mice by treating them with a recombinant T cell receptor ligand made up of partial
major histocompatibility complex class Il (MHC-II) molecules and CNS-specific myelin peptides
inhibited immune cell infiltration and reduced infarct volumes (Subramanian et al., 2009). In
addition, multiple studies have demonstrated that stroke outcomes can be altered by exposing
the immune system to CNS-specific antigens before stroke, thereby inducing either immunologic

tolerance or autoimmunity (Becker et al., 1997; Frenkel et al., 2003; Ren et al., 2012). Our study
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provides additional evidence that CNS antigen-dependent lymphocyte infiltration exacerbates
stroke outcomes as 2D2 mice with a pre-existing CNS autoreactive T cell repertoire showed a
significant increase in lymphocyte infiltration, infarct volumes and mortality when compared to
WT mice (Weitbrecht et al., 2021).

Under physiological conditions, lymphocytes have restricted access to the CNS due to the blood-
brain barrier (Wilson et al., 2010). However, after stroke, multiple pathways may enable CNS
antigen to reach peripheral lymphatic tissue and to be presented to lymphocytes by APCs.
Inflammatory cytokines and the ischemic damage disrupt the blood-brain-barrier, allowing soluble
antigens and APCs carrying phagocytosed antigen to enter the blood stream (Hochmeister et al.,
2008). Additionally, CNS antigen may be transported to cervical lymph nodes along the recently
discovered glymphatic system and meningeal lymphatic vessels (Eide et al., 2018; Louveau et
al., 2015). Accordingly, an analysis of post-mortem lymphatic tissue of stroke patients showed
T cells in proximity to APCs carrying phagocytosed CNS antigen (Planas et al., 2012). Therefore,
it seems likely that delayed CNS antigen-specific lymphocyte infiltration, which peaks around
week 7 in several studies including ours, involves priming in cervical lymph nodes (Mir6-Mur et
al., 2020; Weitbrecht et al., 2021; Zbesko et al., 2021).

Upon entering the brain, lymphocytes form ELS consisting of B cells and T cells surrounded by
microglia, dendritic-like cells, and stromal cells (Doyle et al., 2015; Weitbrecht et al., 2021). We
have demonstrated that lymphocyte-attracting cytokines are upregulated in the ischemic brain of
2D2 mice (unpublished, Fig. 7), indicating that the underlying mechanisms of ELS induction may
be similar to those reported in other systemic states of inflammation and autoimmunity (Corsiero
et al., 2016). Differences in the local immune cell and stromal cell composition between the brain
and peripheral organs, however, limit the possibility to draw conclusions on post-stroke ELS
induction from other diseases. For example, it remains to be determined which cells produce ELS-
inducing cytokines in the ischemic brain, while this is well characterized for systemic autoimmunity
(Corsiero et al., 2016).

Nevertheless, ELS formation has also been reported in CNS pathologies such as multiple
sclerosis (MS) and the mouse model for MS — experimental autoimmune encephalitis (EAE)
(Mitsdoerffer & Peters, 2016). Here, ELS are found in the perivascular spaces and meninges
(Lucchinetti et al., 2011; Prineas, 1979; Serafini et al., 2004). Even though the mechanisms
leading to ELS induction in MS are largely unknown (Negron et al., 2020), extensive research in
this field may provide some insights in ELS functions during stroke pathology. As previously
reported for MS and EAE (Lehmann-Horn et al., 2016; Serafini et al., 2004), our study provides
first evidence that ELS in the ischemic brain host germinal centers where B cells undergo clonal
expansion, 1gG hypermutation and differentiate to antibody-producing plasma cells (Weitbrecht

et al., 2021). Concordantly, oligoclonal bands and CNS-reactive autoantibodies were observed in
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the cerebrospinal fluid (CSF) of MS and stroke patients repeatedly (Pruss et al., 2012; Reiber et
al., 1998; Tsementzis et al., 1986). The efficacy of B cell depleting antibodies in the treatment of
cognitive decline in a stroke model and relapsing-remitting MS suggests a fundamental role for
B cells in both diseases (Doyle et al., 2015; Gelfand et al., 2017). For instance, it was found that
the presence of antibodies directed against myelin in stroke patients is associated with cognitive
decline (Becker et al., 2016) and that they contribute to demyelination in MS by complement-
dependent mechanisms (Liu et al.,, 2017). Additionally, B cells may exert functions beyond
antibody production after stroke as they do in MS such as proinflammatory cytokine production
and antigen presentation (Li et al., 2018). Contrary to their detrimental function during late immune
responses, B cells also show beneficial properties in early neuroinflammation and regeneration
following stroke which we discussed recently in our review “Friend or foe? — B cells in stroke” (Fig.
15) (Berchtold&Weitbrecht et al., 2019).

Figure 15

Differential B Cell Functions in the CNS After Stroke
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Note. A) Early after stroke, different immune cell subsets, such as T cells (red), B cells (green),
and myeloid cells (blue) infiltrate into the ischemic brain region. Amongst them, IL-10 producing
regulatory B cells exert a beneficial role by inhibiting the inflammatory process. B) Due to the
tissue damage, brain-specific antigens are released and drained towards the cervical lymph
nodes. C) In the lymph node, the antigens can be presented to T cells by APCs or directly
recognized by autoreactive B cell clones. D-E) The activated autoreactive B and T cells then
infiltrate in a delayed manner into the ischemic brain region and start forming ELS.
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F) Histological analysis of the mouse stroke brain 7 weeks after surgery. Left picture: Large B cell
clusters (B220*, green) have formed in the infarct core and are surrounded by T cells (CD3*, red).
Right picture: The B cells in the clusters express IgG (green) and surrounding the cluster IgG-
producing plasma cells (CD138 and IgG double-positive, red/green respectively) can be
observed. G) The antibodies produced in the local immune reaction in the ischemic brain can bind
to neuronal antigens and cause delayed cognitive decline.” Reprinted (Berchtold&Weitbrecht et
al., 2019).

Using an anti-CD4 antibody we demonstrated that CD4* T cells are essential in B cell infiltration
and ELS formation in the delayed phase after stroke (Weitbrecht et al., 2021). Even though the
underlying mechanisms remain unknown at this point, a recent study in MS patients suggests that
CXCL13 and its corresponding receptor CXCRS5, both expressed by CD4* T cells, play a crucial
role for B cell recruitment to the CNS and formation of ELS, similarly to our findings in
experimental stroke (Harrer et al., 2021; Weitbrecht et al., 2021). During states of inflammation
and autoimmunity, infiltrating antigen-specific CD4* T cells may acquire functions of specialized
follicular T helper cells, which are normally found in secondary lymphoid tissue (Vu Van et al.,
2016). By producing the B cell attracting chemokine CXCL13 and by cell-cell-interaction they
facilitate B cell infiltration and orchestrate the ELS formation within inflamed tissues (Manzo et al.,
2008; Vu Van et al., 2016). Other studies have demonstrated that IL-17, which is mainly secreted
by CD4" T helper 17 cells, induces production of CXCL12 and CXCL13 in stromal cells and
infiltrating monocytes (Carlsen et al., 2004; Fleige et al., 2014). Interestingly, our results suggest
that CD4 depletion inhibits monocyte infiltration particularly in mice with large infarcts (Weitbrecht
et al., 2021). Therefore, various pathways may explain the reduced infiltration of B cells after CD4

depletion which have not been determined in our study.

Several limitations need to be addressed in the context of this study. As described above, it is
known that various CD4* T cell subsets may exert functions over the course of post-stroke
neuroinflammation which are contradictory in part (Cramer et al., 2019). Unspecific depletion of
all CD4* T cell subsets after stroke may therefore lead to distorted results. Importantly, CD4-
negative T cells, which were not addressed by our depletion protocol, also contribute to stroke
pathology. For instance, it was shown that yd-T cells exacerbate outcomes after stroke and
secrete IL-17, which may induce the production of lymphocyte-attracting cytokines (Shichita et
al., 2012). Likewise, protective and detrimental functions have been shown for cytotoxic CD8* T
cells during chronic stroke pathology (Selvaraj et al., 2021; Xie et al., 2019). Intravenous infusions
with a mixture of immunoglobulins from healthy donors represent a key treatment strategy in
various autoinflammatory and autoimmune diseases. The mechanism of action for this therapy is
not fully understood. However, it is assumed that the donor IgGs eliminate circulating
autoantibodies by directly binding to them, by upregulation of inhibitory Fc receptors, by

stimulation of the complement system or by reducing T cell-mediated microglial activation (Bayry
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et al., 2003; Janke & Yong, 2006; Samuelsson et al., 2001). Therefore, administering anti-CD4
antibody or isotype-control may have immunomodulatory effects that are unrelated to CD4* T cell
reduction even if this effect has not been investigated for monoclonal antibodies. In our study we
used 2D2 mice which foster an increased potential for CNS-reactive lymphocyte responses due
to their genetically modified TCR recognizing MOG (Bettelli et al., 2003). As a consequence, our
study may have yielded results that do not necessarily represent the WT phenotype in which
lower levels of neuroinflammation are expected. In addition, it is known that stroke susceptibility
and the extend of ischemic damage varies between mouse strains due to differences in
cerebrovascular anatomy, cytokine expression and glutamate-induced excitotoxicity (Barone et
al., 1993; Lambertsen et al., 2002; Schauwecker & Steward, 1997). Therefore, we need to
reproduce our observation of reduced B cell infiltration after CD4 depletion in WT mice and

eventually in human stroke patients.

We hypothesized that CNS-specific antibodies that are produced locally by infiltrated B cells
following differentiation within ELS, lead to PSCI in stroke patients based on the finding that B cell
depletion in experimental stroke alleviates cognitive decline (Doyle et al., 2015). Similarly we
observed that CD4 depletion had beneficial effects on long-term cognitive functions in mice even
if the reduction in B cell infiltration to the brain was only transient (Weitbrecht et al., 2021). A
permanent CD4 depletion protocol may have yielded more pronounced effects, which needs to
be addressed in future experiments. In addition, we are in the process of establishing more
sensitive behavioral test as detecting cognitive dysfunction in mice has proven difficult in the past
(Rosell et al., 2013). All taken together, clinical studies indicate a correlation between CNS-
reactive antibodies and cognitive decline, which preclinical studies suggest can be treated by

immunomodulatory therapy (Becker et al., 2016; Doyle et al., 2015).

Nevertheless, stroke outcomes are also determined by acute complications such as stroke-
associated pneumonia (SAP) (Rocco et al., 2012). Dysphagia and subsequent aspiration of gram-
negative pharyngeal bacteria facilitate the induction of SAP which triples stroke mortality (Katzan
et al., 2003; Westendorp et al., 2011). Interestingly, stroke patients who suffered from pneumonia
were more likely to develop autoreactive Thl responses to CNS antigens such as MBP and glial
fibrillary acidic protein. Moreover, it was shown that a CNS-reactive Th1l repertoire was associated
with a poor long-term outcome according to the modified Rankin Scale (Becker et al., 2011)..
Therefore, states of systemic inflammation including SAP during stroke seem to aggravate CNS
inflammation and cognitive decline following stroke (Elkind, Boehme, et al., 2020; Tsai et al.,

2019) indicating that preventing SAP may also reduce stroke patients’ risk of dementia.

Our research group had previously discovered in a mouse model that an overactivation of the
sympathetic nervous system caused stroke-induced immunodepression syndrome (SIDS), a

long-known phenomenon that contributes to post-stroke infection susceptibility (Prass et al.,
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2003). Immune responses are further suppressed by parasympathetic signaling and binding of
acetylcholine to its receptor a7nAChR expressed on alveolar epithelial cells and tissue resident
macrophages of the lung (Engel et al., 2015; Lafargue et al., 2012). Vagotomy and the genetic
knock-out of a7nAChR reduced the pulmonary bacterial burden of Gram-negative pathogens in
a model of spontaneous pneumonia after stroke (Engel et al., 2015). However, in an aspiration
model of pneumonia with the Gram-positive pathogen S. pneumoniae these receptors were not
involved (Jagdmann et al., 2020). This contradictory finding might be due to differences in
immune responses to gram-negative bacteria as observed in spontaneous SAP and the gram-
positive S. pneumoniae which were used in our study (Kumar, 2020). However, susceptibility to
SAP may also depend on other factors such as housing conditions, microbiome and the individual
mouse strains used in the experiments (Schulte-Herbruggen et al., 2006; Stanley et al., 2016).
Prophylactic antibiotic treatment had shown promising results in experimental stroke (Meisel et
al., 2004) but did not improve the functional outcome in clinical trials despite preventing SAP
(Westendorp et al., 2015), emphasizing the lack of therapeutic strategies in post-stroke care. In
theory, SAP susceptibility could be reduced by blocking excessive sympathetic and
parasympathetic signaling, thereby inhibiting SIDS (Engel et al., 2015; Meisel & Meisel, 2011;
Prass et al., 2003). However, it was propagated that peripheral immunosuppression may dampen
CNS autoreactivity induced by stroke (Vogelgesang & Dressel, 2011). In fact, blocking SIDS with
Propranolol and Mifepristone reduced early post-stroke pneumonia but increased CNS antigen
specific T cell responses in 2D2 mice at a later time (Romer et al., 2015). Therefore, caution is
advised when considering immunomodulatory therapy after stroke as neuroinflammation could

be exacerbated by treating SIDS and vice versa (Meisel & Meisel, 2011).

Upon cerebral ischemia danger associated molecular patterns (DAMPSs) and reactive oxygen
species are released from the damaged tissue which activates resident microglia and attracts
innate immune cells from the periphery. Various cytokines are produced on-site to attract further
immune cells and create an inflammatory environment exacerbating local tissue damage and
attracting further immune cells from the innate and adaptive immune system (Chamorro et al.,
2012; ladecola & Anrather, 2011). The concept of neuroprotection aims at reducing neuronal cell
death and the consecutive outpour of DAMPs caused by acute ischemia therefore interrupting
this vicious cycle from the beginning (Chamorro et al., 2016; Endres et al., 2022). Other targets
of neuroprotective approaches are excitotoxicity and oxidative and nitrosative stress (Chamorro
et al., 2016)

Our recent research yields promising results for glycolic acid as a neuroprotective substance in
stroke therapy. When injected into the left common carotid artery during reperfusion in mice that
underwent global cerebral ischemia, glycolic acid significantly increased neuronal survival in the

ipsilateral hippocampus compared to the contralateral side. When administered i.p. from day 0 to
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day 3 after MCAo, glycolic acid enhanced infarct shrinkage over time in comparison to vehicle-
treated animals. In addition, mice that received glycolic acid performed better in behavioral tests
(Chovsepian et al., 2022). Finally, we used a novel endovascular stroke model in swine to improve
the resemblance of experimental stroke to the events during acute stroke in human patients
(Golubczyk et al., 2020). Here, an intraarterial (i.a.) catheter was used to inject thrombin and
thereby induce cerebral ischemia which lasted for 2 hours. Subsequently, reperfusion was
initiated by i.a. thrombolysis with alteplase and a bolus of glycolic acid or NaCl was administered
using the same catheter immediately afterwards. While the initial infarct volumes before
reperfusion did not differ between treatment groups, infarct lesions were significantly smaller in
swine treated with glycolic acid at later time-points as observed in MCAo mice. Our observation
that glycolic acid inhibits Ca?* influx into neuronal cells and thereby reduces glutamate-dependent
excitotoxicity in an in vitro model of oxygen and glucose deprivation may explain the

neuroprotective effects in our experiments (Chovsepian et al., 2022).

Even if this preclinical study showed promising results for glycolic acid in stroke treatment,
countless equally promising neuroprotective substances have failed to show benefits in
randomized controlled trials (RCT). Since the 1980s countless phase 2 and 3 studies have
attempted to implement neuroprotective substances into clinical practice, all of which have failed
(Chamorro et al., 2016). Various problems in stroke research have been identified since then,
among them flawed design of preclinical and clinical studies, differences in experimental stroke
and stroke in humans, and publication bias (Chamorro et al.,, 2016; Endres et al., 2008;
Mergenthaler & Meisel, 2012). Lately, the scientific community has made increasing efforts to
overcome this translational roadblock, for instance by introducing reporting-guidelines in animal
research (i.e., ARRIVE guideline) or by promoting publication of negative results. In fact, some
substances are tested in preclinical multicentered RCTs for animals, before entering a clinical trial
stage. Nevertheless, this does not guarantee success as demonstrated recently for Natalizumab,
which failed to improve stroke patients’ outcome in an RCT after showing beneficial effects in
multiple preclinical studies and a preclinical (Elkind, Veltkamp, et al., 2020; Llovera et al., 2015).
Nevertheless, there is an urgent need for new therapeutics, as current treatment options are

limited to thrombolysis and endovascular thrombectomy (Roaldsen et al., 2021).

Altogether, our research suggests a critical role for infiltrating immune cells in the pathogenesis
of dementia after stroke, which can be targeted by immunomodulatory therapy. To establish more
specific therapeutic targets, the underlying cell-cell-interactions, cytokine signaling, and
pathogenic properties of CNS-reactive autoantibodies need to be investigated in detail. Systemic
immunodepression syndrome may represent an endogenous mechanism ameliorating

neuroinflammation after stroke but increases the risk for fatal infections which in turn exacerbate
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CNS-reactive immune responses. These complex interactions need to considered for the

development of new therapeutic approaches.
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ABSTRACT

Keywords:
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CD4" T lymphocytes are key mediators of tissue damage after ischemic stroke. However, their infiltration ki-
netics and interactions with other immune cells in the delayed phase of ischemia remain elusive. We hy-
pothesized that CD4* T cells facilitate delayed autoreactive B cell responses in the brain, which have been
previously linked to post-stroke cognitive impairment (PSCI). Therefore, we treated myelin oligodendrocyte
glycoprotein T cell receptor transgenic 2D2 mice of both sexes with anti-CD4 antibody following 60-minute
middle cerebral artery occlusion and assessed lymphocyte infiltration for up to 72 days. Anti-CD4-treatment
eliminated CD4 ™" T cells from the circulation and ischemic brain for 28 days and inhibited B cell infiltration into
the brain, particularly in animals with large infarcts. Absence of CD4* T cells did not influence infarct ma-
turation or survival. Once the CD4" population recovered in the periphery, both CD4"* T and B lymphocytes
entered the infarct site forming follicle-like structures. Additionally, we provide further evidence for PSCI that
could be attenuated by CD4 depletion. Our findings demonstrate that CD4 ™ T cells are essential in delayed B cell
infiltration into the ischemic brain after stroke. Importantly, lymphocyte infiltration after stroke is a long-lasting
process. As CD4 depletion improved cognitive functions in an experimental set-up, these findings set the stage to
elaborate more specific immune modulating therapies in treating PSCI.

1. Introduction

history (Pendlebury and Rothwell, 2009). A recent seminal study links
PSCI to autoreactive B lymphocyte responses in the brain (Doyle et al.,

Ischemic stroke is a leading cause of mortality and long-term dis-
ability worldwide (Feigin et al., 2014). Improvements in stroke man-
agement have increased survival in developed countries, which in turn
led to an increased prevalence of post-stroke cognitive impairment
(PSCI) (Mijajlovi¢ et al., 2017). Acute ischemic brain damage and
neuronal loss contribute to cognitive decline after stroke. However, the
patients’ risk of developing cognitive deficits remains elevated and even
increases for many years when compared to individuals without stroke

* Corresponding author at:
E-mail address: Andreas.Meisel@charite.de (A. Meisel).

" Both authors contributed equally and share the first authorship.

2 Both authors contributed equally and share the last authorship.
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2015).

In experimental stroke, T and B lymphocytes infiltrate into the CNS
in a delayed manner and can be detected for up to 12 weeks (Doyle
et al., 2015). This pathway may involve priming in cervical lymph
nodes or palatine tonsils and therefore be antigen-specific, as antigen-
presenting cells (APCs) co-localize with CNS antigen in these lymphoid
organs after experimental and human stroke (Planas et al., 2012; van
Zwam et al., 2009).
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Myelin oligodendrocyte glycoprotein (MOG) T-cell receptor (TCR)
transgenic (2D2) mice where more than 80% of peripheral CD4™" T cells
express TCRs recognizing MOG have been used to investigate me-
chanisms of autoreactive immune responses in models of CNS disorders
including stroke. These mice have been used to unravel how stroke-
induced immunodepression (SIDS) increases autoreactive CNS antigen-
specific T-cell responses in the ischemic brain, a finding which has been
demonstrated to be predictive for wild type mice too (Romer et al.,
2015). CD4™ T cells from 2D2 mice proliferate and expand in the in-
farcted brain upon activation by local APCs. When transferred from
stroke-experienced 2D2 mice to lymphocyte-deficient mice, CNS an-
tigen-specific CD4 " T cells exacerbated ischemic brain injury and in-
creased neurological deficits when another stroke was induced in the
recipients (Jin et al., 2018). Given the interdependence of T and B
lymphocyte responses, these antigen-specific T cells may boost B cell
autoreactivity after stroke and justify the use of 2D2 mice in in-
vestigating antigen-specific lymphocyte infiltration.

Once in the brain, T and B cells aggregate in clusters surrounded by
myeloid cells (Doyle et al., 2015). These so-called ectopic lymphoid
structures (ELS) have also been observed in chronic tissue inflammation
such as in various autoimmune diseases (Corsiero et al., 2012). ELS host
formation of germinal centers (GCs), facilitate B cell differentiation and
production of antibodies to disease-specific antigens that worsen the
outcome (Corsiero et al., 2016). Similar processes might occur after
CNS injury as CNS antigen-specific autoantibodies have been described
in stroke and were associated with cognitive decline (Becker et al.,
2016a). However, little is known about the mechanisms underlying ELS
formation in the brain.

In the present study, we aimed to investigate the role of CD4™ T
cells in B cell infiltration and ELS formation by depleting peripheral
CD4™" T cells after experimental stroke.

2. Methods

The data that support the findings of this study are available from
the corresponding author on reasonable request.

2.1. Animals and study approval

2D2 mice (Bettelli et al., 2003) (strain name: C57BL/6 Tg (Tcra2D2,
Terb2D2) 1Kuch/J; stock number 006912; The Jackson Laboratory;
RRID: IMSR_JAX:006912) and C57BL/6J (WT) mice (Janvier Labs, Le
Genest-Saint-Isle, France) were used in the study. Mice of both sexes
were 10-14 weeks old when entering the study. Mice were housed in
the Charité animal facility with a 12 h light/dark cycle (lights on from
6:00 until 18:00) and enriched environment. Mice had ad libitum access
to food and water. All animal experiments were conducted in ac-
cordance with the ARRIVE guidelines, European Community Council
Directives 86/609/EEC and German national laws and approved by
local authority (Landesamt fiir Gesundheit und Soziales, Berlin, Ger-
many).

2.2. Experimental stroke

60 min middle cerebral artery occlusion (MCAo) was performed
according to the standard operating procedures of the laboratory (Engel
et al.,, 2011). In brief, anesthesia was induced with 2.5% isoflurane
(Forene, Abbott, Wiesbaden Germany) in 1:2 mixtures of O,/N,0O and
maintained at 1.0%-1.5% isoflurane. A silicon rubber-coated mono-
filament with a diameter of 0.19 + 0.01 mm (Doccol, MA, USA) was
introduced into the common carotid artery, advanced along the internal
carotid artery towards the origin of the MCA, and left there for 60 min.
For reperfusion, the inserted filament was withdrawn and the internal
carotid artery was ligated permanently under anesthesia. The filament
was withdrawn immediately after exposition to the MCA in sham-op-
erated controls. Body temperature was maintained with a heating pad.

58

Brain, Behavior, and Immunity xxx (XXXX) XXX-XXX

A drop of 1% Bupivacaine gel was applied to the wound for pain relief.
Success of MCAo was verified using the modified Bederson score
(Bederson et al., 1986) and MRI infarct volumetry on day 1. Allocation
of animals to different operators and sham or MCAo group was ran-
domized. After surgery, animals were allowed to recover in a heated
cage before returning to home cages. Following exclusion criteria were
applied: Unsuccessful stroke confirmed by MRI assessment, death at the
day of operation or death prior to the first antibody injection in de-
pletion experiments.

3

2.3. T2-weigh ging (MRI)

agnetic r

For quantification of ischemic lesion, animals were subjected to T2-
weighted MRI as previously described (Hetze et al., 2012). Images were
acquired using a 7 T rodent scanner (Pharmascan 70/16, Bruker
BioSpin, Ettlingen, Germany) with the Bruker software Paravision 5.1.
Acquired images were analyzed semi-automatically with Analyze 10.0
Software (AnalyzeDirect, Inc.; Lenexa, KS, USA). Infarct volumes were
expressed as percentage of infarct lesion of edema corrected ipsilateral
hemisphere (Gerriets et al., 2004).

2.4. Drug administration

Mice in CD4 depletion and sham group received intraperitoneal
injections of 200 pg CD4 depleting antibody (anti-mouse CD4, clone
GK1.5, diluted in sterile phosphate-buffered saline (PBS) at 1 mg/ml,)
at day 3, 5, 7 and 9 after MCAo. The control group received an isotype
control antibody (rat IgG2b isotype control, clone LTF-2) according to
the same injection scheme. Randomization of mice to treatment groups
was stratified by infarct volumes on day one and has been performed by
a group member who did not participate in experiments. Investigators
were blinded to treatment groups during data analysis.

T a

2.5.

escence g

PBS-perfused brains were fixed, snap-frozen, cut into 30 um thick
slices on a sliding microtome (LEICA, Wetzlar, Germany) and stored as
free-floating sections. Brain tissue was blocked against unspecific
binding with 10% normal goat serum (NGS, BIOZOL, Eching, Germany)
and 0.3% Tween 20 (Sigma-Aldrich, St. Louis, MO, USA) in PBS.
Primary and secondary antibodies were diluted in 1% NGS and 0.3%
Tween 20 in PBS. Sections were incubated with primary antibodies at
4 °C overnight. Primary antibodies were against B220 (Alexa488 con-
jugated, 1:200, clone RA3-6B2, BioLegend, San Diego, CA, USA), CD3
(1:200, clone 500A2, BD Bioscience), CD4 (1:200, clone RM-4-5, BD
Bioscience,), Laminin 1+2 (1:400, polyclonal, ab7463, Abcam,
Cambridge, UK), CD138 (1:200, clone 281-2, BD Bioscience), IgM
(coupled with Alexa594, polyclonal, A21044, Life Technologies), IgG
(coupled with Oregon Green488, polyclonal, 06380, Life
Technologies). After washing with PBS, sections were incubated at
room temperature (RT) with secondary antibodies for 2 h on a shaker.
Nuclei were counterstained with DAPI (2 ug/ml, Honeywell Fluka,
Seelze, Germany). Sections were mounted onto SuperFrost Ultra Plus®
slides (R. Langenbrinck, Emmendingen, Germany) with Shandon Immu-
Mount (Thermo Scientific, Waltham, MA, USA). The specificity of pri-
mary stainings was confirmed by doing control stainings with only
secondary antibody. Fluorescent pictures were taken with a confocal
microscope (Leica TCS SPE). For representative images maximal pro-
jections of 20 um Z stack scanning with 10 steps were created or single
planes of Z stack were chosen. Quantification of infiltrating CD4* T
cells and B cells in 2D2 mice was performed by counting 9 frames
(173 ym x 173 pm) per hemisphere using LEICA LAF software. 1 slice
around bregma including lesions in both striatum and cortex was
chosen to represent each animal.
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2.6. Isolation of leukocytes from brain and blood

Mice were deeply anesthetized with an intraperitoneal injection of
ketamine 10% (150 mg/kg, CP-Pharma, Burgdorf, Germany) and
Xylazine (15 mg/kg, Xylavet, CP-Pharma) diluted with 0.9% NaCl and
transcardially perfused with PBS. Whole brains without cerebellum
were dissected and kept in RPMI 1640 medium (Biochrom, Berlin,
Germany) on ice, supplemented with 10% FCS (Bichrom), 50U/ml
penicillin, 50 pg/ml streptomycin (Biochrom), 2 mM t-alanyl-i-gluta-
mine (Biochrom). Hemispheres were separated and a single cell sus-
pension was prepared by pressing the tissue through a 70 pm cell
strainer (Corning Science, Mexico S.A. de C.V.) into RPMI 1640
medium. After 10 min centrifugation at 250g, the cell pellet was re-
suspended in 35% Percoll (GE Healthcare, Buckinghamshire, UK). The
35% Percoll solution was carefully layered on top of 4 ml 70% stock
isotonic Percoll and centrifuged at RT for 30 min at 1159g without
acceleration and break. Mononuclear cells were collected from the
35%/70% interface. The peripheral blood for was collected either by
submandibular bleeding from living animals (baseline and any inter-
mediate time points) or from vena cava in deeply anesthetized mice (for
endpoint). Blood was collected in lithium heparin coated tubes
(Sarstedt AG, Niimbrecht, Germany). 50 ul of blood were subjected to
erythrocyte lysis (BD Pharm Lyse, BD Biosciences, San Jose, CA, USA).

2.7. Flow cytometry

Blood or brain leukocytes were stained with primary, fluorochrome-
conjugated antibodies diluted in PBS + 0.5% BSA + 2 mM EDTA for
20 min at 4 °C in the dark. The following fluorescent anti-mouse
monoclonal antibodies were used for brain leukocytes: CD11b (ECD,
clone M1/70), CD138 (BV605, clone 281-2), CD19 (BV785, clone 6D5),
CD25 (BV711, clone PC61), CD3e (Pacific Blue, clone 17A2), CD4
(APC-eF780, clone RM4-5), CD44 (PE-Cy7, clone IM7), CD45
(Alexa700, clone 30-F11), CD8 (PE-Cy5, clone 53-6.7), GL7 (Alexa488,
clone GL7), IgD (BV510, clone 11-26c.2a), TCR VP11 (PE, clone RR3-
15). The following fluorescent anti-mouse monoclonal antibodies were
used for blood leukocytes: CD11b (PE-Cy7, clone M1/70), CD19
(PerCp-Cy5.5, clone 1D3), CD3 (PE, clone 17A2), CD4 (FITC, clone
RM4-5), CD8 (Alexa647, clone 53-6.7), Ly6C (BV421, clone HK1.4),
Ly6G (APC-Cy7, clone 1A8). Pacific Orange staining was used for dis-
crimination between living and dead cells acquired from blood samples
only. Leukocytes were phenotyped using LSRII SORP and FACSCanto II
flow cytometers (BD, Franklin Lakes, NJ, USA) and FlowJo (BD)
vers.10.0 software. Gating strategies are provided in Fig. 1.

2.8. mRNA expression analysis in brain by qRT-PCR

Total RNA was isolated from ipsilateral and contralateral hemi-
spheres separately by phenol-chloroform extraction, digested with
DNasel (RQ1 RNase-free DNase, Promega Corporation, Madison, WI,
USA) to remove genomic DNA and reverse-transcribed to ¢cDNA using
the M-MLV reverse transcriptase (Promega) with random hexamers
(Roche, Basel, Switzerland) according to the protocol provided by the
manufacturer. The ¢cDNA was then quantified using a LightCycler 480
(Roche) and the LightCycler FastStart DNA Master SYBR Green 1 Kit
(Roche) according to the manufacturer’s guidelines. Target gene ex-
pression was normalized to Reep5 as housekeeping gene. The relative
expression of the target gene in ipsilateral hemispheres was expressed
as a ratio of ipsilateral to contralateral hemisphere expression. Primers
are specified in Table 1.

2.9. Y-maze
Spatial working memory performance of mice was assessed by the

Y-maze test (Maurice et al., 1994). This test is based on the natural
tendency of mice to explore novel environments more than familiar
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ones. Spontaneous exploration behavior in 8 min session was recorded
at baseline (day —1) at day —1 and 2 weeks and 7 weeks after MCAo.
Arm entries were quantified to determine cognitive functions where a
decline in arm entries at subsequent time-points was interpreted as
functional memory. The y-maze consisted of three wooden, black-
painted arms positioned at 120° to each other (arm dimensions: 40 cm
long, 10.5 cm high and 3 cm wide). The test was performed in a testing
room with diffused dim light (35 lux).

2.10. Statistical analysis

+

Data are presented as scattered dot plot with mean standard
deviation or box plot (25-75 percentile) with whiskers (5-95 percen-
tile) using Prism 7.0 software (GraphPad, San Diego, CA, USA). Where
data were not normally distributed, Mann-Whitney U test was per-
formed for comparison of 2 groups and paired data were analyzed using
the Wilcoxon test. Where applicable, data were log-transformed to at-
tain normal distribution. Normal distribution was verified by
Kolgomorow-Smirnov test. The effectiveness of CD4 depletion in the
peripheral blood was analyzed by 2-way ANOVA and Sidak’s multiple
comparison. Comparison between 2 groups was made with paired or
unpaired T-test. Correlation was analyzed by Spearman r. Survival
curves were analyzed with the log-rank (Mantel-Cox) test. Power ana-
lysis was performed using G*Power software (Faul et al., 2007) where
an effect size of 0.5 with a = 0.05 and 1—f = 0.8 was determined
based on previous comparable experiments. Statistical analysis was
performed using Prism 7.0 software (GraphPad, San Diego, CA, USA),
where tests were two-sided and p < 0.05 was considered statistically
significant.

3. Results

3.1. 2D2 mice suffer from greater infarcts and increased lymphocyte
infiltration compared to wild-type mice

To focus on CNS antigen-specific lymphocyte infiltration, we used
myelin oligodendrocyte glycoprotein (MOG) T cell receptor (TCR)
transgenic (2D2) mice, which are prone to autoreactive immune re-
sponses due to their enriched CNS antigen-specific T cell repertoire
(Bettelli et al., 2003). Lymphocyte CNS infiltration and outcome at day
14 after MCAo were compared between 2D2 and C57Bl6 (WT) mice.
Immunofluorescence staining of selected brain slices and flow cyto-
metry analysis of leukocytes isolated from homogenized brain tissue
revealed about 20-fold increased CNS infiltration of CD4* T cells and B
cells into the ipsilateral hemisphere of 2D2 mice compared to WT an-
imals (Fig. 2A-B). No lymphocyte infiltration was observed in the
contralateral hemispheres of MCAo mice or in brains of sham-operated
control mice (data not shown). Additionally, 2D2 mice showed larger
infarct volumes (Fig. 2C) and higher mortality compared to WT mice
(Fig. 2D). These findings indicate that 2D2 mice serve as a useful model
to investigate CD4 " T cell-dependent CNS antigen-specific immune cell
responses after experimental stroke.

3.2. Anti-CD4 treatment eliminates peripheral CD4™ T cells and prevents
their early infiltration into the ischemic brain

In order to investigate the role of CD4™ T cells in delayed but not
immediate early immune responses after stroke, we depleted circulating
CD4™ T cells by repeated injections of monoclonal anti-CD4 antibody
once every other day between day three and day nine after stroke onset
(Fig. 3A). Leukocyte infiltration into the ischemic brain strongly de-
pends on infarct size (Supplementary Fig. 1A). Therefore, mice were
assigned to treatment groups by their infarct volume on day 1 after
surgery (Supplementary Fig. 1B). Seven days after MCAo, CD4 ™ T cells
were eliminated from the periphery and did not recover until day 28
(Fig. 3B). Numbers of blood CD8" T cells, CD19* cells and myeloid
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Fig. 1. Flow cytometry gating strategy. Isolated leukocytes were gated based on forward (FSC) and sideward (SSC) scatter to determine single cells. CD45 was used to
separate CD11b™* myeloid cells into microglia (CD11bMCD45) and infiltrating myeloid cells (IMC) (CD11bMCD45M). Lymphocytes were defined as CD45" CD11b
and gated into CD138™ plasmablasts/plasma cells (PC), CD3™ T cells and CD19* cells of B cell lineage. CD3™ T cells were discriminated into CD4* T-helper cells
and CD8" cytotoxic T cells. CD19™" cells were further discriminated to define IgD~ GL7* GC-like B cells.

cells were not affected by peripheral CD4 depletion (Fig. 3C), while
infiltration of CD4" T cells into the ischemic brain at day 14 after
MCAo was effectively prevented in anti-CD4 antibody-treated com-
pared to isotype-treated control mice (Fig. 3D).

3.3. Anti-CD4 treatment reduces microglial loss and myeloid cell infiltration
14 days after MCAo

To test whether CD4 depletion influenced myeloid cells in the de-
layed phase of cerebral ischemia, we quantified resident microglia and
infiltrating myeloid cells (IMC) by flow cytometry 14 days after MCAo
in 2D2 mice. Microglia and IMC can be distinguished by high CD45
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expression in IMC and low CD45 expression in microglia. It was shown
previously that microglia upregulate CD45 upon activation (Stein et al.,
2007). However, when inducing MCAo in a transgenic microglia re-
porter mouse, we found that CD45 expression levels are sufficient to
distinguish microglia and IMC by flow cytometry 14 days after stroke
(Supplementary Fig. 2). The trend towards microglial loss in the ipsi-
lateral compared to the contralateral hemisphere in isotype-treated
mice was prevented by CD4 depletion as microglia numbers were sig-
nificantly higher in the ipsilateral hemisphere of CD4-depleted mice
compared to isotype-treated mice (Fig. 4A). Microglia numbers in the
ipsilateral hemisphere were lower with increasing lesion size in both
treatment groups, without reaching statistical significance in isotype-
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Table 1

qRT-PCR primers.
Gene E R:
Pax5 CCGACTCCTCGGACCATCAGGACA GGGCCTGACACCTTGATGGGCA
Cst7 AGTCCCATGTCAGCAAAGCC ATATAGAGTCCGCTTCAAGGCAG
Csf1 CTCTAGCCGAGGCCATGTG GCTCCTCCACTTCCACTTGT
Ctsd ACATAGCCTGCTGGGTCCAC CCTGAGCCGTAGTGGATGTC
Apoe CTGAGAAGGGAAGATGGGGTTC GGCTAGGCATCCTGTCAGCAA
Lpl CTCCAGAGTTTGACCGCCTT TTCCCGTTACCGTCCATCCA
Ctsl GTGGACTGTTCTCACGCTCA ACAAGATCCGTCCTTCGCTT
P2ry13 TCGTGGGTTGAGCTAGTAACTG TCCCGAGCATCAGCTTTGTT
Hexb CATCGACCACAGTCCCAATTC CCAAAAACATAGTTGTAATATCGCC
Cx3Cr1 GTGAGACTGGGTGAGTGACTG GTGGACATGGTGAGGTCCTGAG
Tmem119 CACCCAGAGCTGGTTCCATAGC GGTCICICCGGTGTG GGACT

treated mice (Fig. 4B). However, there was considerable myeloid cell
infiltration in a subpopulation of isotype-treated mice (Fig. 4C). IMC
numbers positively correlated with infarct lesion size in isotype-treated
animals without reaching statistical significance. In contrast, no cor-
relation between infarct size and myeloid cell infiltration was observed
in CD4-depleted mice, and even in animals with large infarcts only low
numbers of IMC were found (Fig. 4D). Infiltration of myeloid cells into
the ipsilateral hemisphere increased with decreasing microglia numbers
in isotype-treated mice, but not in CD4-depleted animals (Fig. 4E).

Wildtype

A

Expression of specific markers for microglial activation (Cst7, Csfl,
Ctsd, Apoe, Lpl, Ctsl) as well as microglial homeostasis (P2ry13, Hexb,
Cx3crl, Tmem119) were upregulated in the ischemic hemisphere
compared to the contralateral hemisphere in both treatment groups
equally (Fig. 4F).
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Fig. 2. Enhanced immune responses in 2D2 mice after MCAo. A) Representative immunostaining of CD4™" T cells that infiltrate the ischemic brain through the
vascular basement membrane (laminin) in 2D2 mice and WT mice 14 days after MCAo. Scale bar = 50 pm. B) Flow cytometry quantification of CD4* T cells and
CD19" cells in ipsilateral hemispheres of 2D2 (n = 3) and WT (n = 5) mice 14 days after MCAo (Mann-Whitney U Test). C) Infarct volumes measured by T2-
weighted MRI on day 1 after MCAo in 2D2 (n = 31) and WT (n = 24) mice. D) Long-term survival after 60 min MCAo in 2D2 and WT mice (Log-Rank (Mantel-Cox)
Test). Mice were sacrificed after 49 days (surviving/total mice used in the study: WT n = 16/17; 2D2 n = 15/21) or 72 days (WT n = 17/19; 2D2 n = 11/16).
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Fig. 3. Experimental set-up and CD4 depletion efficacy. A) Stroke was induced by 60 min MCAo and verified by MRI. Anti-CD4-antibody or IgG-isotype control was
injected intraperitoneally at day 3, 5, 7 and 9 after MCAo. Leukocyte infiltration was investigated at day 14, 49, 72 after stroke by histology, flow cytometry and gRT-
PCR. Additional MRI analysis on day 14 and 48 was performed to assess infarct maturation after CD4 depletion. B) Flow cytometry quantification of CD4 T cells in
blood samples of CD4-depleted and isotype-treated mice at baseline, day 7, 14, 28 and 49 after MCAo (2way ANOVA and Sidak’s multiple comparison). CD4
depletion: n(baseline) = 12, n(d7) = 7, n(d14) = 14, n(d28) = 9, n(d49) = 14; Isotype: n(baseline) = 8, n(d7) = 4, n(d14) = 14, n(d28) = 9, n(d49) = 11. C)
Flow cytometry quantification of circulating CD4™* T cells, CD8 * T cells, CD19 ™" cells (n = 14 per group) and CD11b"* myeloid cells (n = 9 per group) at day 14 after
MCAo (Mann-Whitney U-Test). D) Representative immunostaining for CD4* T cells in ipsilateral hemispheres of sham-operated mice, isotype-treated MCAo mice
and CD4-depleted MCAo mice 14 days after stroke onset with stereological quantification for CD4-depleted (n = 4) and isotype-treated (n = 5) mice (Mann-Whitney

U-Test). Scale bar = 50 pm.

3.4. Anti-CD4 treatment reduces brain infiltration of B cells 14 days after
MCAo

Infiltrating B cells were not randomly distributed across the affected
hemisphere at 14 days after MCAo but clustered in few areas of the
infarct core reminiscent of ELS, while CD4 T cells scattered more widely
in the surrounding area (Fig. 5A). ELS formation was observed in both
isotype-treated and CD4-depleted mice, but B cell infiltration was
strongly reduced after CD4 depletion at 14 days after MCAo (Fig. 5B-C).
We confirmed these findings by measurement of the B cell marker Pax5
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in the ipsilateral hemisphere using qRT-PCR (Fig. 5D). Flow cytometry
analysis also showed a significant reduction in CD19" B cells and
CD138 " plasmablasts/plasma cells (PC) after CD4 depletion compared
to isotype-treatment (Fig. 5E). Only in isotype-treated but not CD4-
depleted mice, infiltration of CD19" cells into the brain positively
correlated with infarct volumes measured on day 1 (Fig. 5F).
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Fig. 4. CD4 depletion reduces microglial loss and myeloid cell infiltration at day 14 after MCAo. A-E) Flow cytometry quantification of microglia and infiltrating
myeloid cells (IMC) (n = 7 per group). A) Quantification of CD45'°CD11b* microglia in ipsilateral and contralateral hemispheres of CD4-depleted and isotype-
treated mice (Wilcoxon test). B) Correlation of microglia numbers in the ipsilateral hemisphere with infarct volume on day 1 in CD4-depleted and isotype-treated
mice (Spearman correlation). C) Quantification of CD45MCD11b* IMC in ipsilateral hemispheres of CD4-depleted and isotype-treated mice (Wilcoxon test). D)
Correlation of IMC numbers in the ipsilateral hemisphere with infarct volume on day 1 in CD4-depleted and isotype-treated mice (Spearman correlation). E)
Correlation of microglia numbers with IMC numbers in the ipsilateral hemisphere of CD4-depleted and isotype-treated mice (Spearman correlation). F) qRT-PCR
analysis of microglial markers for activation (Cst7, Csf1, Ctsd, Apoe, Lpl, Ctsl) and homeostasis (P2ry13, Hexb, Cx3cr1, Tmem119). Data is presented as ratio of gene
expression in ipsilateral to contralateral hemisphere of CD4-depleted (n = 5) and isotype-treated (n = 6) animals. Box plots with mean and whiskers (5-95%).

3.5. CD4™ T and B cells infiltrate the ischemic brain as soon as peripheral were spacious and highly organized in both treatment groups at day 49
CD4™" T cell population recovers and 72, which may indicate an active adaptive immune response within
the ischemic brain even more than 4 weeks after stroke onset (Fig. 6C).

Since peripheral CD4" T cell recovery in CD4-depleted animals In fact, flow cytometry analysis of brain B cell subsets at day 49 and 72
started about 28 days after MCAo and administration of CD4-depleting demonstrated the presence of antibody-producing PC and GC-like B

antibody between day 3 and 9 almost completely prevented ELS for- cells that express a distinct cell surface marker composition
mation at day 14, we next wondered whether the delayed CD4 deple- (GL7*IgD ™) upon antigen-recognition indicating local B cell differ-
tion had a long-lasting inhibitory effect on lymphocyte infiltration into entiation within ELS (Fig. 6D). This finding is supported by an im-
the brain. In line with our hypothesis that T cells facilitate B cell in- munostaining depicting IgM ™ and IgG™ PC in proximity to ELS in both
filtration, at day 49 and 72 after MCAo in both isotype- and anti-CD4- CD4-depleted and isotype-treated mice at day 72 after stroke (Fig. 6E).
treated mice, we found high numbers of B cells within the ischemic Representative images display unspecific staining in green (IgG) or red
hemisphere. In addition, we observed equal numbers of CD4 " T cells in (IgM), which may be due to autoreactive antibodies produced by the
both treatment groups (Fig. 6A) and a strong correlation with B cell respective PC subset binding to surrounding tissue.

infiltration after 49 days (Fig. 6B). Interestingly, lymphoid follicles
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Fig. 5. CD4 depletion inhibits B cell infiltration into the ischemic brain at day 14 after MCAo. A) Representative images indicating distribution of B220"* B cells and
CD4 " T cells in the ipsilateral hemisphere at day 14 after MCAo. B) Immunostaining of infarct area in CD4-depleted and isotype-treated mice (left panels) and B cell
follicles in detail (right panels). Scale bar = 250 pm. C) Stereological quantification of B220* B cells after CD4 depletion (n = 4) or isotype treatment (n = 6)
(Mann-Whitney U Test). D) qQRT-PCR analysis of the B cell marker Pax5, displayed as ratio of gene expression in ipsilateral to contralateral hemisphere in CD4-
depleted (n = 5) and isotype-treated (n = 6) animals (Mann-Whitney U Test). E) Flow cytometry quantification of CD4" T cells, CD19" cells and CD138" PC in
CD4-depleted and isotype-treated animals. Cell numbers are presented as mean with SD. Data were log-transformed prior to statistical analysis to attain normal
distribution. Data were analyzed with Kolgomorow-Smirnov test for normality followed by unpaired t-test. n = 7 per group. F) Flow cytometry: Correlation of
CD19™ cell numbers in the ipsilateral hemisphere with infarct volume on day 1 in CD4-depleted and isotype-treated mice (Spearman correlation). n = 7 per group.

3.6. Anti-CD4 treatment has no effect on infarct maturation or long-term (Knauss et al., 2020; Barone et al., 1993; Lambertsen et al., 2002;
survival after ischemic stroke but alleviates cognitive decline Schauwecker and Steward, 1997). Greater infarct volumes in 2D2 mice
were associated with higher mortality compared to WT mice, whereas
To assess effects of anti-CD4 treatment on long-term outcome we no differences in infarct maturation or mortality were observed be-
determined infarct maturation by MRI over 10 weeks after stroke onset. tween CD4-depleted and isotype-treated mice. Therefore, we propose
Both treatment groups showed a significant decrease in infarct sizes that survival and infarct volumes are determined by early rather than
from day 1 to day 14 after stroke and further infarct maturation was late CNS-specific immune responses.
similar (Fig. 7A). In addition, we observed no differences in survival We had previously characterized stroke induced-immunodepression

(Fig. 7B), weight loss, or body temperature (Supplementary Fig. 1C-D) (SIDS), a mechanism mediated by activation of the sympathetic nervous
between CD4-depleted and isotype-treated mice. As a previous study system (SNS) predisposing stroke patients to severe infection (Harms
reported a link between infiltrating B cells and CNS antigen-specific et al., 2008; Prass et al., 2003). It was shown that post-stroke infections

autoantibody responses to cognitive impairment after stroke (Doyle favored by SIDS further exacerbate CNS-specific autoreactivity and
et al., 2015), we next investigated whether CD4 depletion and the re- impede recovery after human and experimental stroke (Becker et al.,
sulting reduction of brain B cell infiltration would alleviate cognitive 2011, 2016b; Hoffmann et al., 2017). Importantly, MBP-specific im-
decline after stroke. Using the number of arm entries in the Y-maze test mune responses worsened stroke patients’ outcome independently of
to assess learning and memory abilities, we observed that sham-oper- infarct severity or age (Becker et al., 2011). Inhibiting the sympathetic
ated mice had progressively decreasing entries 2 weeks and 7 weeks nervous system by administration of propranolol prevented SIDS and
after stroke when compared to baseline. While after 2 weeks all groups post-stroke infections in WT and 2D2 mice similarly (Prass et al., 2003;
behaved similarly, after 7 weeks arm entries rose back to baseline level Romer et al., 2015). In contrast, inhibition of SIDS resulted in enhanced
in isotype-treated mice with a significant difference to sham-operated CNS-specific T cell responses after stroke in 2D2 mice (Romer et al.,
mice. CD4-depleted mice had arm entry numbers in between sham- 2015). Stroke-induced immunodepression may therefore promote con-
operated and isotype-treated animals at week 7 suggesting potential trary effects after stroke, protecting stroke patients from autoreactive
differences in cognitive function between CD4-depleted and isotype- responses to CNS antigens directly after acute injury while predisposing
treated animals in the long-term course after stroke (Fig. 7C). However, them to infections which in turn may exacerbate CNS autoreactivity.

the effect was not statistically different between both groups at this Infiltration of activated lymphocytes following stroke has been re-
time-point. cognized as a potential therapeutic target. In experimental stroke,

combined deficiency of T and B cells as well as selective depletion of
CD4" or CD8* T cells reduce lesion volumes (Hurn et al., 2007; Liesz

4. Discussion et al., 2011). Depletion of regulatory CD4" T cells (Treg) results in
beneficial, deleterious or even no effects, depending on the stroke
Delayed infiltration of B cells into the ischemic brain has been model and the time point investigated (Liesz et al., 2015; Stubbe et al.,
linked to PSCI recently (Doyle et al., 2015). Using antibody-based 2013). A multicenter preclinical trial demonstrated that antibody
CD4* T cell depletion after MCAo in 2D2 mice, we demonstrated that B treatment directed against CD49d, an integrin-a subunit involved in
cell infiltration into the ischemic brain and their differentiation within leukocyte extravasation, reduced infarct volumes and leukocyte in-
lymphoid follicle-like structures depends on the presence of CD4* T filtration into the ischemic brain tissue after permanent but not tran-
cells. Importantly, lymphocyte infiltration into the brain is a process sient MCAo (Llovera et al., 2015). Recent phase II clinical trials in-
lasting for at least 72 days after stroke onset. Finally, we provide further vestigating anti-CD49d-treatment in human stroke patients failed in
experimental evidence for a crucial role of lymphocytes in PSCI, which improving post-stroke long-term outcome (Elkins et al., 2017; Simats
can be targeted by CD4 ™" T cell depletion. et al., 2016), which might be due to different timing of treatment.
According to current understanding, early ischemic injury is medi- Permanent CD4 T cell deficiency and early depletion after stroke
ated primarily by myeloid immune cells and innate-like lymphocytes onset have reduced infarct volumes consistently in experimental stroke
and therefore independent of antigen-specificity (Benakis et al., 2014; models (Hurn et al., 2007; Kleinschnitz et al., 2013; Liesz et al., 2011).
Kleinschnitz et al., 2010). However, modulation of the adaptive im- This is most likely due to early detrimental T cell effects within the
munity by inducing CNS-specific tolerance or autoimmunity greatly ischemic brain following stroke (Gu et al., 2012; Kleinschnitz et al.,
influences stroke severity. It was shown that adoptive transfer of T cells 2010). On the other hand, peripheral T cells play a crucial role in
reactive to the CNS-antigen MOG exacerbates early infarct lesions and protecting from post-stroke infections (Prass et al., 2003). Our experi-
stroke outcomes (Ren et al., 2012), whereas induction of immunologic ments aimed at investigating delayed B cell infiltration and ELS for-
tolerance to MOG prior to experimental stroke reduces the infarct size mation. Considering our previous data on a delayed T cell infiltration
(Frenkel et al., 2003). Here, we demonstrate that 2D2 mice, in which into the ischemic brain (Stubbe et al., 2013) and in order to avoid in-
more than 80% of peripheral CD4™ T cells express functional T cell terference with the early T cell effects, we established a depletion
receptors recognizing MOG, suffer from significantly larger infarcts protocol eliminating CD4 ™ T cells between day 7 and 28. Using this set-
already 1 day after MCAo when compared to WT. These results corro- up we focused our investigation on delayed lymphocyte infiltration and
borate that antigen-specific immune responses by pre-existing memory autoreactivity without interfering with immediate or early immune
T cells may boost lesions following cerebral ischemia. However, addi- responses. The observation of a “chronic” lymphocyte infiltration as
tional factors such as cerebrovascular anatomy, susceptibility to ex- late as day 49 and 72 after stroke was an unexpected finding of our
citotoxicity and varying cytokine expression are mouse strain-specific study. This very important finding needs to be addressed in further

and may contribute to the observed difference in infarct volumes
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Fig. 6. Lymphocytes infiltrate the ischemic brain after the CD4" population recovers in the periphery. A) Flow cytometry quantification of CD4* T cells and CD19™
cells in the ipsilateral hemisphere of CD4-depleted and isotype-treated mice at day 49 (CD4 depletion: n = 7; isotype: n = 5) and day 72 (n = 4 per group) after
MCAo. At this time-point, the CD4 ™" T cell population had recovered in the periphery of depleted animals. B) Correlation of CD19™" cell numbers with CD4* T cells in
the ipsilateral hemisphere at day 49 after MCAo. Mice from both treatment groups are analyzed collectively in one correlation (n = 12) (Spearman correlation). C)
Representative images of B cell follicles in ischemic brains of CD4-depleted and isotype-treated mice at day 72. Scale bar = 100 um. D) CD138* PC and GL7 *IgD ™~
GC B cells were detected by flow cytometry in both treatment groups at day 49 and 72 after MCAo. E) Representative images of IgG* and IgM* PC in proximity to
cell-rich ELS in CD4-depleted and isotype-treated mice at day 72 after MCAo. Top panels display ELS with surrounding PC at 20x magnification. Bottom panels
display 63x magnification of indicated areas. Scale bar = 100 um.
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Fig. 7. CD4-depletion attenuates cognitive decline after MCAo. A) Long-term infarct maturation was assessed by T2-weighted infarct volumetry in CD4-depleted and
isotype-treated mice at day 1 (n = 15 per group), 14 (n = 13-14), 48 (n = 11-12) and 71 (n = 4-7) after MCAo. B) Long-term survival after 60 min MCAo in
CD4-depleted and isotype-treated animals from two separate experiments (Log-rank Mantel-Cox Test). Mice were sacrificed after 49 days or 72 days. Sample size is
displayed as surviving/total mice used in the study. C) The number of spontaneous Y-maze arm entries was used to test learning and memory abilities, where
decreased arm entries after repeated testing was interpreted as a learning effect due to functional memory (paired and unpaired t-test).

longitudinal experiments. previous findings indicate upregulation of regulatory cytokines such as
Additional effects of the anti-CD4 treatment that are unrelated to IL-10 and TGF-P in MOG-specific Tregs isolated from the infarcted brain
CD4™" T cell reduction may influence leukocyte infiltration after stroke, upon ex-vivo MOG stimulation. However, Tregs only made up less than
for instance by altering the blood brain barrier. However, the ob- 1% of peripheral CD4™ T cells in 2D2 mice before and after MCAo
servation that B cells infiltrate the ischemic brain at late time-points, probably limiting their effect in stroke pathology (Romer et al., 2015).
once the CD4™" population recovers in the periphery, indicates that In addition, CD4 ™ T cell populations such as IL-17-producing y8 T cells
infiltration of CD4™" T cells and B cells are directly linked. It was re- may also contribute to ischemic brain injury in a delayed manner and
cently found that interferon-y (IFNy) promotes transendothelial lym- cannot be targeted by CD4 depletion (Shichita et al., 2009). In order to
phocyte migration in the CNS by upregulation of endothelial adhesion account for subset specific T cell functions in B cell infiltration after
molecules (Sonar et al., 2017). We had previously observed enhanced stroke, further experiments with more specific depletion or adoptive
IFNy production upon ex-vivo antigen stimulation in MOG-specific cell transfer approaches are required.
CD4% T cells, suggesting that CD4 depletion may have further neuro- Delayed B lymphocyte accumulation in ELS in the ischemic brain
protective effects by preventing leukocyte transmigration across the after experimental stroke was recently linked to PSCI that could be
blood brain barrier (Rémer et al., 2015). prevented by genetic B cell deficiency or antibody-mediated B cell de-
In accordance with very recently published data (Harris et al., pletion (Doyle et al., 2015). Here, we demonstrate that CD4* T cells are
2020), delayed elimination of CD4* T cells had no effect on long-term essential in B cell infiltration after stroke. The underlying molecular
survival or infarct maturation in our experiments. Therefore, CD4™ T signals are currently unknown. However, the mechanisms may be si-
cells’ effect on infarct size seems limited to the acute phase of stroke. milar to other states of chronic inflammation where ELS formation has
CD4™" T cell subsets such as T-helper (Th)17, follicular Th (TFH) and been described. In autoimmunity, TFH cells have been shown to pro-
Treg exert distinct and partly opposing functions after stroke (Cramer mote ELS functions including B cell expansion, differentiation, class
et al., 2019). Global CD4" T cell depletion approaches may therefore switch and production of disease specific autoantibodies that worsen
produce distorted results neglecting subset specific effects. For instance, patients’ outcomes (Corsiero et al., 2016; Crotty, 2014). A number of
11
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cytokines and chemokines have been shown to promote B cell in-
filtration and ELS formation during chronic inflammation, including IL-
17, lymhotoxin-a, 3, and various members of the CCL and CXCL family
(Aloisi and Pujol-Borrell, 2006). CD4* T cell subsets participate in
lymphoid neogenesis during chronic inflammation either directly by
secreting cytokines such as IL-17 or indirectly by promoting the ex-
pression of lymphoid chemokines in myeloid and stromal cells (Al-
Kufaidy et al., 2017; Carlsen et al., 2004; Corsiero et al., 2012; Fleige
et al., 2014). In addition, we had previously described that CNS-in-
filtrating MOG-specific T cells produce IFN-y following stroke (Klehmet
et al., 2016; Romer et al., 2015). Exposure to IFN-y induces the ex-
pression of adhesion molecules in brain endothelial cells which enable
transendothelial lymphocyte migration (Sonar et al., 2017).

The unique cellular composition of the CNS makes comparison be-
tween ELS formation in stroke and other autoimmune diseases difficult.
Nevertheless, ELS formation in the meninges has been observed in
multiple sclerosis (MS) (Serafini et al., 2004). As B cell depleting
therapy is highly effective in relapsing-remitting MS, B cells and ELS are
suspected to play a fundamental role in the pathogenesis of this disease
as well (Naismith et al., 2010).

Here, we demonstrate that CD4™* T cells are essential for B cell in-
filtration and formation of ELS in the ischemic brain. As previously
reported in WT mice (Doyle et al., 2015), we found that B cells ag-
gregated in the ischemic tissue, forming dense clusters with sur-
rounding T cells in 2D2 mice. However, B cell infiltration and ELS
formation was earlier and more pronounced in 2D2 mice. Stroke
complications such as hemorrhagic transformation (HT) could possibly
aggravate lymphocyte infiltration. However, we have not observed HT
in the present study suggesting that B and T cell infiltration occurs
independently of HT. In fact, our findings in isotype-treated mice sug-
gest that the magnitude of B cell infiltration depends on lesion size.
Although CD4" T cell depletion reduces B cell brain-infiltration to a
large extend it did not prevent ELS formation entirely. This finding and
further data discussed by Zbesko et al. in this issue indicate that addi-
tional CD4™ T cell independent mechanisms are involved in B cell in-
filtration (Zbesko et al., 2020).

Additionally, we found that CD4 depletion attenuates microglial
loss in the ipsilateral hemisphere 14 days after MCAo independently of
infarct size. Recruitment of IMC to the ischemic hemisphere was highly
variable in isotype-treated mice, but myeloid cell infiltration in CD4-
depleted mice was consistently low. IMC could facilitate ELS induction
as monocyte-derived macrophages drive lymphoid neogenesis during
autoimmunity by CXCL13 production (Carlsen et al., 2004). In experi-
mental stroke, myeloid cell infiltration was considered to be limited to
the acute and subacute phase of stroke. However, a second peak of T
cells and macrophages in the CNS after experimental stroke was de-
scribed recently, raising the possibility of interaction between T cells
and macrophages contributing to ELS formation (Vindegaard et al.,
2017).

Consistent with previous reports, we observed post-ischemic mi-
croglial loss (Otxoa-de-Amezaga et al., 2018) and infiltration of myeloid
cells, mainly monocytes/macrophages. Mechanisms linked directly to
cerebral hypoxia account for the majority of microglial cell death
during early stroke pathology (Eyo et al., 2013; Wang et al., 2017).
However, at later time-pints autoreactivity could contribute to this
process, as immune responses directed against a number of CNS-specific
antigens have been described after stroke (Ortega et al., 2015). Ac-
cordingly, compared to isotype-treated mice we observed higher
numbers of microglia in the ipsilateral hemisphere in mice in which
delayed CD4™" T cell responses were prevented by anti-CD4 treatment.
This finding may suggest that prolonged autoreactive inflammatory
CD4™" T cell responses could increase microglial loss after stroke. De-
spite the pronounced effect on myeloid cell numbers, CD4 depletion did
not affect the expression of microglial homeostasis and activation
markers after stroke. CD4™ T cell signals that could mediate microglia
cell death are currently unknown and need further investigation.
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We speculate that IMC compensate for post-ischemic microglial loss,
especially in animals with large infarcts (Mildner et al., 2007). Indeed,
we found that numbers of IMC increased with infarct volumes and
decreased with the number of resident microglia. Both correlations
were completely abrogated by CD4 depletion indicating an essential
role for CD4" T cells in delayed IMC recruitment after stroke. Con-
sidering the reduction of both, infiltrating B cells and myeloid cells by
CD4 depletion, CD4" T cells may either be involved in B cell and
myeloid cell recruitment independently or promote myeloid cell in-
filtration, which in turn further facilitate B cell recruitment (Ortega
et al., 2015).

Circulating CD4™" T cells were eliminated until day 28 after stroke
but recovered after 49 days. Importantly, with the recovery of CD4™ T
cells in the periphery, T as well as B lymphocyte infiltration into the
brain started also in the depletion group, indicating that the cues for
increased lymphocyte trafficking across the blood-brain barrier are
present over a long period of time after ischemic brain injury.

Antibodies to neuronal antigens worsen stroke patients’ functional
outcome (Becker et al., 2016a). B cell expansion, hypermutation and
differentiation to antibody-producing PC occur in the GCs of ELS
(Corsiero et al., 2016). The presence of lymphocytes expressing GC B
cell and PC marKkers in brains 49 and 72 days after MCAo suggests that
these GC-specific processes leading to autoreactive CNS antigen-specific
antibody production also occur in stroke. Conclusively, we observed
IgG and IgM producing PC in proximity to ELS. The antigen specificity
of these antibodies remains yet to be determined. Unspecific IgM and
IgG staining in the infarcted tissue suggest reactivity to multiple target
antigens however. We also observed CD138 "IgM "IgG~ PC that could
possibly produce IgA as described (Zbesko et al., 2020).

Production of CNS-specific antibodies may contribute to PSCI
(Becker et al., 2016a), which could be prevented by antibody-based B
cell depletion or primary B cell deficiency in an experimental setup
(Doyle et al., 2015). Increased B cell numbers and IgG bound to brain
tissue were also observed in post-mortem brain samples analyzed from
stroke patients with dementia compared to those without dementia
(Doyle et al., 2015). To our knowledge, ELS have not been reported in
brain tissue after stroke in humans, yet. This may be due to the fact that
ELS in experimental stroke can only be detected in the core area of
ischemia. However, tissue samples from patients who have died after a
stroke are usually not collected from these areas during autopsy for the
brain banks. Interestingly, a recent study using B cell depletion suggests
that B cells contribute to post-stroke recovery by promoting neuro-
genesis (Ortega et al., 2020). In our hands, anti-CD4 treatment reduced
B cell infiltration only temporarily. Even though CD4* T cells and B
cells infiltrated the CNS also in the depletion group at later time points,
our behavioral data suggest that CD4™* T cell depletion could improve
long-term functional outcomes after stroke.

Altogether, our results indicate that B cell infiltration into the CNS
after experimental stroke is facilitated by CD4™ T cell-mediated re-
sponses, which might include additional responses by microglia and
infiltrating peripheral myeloid cells. Furthermore, we demonstrate that
post-stroke lymphocyte infiltration is a long-lasting process that could
serve as a target to prevent PSCIL
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Abstract: Pneumonia is the most frequent severe medical complication after stroke. An overactivation
of the cholinergic signaling after stroke contributes to immunosuppression and the development
of spontaneous pneumonia caused by Gram-negative pathogens. The «7 nicotinic acetylcholine
receptor (¢7nAChR) has already been identified as an important mediator of the anti-inflammatory
pathway after stroke. However, whether the a2, a5 and «9/10 nAChR expressed in the lung also
play a role in suppression of pulmonary innate immunity after stroke is unknown. In the present
study, we investigate the impact of various nAChRs on aspiration-induced pneumonia after stroke.
Therefore, a2, &5, «7 and «9/10 nAChR knockout (KO) mice and wild type (WT) littermates were
infected with Streptococcus pneumoniae (S. pneumoniae) three days after middle cerebral artery occlusion
(MCAOo). One day after infection pathogen clearance, cellularity in lung and spleen, cytokine secretion
in bronchoalveolar lavage (BAL) and alveolar-capillary barrier were investigated. Here, we found
that deficiency of various nAChRs does not contribute to an enhanced clearance of a Gram-positive
pathogen causing post-stroke pneumonia in mice. In conclusion, these findings suggest that a single
nAChR is not sufficient to mediate the impaired pulmonary defense against S. pneumoniae after
experimental stroke.

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

1. Introduction

Stroke is a leading cause of death worldwide. The outcome depends on the occurrence of
complications. Up to 95% of stroke patients experience medical complications in the first three months
after stroke. Among these, infection is one of the most frequent, severe complications [1-4]. Long-lasting
immunosuppression due to overactivation of neurchumoral stress pathways, besides other factors
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such as neurological deficits leading to dysphagia and aspiration, contribute to the high incidence
of pneumonia in stroke patients [5-7]. We have previously shown in an experimental mouse model,
that excessive cholinergic signaling induced by stroke results in impaired innate immune responses in
the lung [8]. In this cholinergic anti-inflammatory pathway, acetylcholine (ACh) released by vagal
efferents and by non-neuronal cells was shown to impair antibacterial responses in the lung via the
«7 nAChR expressed on alveolar epithelial cells (AECs) and macrophages (M®), contributing to
an increased susceptibility to spontaneous Gram-negative bacterial pneumonia [8-12]. Nicotine as
well as the &7 nAChR-specific agonist PNU282987 diminished LPS-induced IL-6 secretion in AECs
isolated from WT but not &7 nAChR KO mice in a dose-dependent manner. In contrast, nicotine and
PNU282987 dose-dependently reduced LPS-induced IL-6 secretion in M® from WT as well as o7
nAChR KO mice. Thus, nicotine suppressed the TLR-induced pro-inflammatory cytokine secretion in
the absence of 7 nAChR, suggesting that suppression of pulmonary immune responses after stroke
by the cholinergic anti-inflammatory pathway may in part be independent from the a7 nAChR [8].
nAChRs are homomeric or heteromeric combinations of «2-10 and $3-4 subunits. Beyond the a7
NAChR subunit, mRNA expression of &2 nAChR, &5 nAChR, a6 nAChR, «9 nAChR and «10 nAChR
was detected in immune cells including mononuclear leukocytes, dendritic cells (DCs), M® and T-cells
supporting our hypothesis that not only «7 nAChRs are involved in the regulation of immune response
after stroke [12-14].

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

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

2. Materials and Methods

2.1. Animals and Housing

Experiments were executed in accordance with the European directive on the protection
of animals used for scientific purposes and further applicable legislation, and approved on
31 March 2016 by the relevant authority, Landesamt fiir Gesundheit und Soziales (LAGeSo), Berlin,
Germany (project identification code: G0244/15). Male &2 nAChR KO (MMRRC_030508-UCD
B6.129 x 1-Chrna2™!/b°u/NMmucd; University of California Davis Mutant Mouse Regional Resource
Center (MMRRQ)) [22], o5 nAChR KO (MMRRC_000421-UNC B6.12957-Chrna5™! Mdb/MmNc;
University of North Carolina MMRRC) [23], o7 nAChR KO (JAX #003232B6.129 S7-Chrna7™! Bay/J.
The Jackson Laboratory, Bar Harbor) [24], «9/10nAChR KO (JAX #005696 CBACaJ;129 S-Chrna9™? Bedvyy.
The Jackson Laboratory, Bar Harbor and MMRRC _030509-UCD 129 S4-Chrnal0t™! Bedv/Mmed;
University of California Davis MMRRC) [25,26] mice and corresponding WT littermates were used
for infection experiments. Standard-genotyping using STR-marker and C57BL/6 substrain-specific
mutation analysis confirmed that 2 nAChR KO, a5 nAChR KO and «7 nAChR KO strains carry
an autosomal C57BL/6]JCrl background (GVG genetic monitoring). «9/10 nAChR KO strain was
backcrossed for 8 generations to C57BL/6JCrl. Since all mouse strains carry the same genetic
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background, mixed WT littermates from all strains were used as control groups (WT MCAo and
WT naive). C57BL/6] mice (The Jackson Laboratory, Bar Harbor, ME, USA) were used for nAChR
expression analysis in lung and brain. All animals were housed with identical conditions in cages
with chip bedding, mouse tunnel and mouse igloo on a 12 h light/dark cycle with ad libitum access to
standard food and water. Experiments were performed with 12-20 weeks old mice.

2.2. Experimental Model of Stroke

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

2.3. Antibiotic Treatment

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

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

S. pneumoniae (D39 capsular type 2 S. pneumoniae, Rockefeller University, New York, NY, USA)
was grown as described elsewhere [19] and diluted in PBS to 2000 CFU/50 pL. In previous experiments,
an optimal dose of bacterial load of 200 CFU for intranasal infection in 12956SvEv mice was
established [19]. Since the C57BL/6] mouse strain used in this study is less susceptible to bacterial
infection including S. prneumoniae D39 as compared to 129S6SvEv mice [28,29], we established 2000
CFU for infection in previous experiments when developing a miniaturized bronchoscopy protocol in
mice [30]. Therefore, we used 2000 CFU for all experiments in this study. The same batch of bacteria
from Rockefeller University was used for all experiments.

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

2.5. Microbiological Investigation

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

2.6. Flow Cytometry

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

77



Vaccines 2020, 8, 253 4of 16

2.7. Analysis of Cytokines in BAL and Albumin in BAL and Plasma

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

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

RNA from naive lung and brain was extracted in Trizol according to the manufacturer’s protocol
(Roth, Karlsruhe, Germany). All samples were subsequently incubated with DNase (Promega,
Fichtburg, MA, USA) followed by purification with Phenol-Chloroform. cDNA synthesis was
performed using ProtoScript® II Reverse Transcriptase (New England Biolabs, Ipswich, UK) and the
expression of nAChRs was quantified using a LightCycler 480 (Roche, Mannheim, Germany)
and the LightCycler-FastStart-DNA-Master-SYBR-Green-I-Kit (Roche, Mannheim, Germany)
according to the manufacturer’s guidelines. [3-actin was used as “housekeeping gene” for normalization.
The following primers were used: mChrnaalpha2 (F: TGGATGGGCTGCAGAGAGACAGG,
R:  GGTCCTCGGCATGGGTGTGC), mChrnaalpha5 (F:  ATCAACATCCACCACCGCTC,
R:  CTTCAACAACCTCGCGGACG), mChrnaalpha7? (F: TCCGTGCCCTTGATAGCACA,
R: TCTCCCGGCCTCTTCATGCG), mChrnaalpha9  (F: CGGACGCGGTGCTGAACGTC,
R: AGACTCGTCATCGGCCTTGTTGT), mChrnaalphal0 (F: ACCCTCTGGCTGTGGTAGCG,
R: GCACTTGGTTCCGTTCATCCATA). The amplification of Chrna 2, Chrna 7, Chrna 9, Chrna 10 and
(-actin was performed at 95 °C (5 s), 66 °C (10 s) and 72 °C (15 s) for 45 cycles. Chrna 5 was amplified
with the following conditions: 95 °C (5 s), 60 °C (10 s) and 72 °C (15 s) for 45 cycles. Melting curve
analysis was performed to exclude the measurement of non-specific products. PCR products were
sequenced to verify primer specificity.

2.9. Statistics

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

3. Results

3.1. a2, a5, a9 and a10 nAChR Subunits are Expressed in Lung and Brain of Naive Mice

We previously demonstrated expression of 7 nAChR in M® and AECs [8]. To investigate which
additional nAChR subunits are expressed in lungs and brain, «2, «5, «9 and «10 nAChR mRNA
expression in whole organ tissue isolated from naive mice was quantified by qRT-PCR and compared
to o7 nAChR mRNA expression. All subunits were found to be expressed in both lung and brain,
however with higher levels in brain compared to lung except for the «10 subunit (Figure 1). These data
suggest that other nicotinic receptors in addition to &7 nAChR may be involved in cholinergic
suppression of pulmonary immune response after stroke.

3.2. Role of Various nAChRs in an Aspiration-Induced Post-Stroke Pneumococcal Prneumonia

To investigate the impact of various nAChRs on the clearance of aspiration-induced pneumococcal
pneumonia after experimental stroke, a pneumococcal suspension was applied at the tracheal bifurcation
from a2, &5, &7, ®9/10 KO mice and WT littermates three days after MCAo. Infected naive WT mice
served as controls. Bacterial burden in the lung, BAL and blood was determined one day after
infection. Whereas naive WT mice were able to clear bacteria, MCAo treated mice showed increased
bacterial burden in lung and BAL one day after infection (Figure 2A,B), although the effect in BAL
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was not significant compared to naive WT mice. In contrast to naive WT mice and stroked «7 KO
mice, several MCAo-treated o2, o5, ®9/10 KO mice and WT littermates suffered from bacteremia after
bacterial challenge, whereby «9/10 KO mice exhibited significantly increased bacterial burden in blood
compared to naive WT mice (Figure 2C). However, bacterial burden in lung, BAL and blood was not
significantly different between all nAChR KO and WT MCAo groups using WT MCAo mice as the
reference group (Figure 2A,C). The infarct size was determined by histological staining and did not
differ significantly between WT mice and nAChR KO mice (Figure 2D).
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Figure 1. Expression of nAChR subunits in lung and brain tissue. «2, a5, a7, ®9 and «10 nAChR
subunits are expressed in lung and brain tissue of naive wild type (WT) mice suggesting a possible role
in anti-inflammatory cholinergic signaling after stroke. RNA was isolated from lung and brain tissue,
and expression levels were determined by qRT-PCR. Target gene expression was normalized to $-actin
as the housekeeping gene. Values are given as mean + SD (1 = 5).
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Figure 2. The susceptibility to aspiration-induced pneumococcal pneumonia after experimental stroke
is not altered in nAChR knockout (KO) mice. (A-C) Untreated WT mice (naive) or WT and nAChR KO
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mice subjected to MCAo surgery were infected with S. pneumoniae three days after MCAo.
Microbiological analysis of lung, bronchoalveolar lavage (BAL) and blood was performed one day
after infection. Deficiency of «2, &5, «7 and «9/10 nAChRs had no effect on bacterial burden in lung,
BAL and blood after experimental stroke. (D) nAChRs does not have an impact on infarct size assessed
four days after MCAo by histological staining. Data from 6 independent experiments are shown
(1n = 7-15 per group) as box plots compared to WT naive mice as a reference group for bacterial analysis
and compared to WT MCAo mice as the reference group for infarct analysis using the Kruskal-Wallis
test followed by Dunn’s test for multiple comparisons.

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

To investigate the underlying mechanisms of impaired clearance of induced pneumococcal lung
infection after stroke and the impact of nAChRs on immune cell recruitment, cellularity in the lung
and spleen was determined by flow cytometry one day after infection, which was induced on day
three after stroke onset. The number of pulmonary interstitial macrophages (IM) was significantly
reduced in o7, ®9/10 KO mice and WT littermates and non-significantly reduced in o2 and a5 KO mice
compared to naive WT mice one day after infection. In contrast, MCAo surgery had no effect on the
number of neutrophils and lymphocytes in the lung (Figure 3A,C,E). Investigation of cellularity in the
spleen revealed a significant decrease in the number of macrophages in «9/10 KO and WT MCAo mice,
neutrophils in &5 KO and WT MCAo mice and lymphocytes in a5 KO and «9/10 KO mice compared to
infected naive WT mice (Figure 3B,D,F). The Kruskal-Wallis test using WT MCAo mice as the reference
group showed that cell counts of leukocytes in lung and spleen were similar in &2 KO, «5 KO, «7 KO,
«9/10 KO and MCAo treated WT mice one day after infection.
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Figure 3. Impact of S. pneumoniae infection on cellularity in the lung and spleen of WT and nAChR KO mice.
Lung and spleen cells were isolated and quantified by flow cytometry one day after infection with
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S. pneumoniae. WT mice without MCAo surgery show significantly increased numbers of
interstitial macrophages (IMs) (CD45/Gr1—/SiglecF—/CD11 bhi8h/F480) in the lung (C) and increased
number of neutrophils (CD45+/CD11 bM8Y/Gr1high), macrophages (CD45+/Gr1-/CD11 b+/CD11c-)
and lymphocytes (B cells: CD45+/CD11 b—/CD19+; T cells: CD45+/CD11 b—/CD3+; NK cells:
CD45+/NK1.1+/CD3—; NKT cells: CD45+/NK1.1+/CD3+) in the spleen (B,D,F) compared to MCAo
mice. No differences between MCAo mice and naive WT mice in the number of pulmonary lymphocytes
and neutrophils were found (A,E). Cellularity of the lung and spleen does not differ between WT
MCAo0 mice and nAChR KO MCAo mice. The grey area represents numbers of leukocyte subsets in
healthy mice (median with IQR). Data from 6 independent experiments are shown (1 = 5-15 per group)
as box plots compared to naive WT mice as a reference group using the Kruskal-Wallis test followed by
Dunn’s test for multiple comparison.

3.4. Effect of a2, a5, a7, 9/10 nAChRs on Alveolar-Capillary Barrier and Cytokine Secretion in BAL after Stroke

To investigate the inflammatory response during pneumococcal pneumonia after stroke, MIP-1«,
IL-10, KC and TNF« concentrations in BAL were measured one day after infection. Cytokine levels
tended to be lower in naive WT mice compared to MCAo mice. MIP-1x, KC, IL-10 and TNF«x
concentrations were only increased in some mice and did not differ significantly between groups.
(Figure 4A-D). Regression analysis between cytokine concentrations and CFU in BAL showed positive
correlation between MIP-1«, KC and TNFa level and bacterial burden in BAL (KC: 7 = 0.5186, p = 0.0004;
MIP-1e: ¥ = 0.3391, p = 0.028; TNFox: r = 0.4492, p = 0.0028) (Figure 4E).
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Figure 4. nAChR deficiency has no impact on the alveolar-capillary barrier or cytokine response in lung
during S. pneumoniae infection after experimental stroke. MIP-1«, IL-10, KC and TNF« concentrations
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in BAL were measured one day after infection as described in Material and Methods. MIP-1, IL-10,
KC and TNF« level did not differ between groups (A-D). Positive correlation between MIP-1a, KC and
TNF« concentrations and bacterial burden in BAL was found (Pearson Correlation, two tailed) (E).
To investigate the effect of a2, x5, 7 and «9/10 nAChRs on the permeability of the alveolar-capillary
barrier after MCAo, albumin concentrations in BAL and plasma were measured and the ratio of BAL
albumin and plasma albumin was calculated. Albumin ratio is increased in several mice but does
not differ between nAChR KO mice and WT mice (F). Data from 6 independent experiments are
shown (1 = 5-11 per group) as box plots compared to naive WT mice as a reference group using the
Kruskal-Wallis test followed by Dunn’s test for multiple comparison.

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

4. Discussion

The main finding of the present study is that the depletion of single « nAChR subunits has no
effect on the course of an aspiration-induced pneumococcal pneumonia after stroke. Experimental
stroke results in severe pneumococcal pneumonia after induced aspiration of S. pneumoniae three days
after stroke onset, which was harmless for naive mice. a2 KO, x5 KO, «7 KO, «9/10 KO mice do not
show significant differences in the clearance of pathogens, recruitment of immune cells in the lung or
pro-inflammatory cytokine secretion compared to WT littermates following stroke.

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

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

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

nAChRs are composed of different combinations of o («2-x10) and B subunits (2-$4) and found
both in the nervous system and in non-neuronal cells. Structural analysis has shown that x10 subunits
form functional channels, when they are co-expressed with a9 and that a9 and «7 subunits are able
to form homomeric receptors [44]. So far, especially the &7 nAChR was identified as an important
mediator of the cholinergic anti-inflammatory pathway. Previous studies have reported that electrical
stimulation of the vagus nerve inhibits the macrophage TNF« release from WT mice but not from
«7 NAChR KO mice [9]. Furthermore, it was shown that stimulation of nAChRs with nicotine is
associated with decreased neutrophils migration by inhibition of adhesion molecule expression both
on the endothelial surface and neutrophils, whereas deficiency of &7 leads to a faster recruitment of
neutrophils and decreased bacterial burden after i.p. infection with Escherichia coli [45,46]. In addition,
o7 nAChR has been demonstrated to play an important role in the development of spontaneous
infection after experimental stroke. Depletion of the 7 nAChR by using KO mice reduced bacterial
burden in BAL significantly compared to WT littermates [8]. However, the role of nAChRs including
the «7 nAChR in pulmonary infections caused by Gram-positive bacteria such as S. pneumoniae after
stroke had not been investigated, so far.

Expression analysis has shown that «5, &7, a9 and «10 are the most frequently expressed subunits
in non-neuronal cells including immune cells [12,13,44]. Besides the anti-inflammatory effect of ACh
on macrophages, a cholinergic immunosuppressive effect on human DCs was observed. mRNAs
encoding the a2, &5, a6, &7, ®10 nAChRs and 32 were found in DC isolated from C57BL/6 | mice
suggesting that these subunits mediate anti-inflammatory signaling of DC [47,48]. While the o7 and «9
subunits form either homomeric or, in case of a9 together with the «10 subunit, heteromeric nAChR
receptors, respectively, the 2 and «5 subunit co-assembles with other alpha («3-5) and beta subunits
(B2, p4) to different heteromeric receptors [44]. Findings that the a332 and «3[4 receptors can also
be functional without the a5 subunit suggested that depletion of «5 has no impact on physiological
processes and diseases [49]. Nevertheless, a5 KO mice showed reduced hyperalgesia and allodynic
responses to carrageenan and complete Freund s adjuvant (CFA) injections and reduced sensitivity
to nicotine-induced seizures and hypolocomotion [23,50,51]. Furthermore, it was shown that the
o5 subunit influences the affinity and sensitivity of agonists and antagonists. A 50-fold increased
acetylcholine sensitivity was detected if the «5 subunit incorporated with «332 [49,52]. Depletion of
the a2 subunit resulted in major changes in immune-adipose communication including compromised
adaptation to chronic cold challenge, dysregulation of whole-body metabolism and exacerbates
diet-induced obesity [53]. In this study, we found expression of &2, &5, &7, 9 and «10 subunits in
lungs of naive mice and suspected that depletion of these subunits may modify the immunomodulatory
effects of cholinergic signaling after stroke.

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

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

Stroke has been demonstrated to induce a long-lasting lymphopenia in blood and spleen starting
very early after stroke onset, which is a hallmark of stroke-induced immune depression [54]. In addition,
investigations of the lung immunity after stroke have shown a significant reduction of CD4+,
CD8+ and B cells 24 h and 72 h after MCAo [60]. Here, we did not observe a significant difference in
lung lymphocyte counts between naive WT and MCAo mice. Investigation of the spleen showed a
significant reduction of lymphocyte numbers only in MCAo treated o5 and «9/10 nAChR KO mice
compared to naive WT mice, whereas MCAo treated «2, o7 nAChR KO mice and WT littermates
showed no differences compared to naive WT mice. Notably, we found that infected WT naive mice
also showed diminished lymphocyte counts in the lung compared to normal lymphocyte numbers
in untreated WT mice. Clinical data from patients with pneumococcal infections have shown that
the acute phase of infection was associated with a diminished number of lymphocytes in blood.
Further analysis demonstrated increased apoptosis among lymphocytes [61]. This is in line with
experimental data showing increased lymphocyte apoptosis in a mouse model of pneumococcal
pneumonia [62]. In addition, S. preunioniae D39 strain has been shown to mediate activation-dependent
death in human lymphocytes [63]. Nevertheless, it was reported that the number of CD4+ cells reached
normal levels in blood one week after infections suggesting trafficking of CD4+ cells instead of inflow
of de novo-generated cells after apoptosis-induced lymphopenia. Therefore, it was assumed that the
reduced number of lymphocytes in blood is also caused by migration of lymphocytes to the site of
inflammation [61]. This was supported by experiment findings in mice showing that pneumococcal
infection increased the number of lymphocytes in BAL compared to uninfected mice [64]. These data
suggest that in the present study naive WT mice developed lymphopenia in spleen and lung due
to pneumococcal infection, and consequently, the number of lymphocytes differs only marginally
between MCAo mice and naive WT mice.

Besides alveolar macrophages, a smaller subset of interstitial macrophages (IMs) is found in
the lung. While generally IMs are believed to have homeostatic and immunomodulatory functions,
these cells may also play an important role in host pathogen defense. Experiments in mice have shown
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that pulmonary infection induces accumulation of IMs in the lung. In addition, depletion of IMs results
in increased bacterial burden after infection suggesting that these cells are essential for controlling
pathogens in the lung [65]. Here, we observed a diminished number of IMs in MCAo mice compared
to naive WT mice. These data suggest that the decreased number of IMs in the lung in MCAo mice
may contribute to impaired clearance of S. pneumoniae.

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

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

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

5. Conclusions

In summary, our findings show that stroke results in impaired pulmonary immunity against
S. pneumoniae resulting in reduced bacterial clearance and prolonged infection. Blocking of cholinergic
signaling by depletion of various nAChRs subunits does not enhance antibacterial immune response
suggesting that cholinergic pathways, at least not mediated by a2 nAChR, a5 nAChR, «7 nAChR,
«9/10 nAChR subunits, does not play a role in impaired immunity against S. prneumonia after stroke.
In this respect, it would be interesting to study the impact of non-«7 nAChRs on spontaneous
infections or induced-aspiration infections with Gram-negative bacteria, such as Pseudomonas aeruginosa,
Klebsiella pneumoniae, Enterobacter, Escherichia Coli after stroke.
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Alexandra Chovsepian, Daniel Berchtold, Katarzyna Winek, Uta Mamrak, Inés Ramirez
Alvarez, Yanina Dening, Dominika Golubczyk, Luis Weitbrecht, Claudia Dames,
Marine Aillery, Celia Fernandez-Sanz, Zdzislaw Gajewski, Marianne Dieterich,
Miroslaw Janowski, Peter Falkai, Piotr Walczak, Nikolaus Plesnila, Andreas Meisel,

and Francisco Pan-Montojo*

Stroke is the second leading cause of death and disability worldwide. Current
treatments, such as pharmacological thrombolysis or mechanical
thrombectomy, reopen occluded arteries but do not protect against
ischemia-induced damage that occurs before reperfusion or neuronal damage
induced by ischemia/reperfusion. It has been shown that disrupting the
conversion of glyoxal to glycolic acid (GA) results in a decreased tolerance to
anhydrobiosis in Caenorhabditis elegans dauer larva and that GA itself can
rescue this phenotype. During the process of desiccation/rehydration, a
metabolic stop/start similar to the one observed during ischemiafreperfusion
occurs. In this study, the protective effect of GA is tested in different ischemia
models, i.e., in commonly used stroke models in mice and swine. The results
show that GA, given during reperfusion, strongly protects against ischemic
damage and improves functional outcome. Evidence that GA exerts its effect
by counteracting the glutamate-dependent increase in intracellular calcium
during excitotoxicity is provided. These results suggest that GA treatment has
the potential to reduce mortality and disability in stroke patients.

1. Introduction

Stroke is the second leading cause of death
and disability worldwide and is responsible
for 5.5 million deaths and 116.4 million
disability-adjusted life years globally.l! Is-
chemic stroke comprises 87% of all stroke
cases!?! and is caused by a thrombotic or
embolic vessel occlusion, which results in
focal cerebral ischemia. It takes only min-
utes for the affected area of the brain to
become irreversibly damaged, often result-
ing in long-term neurological deficits (such
deficits occur in 50% to 60% of stroke
patients®l). Blood flow to the tissue sur-
rounding the necrotic infarct core is re-
duced, but this tissue, which is referred to
as the penumbra, is salvageable because
of collateral perfusion.*] The penumbra is
thus the main target of current treatment
strategies.”)

A. Chovsepian, Y. Dening, P. Falkai, F. Pan-Montojo
Department of Psychiatry and Psychotherapy
Ludwig-Maximilian University Hospital
Nussbaumstrasse. 7, 80336 Munich, Germany

E-mail: Francisco.Pan-Montojo@med.uni-muenchen.de

A. Meisel

D. Berchtold, K. Winek[*], L. Weitbrecht, C. Dames, M. Aillerylt+],

Department of Neurology
NeuroCure Clinical Research Center
Center for Stroke Research

Charité University Medicine
Charitéplatz 1, 10117 Berlin, Germany

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/advs.202103265

[HPresent address: Present address: Edmond and Lily Safra Center for
Brain Sciences, Hebrew University of Jerusalem, Jerusalem 9190401, Is-
rael

[++]Present address: Present address: Seppic, lle-de-France, La Garenne-
Colombes 92250, France

[+++Present address: Present address: Center for Translational Medicine,
Department of Medicine, Thomas Jefferson University, Philadelphia, PA
19107, USA

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH.
This is an open access article under the terms of the Creative Commons
Attribution License, which permits use, distribution and reproduction in
any medium, provided the original work is properly cited.

DOI: 10.1002/advs.202103265

F. Pan-Montojo

F. Pan-Montojo

Adv. Sci. 2022, 9, 2103265

92

U. Mamrak, N. Plesnila

Laboratory of Experimental Stroke Research
Institute for Stroke and Dementia Research (ISD)
University of Munich Medical Center
Feodor-Lynen-Strasse 17, 81377 Munich, Germany

I. Ramirez Alvarez, Y. Dening, C. Fernandez-Sanz[*+H M. Dieterich,

Department of Neurology

Ludwig-Maximilian University Hospital

Marchioninstrasse. 15, 81377 Munich, Germany

|. Ramirez Alvarez, C. Fernandez-Sanz[**1l M. Dieterich, N. Plesnila,

Munich Cluster for Systems Neurology (SyNergy)

Ludwig-Maximilian University Munich
81377 Munich, Germany

2103265 (1 0f 19) © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

www.advancedsciencenews.com

Several treatments have been tested after stroke, including N-
methyl-p-aspartate (NMDA) and NMDA antagonists,!® free radi-
cal scavengers,7#l and immunomodulators (tumor necrosis fac-
tor alpha,l’! interleukin-1001%l). However, no treatment has been
successful in the preclinical or clinical phase apart from the
free radical scavenger edaravone, which received clinical approval
in Japan." Hence, identifying novel neuroprotective com-
pounds is essential for improving treatment options in ischemic
stroke.

The inherent ability of Caenorhabditis elegans to tolerate ex-
treme desiccation in the dauer larva stage, a special diapause
stage that occurs in unfavorable environmental conditions, may
have interesting implications in stroke. The strategies that en-
able the C. elegans dauer larva to survive desiccation have been
extensively studied.'>""] Desiccation and rehydration represent
a form of metabolic stress (metabolic stop/start)['®l and mirror
the metabolic halt and reactivation that occur during ischemia—
reperfusion damage due to restriction of blood flow, oxygen, and
nutrients,['718] followed by an abrupt reinitiation of metabolic ac-
tivity during rehydration/reperfusion. Research has been shown
that djr-1.1, djr-1.2, and glod-4 are strongly upregulated in dauer
larva during preparation for desiccation and that these genes are
crucial for desiccation tolerance.'*1>1%] djr-1.1 and djr-1.2 are or-
thologs of the Parkinson’s disease-associated glyoxalase DJ-1 (lo-
cus PARK 7), which is known to convert the reactive aldehydes
glyoxal and methylglyoxal to glycolic acid (GA) and p-lactic acid
(DL), respectively.2%!l A previous study!® showed that mutant
worms without any glyoxalase activity (i.e., that lacked djr and
glod-4 genes) were less likely to survive desiccation. Moreover,
mitochondria of djr-1.1; djr-1.2 double mutant larvae and DJ-1-
knockdown HelLa cells showed defects in their network structure
and membrane potential. These phenotypes were rescued by GA
and DL, demonstrating that the aforementioned deficits are not
just a result of the accumulation of toxic aldehydes but are also
caused by the absence of the DJ-1 glyoxalase activity products GA
and DL themselves.[]

On the basis of these findings and the similarity between
desiccation-rehydration and ischemia-reperfusion,*8! we hy-
pothesized that GA and DL might protect against damage
caused by ischemic stroke. Therefore, we tested these substances
in vitro by oxygen—glucose deprivation (OGD) and in vivo by
global cerebral ischemia (GCI) and middle cerebral artery oc-
clusion (MCAO) in mice and in an endovascular stroke model
in swine. Overall, our results showed that GA treatment exerts
powerful protection against ischemia and improves functional
outcome.
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2. Results

2.1. GA Protects from Ischemia-Induced Neuronal Death and
Reduces Glutamate-Dependent [Ca>*] Influx in Cortical Neurons
In Vitro

The current standard of care for treating acute stroke is to
restore blood flow to the ischemic region, known as reper-
fusion. However, this procedure can also cause damage, an
effect known as “ischemia-reperfusion injury.”??/ Oxygen-
glucose deprivation is a well-established in vitro model mimick-
ing ischemia/reperfusion (IR) injury, leading to apoptotic and
excitotoxicity-induced necrotic and apoptotic cell death.?*] There-
fore, we used this model to determine the neuroprotective prop-
erties of GA during ischemia-reperfusion damage by testing the
effects of GA in different concentrations added to the culture
media immediately after mimicking 1 h of ischemia. Briefly,
on day in vitro (DIV) 7, normoxic medium was replaced by ei-
ther normoxic medium (normal medium) or ischemic medium
(phosphate-buftered saline (PBS), pH 6.4, bubble in N,) and neu-
rons were placed for 1 h in either the incubator again (normoxia)
or an anoxic environment consisting of an N,-filled gas chamber;
both the incubator and chamber were held at 37 °C. To mimic
reperfusion, the anoxic buffer was washed out and replaced by
normal medium supplemented with water as vehicle or GA at
final concentrations of 2.5 x 1073, 5 x 1073, 10 x 1072, or 20 x
1073 w. For the normoxic group, neurons were kept at 5% CO,
for 1 h, and then the medium was replaced again with normal
medium. To differentiate between necrosis and apoptosis, we
used two different approaches. Necrosis just after the ischemic
insult was assessed as the ratio of necrotic propidium iodide pos-
itive (PI*) cells to the total number of neuronal nuclei positive
(NeuN)* cells 30 min after OGD compared to normoxic neurons
treated with the same concentrations of GA. We observed a sig-
nificant increase in the number of PI* nuclei in the neuronal
cultures that underwent OGD compared with the number in the
normoxic cultures (OGD, 0.368 + 0.059; normoxic, 0.132 + 0.030;
p < 0.001; one-way analysis of variance (ANOVA) followed by
Tukey’s multiple comparisons test; Figure 1A,C). Upon OGD,
treatment with GA during reperfusion decreased necrotic nu-
clei/total nuclei ratio compared to vehicle treatment; the highest
effect was observed with the 20 x 10* M concentration (OGD
+ 20 x 1073 M GA: 0.156 + 0.008, p < 0.001). In the normoxia
group, the various concentrations of GA had no effect compared
with the normoxia vehicle, even at the highest concentrations
(normoxia + 20 x 1073 m GA: 0.108 £ 0.021, p > 0.05). We then
evaluated the number of NeuN* neurons at 72 h after OGD to
evaluate the total cell death (i.e., combined cell death from necro-
sis that occurs at early stages after OGD and apoptosis that takes
place at later stages). As shown in Figure 1, OGD resulted in
the loss of 76% of NeuN™ cells when compared with normoxia
(OGD, 255.3 + 35.32; normoxia, 1092 NeuN* cells in 10 fields
per well + 284.0; p < 0.05; unpaired t-test; Figure 1B,D). Treat-
ment with 10 x 1073 and 20 x 10 M GA immediately after
OGD exerted a clear protection, increased the number of sur-
viving neurons to levels comparable to those found with nor-
moxia (OGD + 10 x 107* m GA, 1230 + 154.8, p = 0.693; OGD
+ 20 x 1073 a1 GA, 1404 + 422.5, p = 0.573). We found no sig-
nificant difference in neuronal survival between treatment with
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10 x 107% and 20 x 1073 m GA (p = 0.718). These results show
that treatment with 10 x 10~* or 20 x 10~* M GA during reper-
fusion rescued neurons from ischemia-induced cell death after
OGD. Excitotoxicity is a major mechanism underlying neuronal
death in stroke and is caused by the abnormally high calcium
influx into cells via NMDA receptors (also known as glutamate-
dependent excitotoxicity).!*! We previously described that GA re-
duces intracellular calcium in HeLa cells.[?®] Therefore, we de-
cided to investigate whether it also reduces intracellular calcium
in cortical neurons in vitro, even in the presence of glutamate.
To that end, we tested the effect of GA on primary cortical neu-
ronal cultures from mouse embryos loaded with Fluo-4-AM, an
intracellular calcium indicator. With the help of a plate reader,
intracellular calcium concentrations inside mouse cortical neu-
rons ([Ca®*]i) were recorded at different time points before and
after the addition of GA and ionomycin (Figure 1E). We found
that increasing concentrations of GA (5 x 1073, 10 x 1073, and
20 x 10~* m) significantly reduced the intracellular calcium com-
pared with vehicle (PBS) and the osmolarity control 4.5 x 1073
M NaCl (two-way ANOVA, all p < 0.0001), with 20 x 10> M GA
showing the strongest effect. Addition of ionomycin just before
the measurement at 762 s strongly increased the influx of cal-
cium into the cells, but 20 x 1072 and 10 x 103 M of GA were
able to keep the calcium levels lower than control and 4.5 x
107% m NaCl-treated neurons (one-way ANOVA,, ., p= 0.0011).
We then tested whether GA reduced the calcium influx even in
the presence of a high concentration of glutamate (300 x 1076
M), which mimicked excitotoxicity. Indeed, our results show that
the higher concentrations of GA (10 x 1073 and 20 x 1073 m) sig-
nificantly decreased [Ca?*]i in cortical neurons in the presence
of glutamate (one-way ANOVA, p < 0.0001) (Figure 1F). Taken
together, these data indicate that GA can mitigate the deleteri-
ous intracellular calcium increases that are associated with is-
chemia/reperfusion damage.

www.advancedscience.com

2.2. Unilateral Intra-Arterial (i.a.) Administration of GA during
Reperfusion Protects against Neuronal Death in the Ipsilateral
CA1 Region of the Hippocampus during GCI in Mice

On the basis of these results, we decided to evaluate the effect
of GA in a well-established in vivo model of GCI. GCI occurs in
case of a pronounced drop in the oxygen or blood supply to the
brain (e.g., due to myocardial infarction, heart arrhythmias, sud-
den and prolonged decrease in blood pressure, insufficient oxy-
gen or blood supply in protracted or complicated labor, and stran-
gulation by the umbilical cord), which leads to anoxic/hypoxic
brain damage. In adult patients, 5 min of anoxia are sufficient to
cause significant neuronal metabolic impairment, leading to per-
manent brain damage and, in some cases, coma or even death.!2¢!

For these experiments, we used the previously described
mouse model of GCII?2] to test the effect of PBS (vehicle) or
GA injected into the left carotid artery during reperfusion (Fig-
ure 2A—C). In short, a catheter was placed in the left common
carotid artery and then both common carotid arteries were oc-
cluded with atraumatic clips. After 7.5 min, the clips were re-
moved (reperfusion) and 50 pL of 120 x 107} M GA (n = 7 mice)
or PBS (0.01 M, n = 9) was injected into the left common carotid
artery. Sham-operated mice (n = 16) underwent the same surgi-
cal procedure without carotid clipping. GCI resulted in neuronal
death in the hippocampal cornu ammonis 1 (CA1) region of both
hemispheres in the vehicle group (sham vs vehicle, right side,
mean difference = 32.78, p < 0.001; sham vs vehicle, left side,
mean difference = 27.67, p < 0.01; one-way ANOVA followed by
Dunnett’s multiple comparisons test; Figure 2D). Interestingly,
the injection of GA into the left carotid artery during reperfu-
sion resulted in a significant increase in neuronal survival in the
left CA1 compared with the contralateral (right) CAl, where a
substantial loss of neurons was observed when compared with
sham animals (sham vs GA, right side, mean difference = 45.71,

Figure 1. Glycolic acid reduces necrosis and apoptosis in the oxygen—glucose deprivation model by reducing intracellular calcium. A) Representative
flucrescence microscopy images of neurons stained with propidium iodide (PI, left panel, red) during reperfusion to evaluate necrosis and imaged 30
min after reperfusion. The middle panel shows the same neuronal population stained for neuronal nuclei (NeuN, green) to label all neuronal bodies, and
the right panel shows both stainings together. White arrows indicate examples of necrotic (PI*, NeuN™) neurons. Upper panel: Neurons that underwent
ischemia and were treated with vehicle containing reperfusion medium (ischemia + vehicle). Lower panel: Neurons that underwent ischemia and were
treated with reperfusion medium containing 20 x 10=3 m glycolic acid [GA; (ischemia+20 x 10~ M GA)]. B) Representative fluorescence microscopy
images of neurons stained for NeuN (left panel, green) and DRAQS5 nuclear labeling (middle panel, red) 72 h after oxygen—glucose deprivation (OGD) and
reperfusion. The right panel shows the merge of the two stainings. White arrows show examples of pyknotic nuclei that are identified by overaccumulation
of DRAQ5 and their small size. Upper panel: ischemia + vehicle. Lower panel: ischemia 4+ 10 x 10~ m GA. The figure shows that neuron morphology was
severely damaged in the vehicle group, which had affected or absent neurites, but was more conserved in the GA-treated group. Three biological replicates
(n =3) were used, consisting of 5 technical replicates each (mean of 5 wells per condition per plate). Scale bars: 20 um. C) GA at all tested concentrations
significantly reduced the levels of necrosis at 30 min after OGD, as measured by the ratio of PI* (necrotic) neurons to NeuN™ (non-necrotic) neurons.
The strongest effect was achieved by 20 x 103 m GA (one-way analysis of variance [ANOVA] followed by Tukey's multiple comparison’s test, p < 0.00071).
D) GA treatment during reperfusion protected cortical neurons against 60 min ischemia-induced cell death, up to 72 h after the insult. Numbers are
normalized to normoxia (control); an unpaired t-test was performed. Data are presented as mean + SEM; n.s: nonsignificant, *p < 0.05, **p < 0.01,
*x%p < 0,001, and ****p < 0.0001. E) The graph shows the effect of 5 x 1073, 10 x 1073, and 20 x 10~ M GA on intracellular calcium levels (here,
expressed as AFluo-4-fluorescence normalized to timepoint 0) before and after addition of 2 x 1076 M ionomycin in mouse cortical neurons loaded with
5% 107¢ M Fluo-4-AM. Two-way ANOVA followed by Sidak’s multiple comparisons test: control versus 5 x 1073 m GA, p < 0.001; control versus 10 X
1073 M GA, p < 0.0007; control versus 20 X 103 M GA, p < 0.0001; control versus 4.5 x 10-3 M NaCl, n.s.; 4.5 x 1073 m NaCl versus 5 x 1073 m GA,
p < 0.0007; 4.5 x 10~3 m NaCl versus 10 x 1073 m GA, p < 0.0001; 4.5 x 10~3 m NaCl versus 20 x 1073 m GA, p < 0.0001; 5 x 103 m GA versus 10
x 1073 M GA, p < 0.0007; 5 X 1073 m GA versus 20 x 1073 m GA, p < 0.0007; and 10 x 103 m GA versus 20 X 103 m GA, p = 0.0018. F) The graph
shows the effect of GA on glutamate-dependent calcium influx, measured as AFluo-4-fluorescence normalized to the timepoint pretreatment. One-way
ANOVA followed by Tukey's multiple comparisons test: vehicle versus 5 x 1073 M GA, n.s.; vehicle versus 10 x 1073 m GA, p < 0.001; vehicle versus 20
x 1073 m GA, p < 0.0001; 5 x 1073 M GA versus 10X 1073 M GA, n.s.; 5x 1073 m GA versus 20 x 1073 m GA, p < 0.05; and 10 x 10-3 m GA versus 20
x 1073 M GA, n.s. GA, glycolic acid; Glut, glutamate; Pl, propidium iodide; NeuN, total neuronal nuclei.
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Figure 2. Glycolic acid increases neuronal survival in the hippocampus of a global cerebral ischemia mouse model. A) Schematic illustration of the
arterial brain supply indicating (arrows) the positions of transient clipping (for 7.5 min) to induce of global cerebral ischemia (GCl). B) GCl model
affects the hippocampus, shown in the red rectangle. C) Neurons were quantified inside the area indicated by the red rectangle (cornu ammonis 1[CA1]
area). D) Number of neurons quantified after administration of 50 uL glycolic acid (GA) or phosphate-buffered serum (PBS) immediately after ischemia
at the moment of reperfusion through a catheter placed in the left carotid artery. The number of surviving neurons in the left CA1 was significantly
lower in PBS-treated animals than in sham animals, but no significant difference was observed for the GA-treated group. In contrast, the right CA1, i.e.,
contralateral to the injection site, showed significant neuronal death in both PBS- and GA-treated animals, underscoring that the neuroprotective effect
of GA'is local. One-way analysis of variance followed by Dunnett's multiple comparisons test, **p < 0.01, **p < 0.001, and ***p < 0.0001. Data shown
as mean + SEM; ngpam = 16, nyep =9, and ngp = 7. Ao, aorta; BA, basilar artery; CAla, cornu ammonis Ta; CC, common carotid artery.
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p < 0.0001). Remarkably, the number of surviving neurons in the
left CA1 (ipsilateral to the GA injection) was not different from
the sham group (sham vs GA, left side, mean difference = 7.429,
p> 0.05).

2.3. Intraperitoneal GA Treatment during Reperfusion Improves
Histopathological and Functional Outcome in the MCAO Mouse
Model

To further confirm the observed neuroprotective effects of GA in
another relevant in vivo model, we tested the effects of GA in the
MCAO mouse model, the most commonly used model in stroke
studies.[??! The MCAO procedure involves the insertion of a sili-
con monofilament into the common carotid artery; the monofil-
ament is then advanced until it reaches the origin of the middle
cerebral artery (MCA), where it occludes the artery and is left in
place for 60 min. After 60 min of MCA occlusion, the monofila-
ment is retracted, and the internal carotid artery is permanently
ligated. The sham operation (n = 6) uses the identical procedure,
but the monofilament is removed as soon as it reaches the origin
of the MCA. GA (=100 pL, 60 mg kg™!; n = 18) or vehicle (NaCl,
~100 pL, 0.9%; n = 16) was administered by intraperitoneal (i.p.)
injection at the end of the operation, immediately after closure of
the skin wound. Our experimental timeline is described in detail
in Figure 3A. Briefly, MCAO or sham operation was performed
on day 0. The next day, the early infarct size was measured by
magnetic resonance imaging (MRI). On day 8, mice underwent
the first motor function evaluation (pole test). Gait was then as-
sessed on day 10 with the catwalk test, and laterality (preference
tor nonaffected side), on day 12 with the corner test. On day 13,
the late infarct size was measured by MRI, and on day 14, the
brain was fixed for further analysis.

As illustrated in Figure S1A in the Supporting Information,
the number of surviving mice at the endpoint (14 days after
MCAO) was higher in the GA-treated group than in the vehicle-
treated group, although the difference was not statistically sig-
nificant (94.44% vs 76.47%, respectively; Mantel-Cox test, Chi
square = 3.411, p = 0.181); all sham-operated mice survived un-
til the endpoint. Death occurred only in mice with large infarcts
(>18% of the hemispheric volume; Figure 3B-i). Therefore, we
conducted a separate survival analysis in the subgroup with such
large infarcts. In this analysis, a Mantel-Cox test showed that GA
significantly increased mouse survival. More specifically, 66%
of the vehicle-treated mice were euthanized by day 5 because
they fulfilled humane endpoint criteria, whereas only 14.2% of
the GA-treated mice fulfilled the humane endpoint criteria by
that time (Chi square = 6.215, p = 0.044; Figure 3B-ii). More-
over, upon daily careful health monitoring, we observed that GA
treatment had no effect on ischemia-induced weight loss com-
pared with vehicle and showed only a nonsignificant tendency
to improve the general health score (evaluation as previously
described;*! Figure S1B,C, Supporting Information). The body
surface temperature was not influenced by ischemia or treatment
(Figure S1D, Supporting Information).

According to our MRI observations, on day 1 after MCAO GA
did not significantly alter the total lesion size compared with the
vehicle (see Figure S2 in the Supporting Information). However,
GA treatment had a strong effect on the evolution of the lesion
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size. As shown in Figure 3C,D, the infarct size was significantly
smaller at day 13 after MCAO than at day 1 (paired t-test, p =
0.0004). In contrast, no significant reduction in infarct size was
observed in the vehicle group (Figure 3E; paired t-test, p = 0.091).
This finding shows that GA significantly improved the late out-
come after ischemia.

Regarding the assessment of motor function, the pole and
catwalk tests did not detect any significant differences between
sham- and MCAO-operated mice, regardless of treatment (Fig-
ures S3 and S4, and Table S1, Supporting Information). How-
ever, GA had a positive effect on performance in the corner test.
As shown in Figure 3F, the laterality index (LI) of the corner test
was significantly higher after MCAO without treatment than af-
ter sham (0.48 + 0.242 vs —0.065 + 0.172, respectively; p = 0.006;
one-way ANOVA followed by Bonferroni's multiple comparisons
test). In contrast, LT in the GA-treated group was not significantly
different from the sham-operated group (0.26 + 0.451, p = 0.104)
(see videos in the Supporting Information). Thus, GA treatment
reduced the ischemia-induced sensorimotor asymmetry to levels
similar to those in the sham group. Subsequently, we examined
the relationship between infarct size and performance in the cor-
ner test. In principle, large infarcts are expected to lead to greater
impairments and higher LI values. We found a tendency toward
a positive correlation between infarct size and impairment in the
corner test in the vehicle-treated group (Pearson’s r = 0.508, p =
0.075; Figure 3G) but not in the GA-treated group (Pearson’s r
= —0.032, p = 0.902). This finding again suggests that GA im-
proved the functional outcome, especially in animals with larger
ischemic lesions.

After the aforementioned in vivo tests, we performed a histo-
logical analysis of the brains collected at the endpoint of the ex-
periment on day 14 after MCAO. We used Neurotrace (a Nissl-
based fluorescence staining) to differentiate between healthy
and infarcted tissue and NeuN immunostaining to identify and
count surviving neurons in infarcted tissue. Niss| substance re-
distributes within the cell body in injured or regenerating neu-
rons and thereby acts as a marker for the physiological state of the
neuron. However, although it identifies damaged areas, it cannot
differentiate between the part of the penumbra that survived and
is regenerating and the part that has died within the next days
after stroke in a patched manner due to apoptosis and did not
liquefy and detach. Additionally, during slicing of the brain for
histological processing, in some brains with large infarcts we no-
ticed that part of the tissue within the ischemic area had a differ-
ent, more fragile quality than the surrounding infarct. This part
of the tissue tended to detach during histological processing (Fig-
ure S5, Supporting Information). We hypothesized that this area
may have corresponded to the ischemic core and was undergo-
ing liquefactive necrosis.>*"*2] In this case, one would assume
that i) contrary to being an artifact, the volume of missing tis-
sue would show a direct correlation with the ischemic volume
measured by MRI and ii) tissue undergoing necrotic liquefica-
tion would have a higher water content than the surrounding is-
chemic tissue and a higher signal in the T2-weighted MRI scan.
Indeed, the volume of missing tissue as measured by stereol-
ogy was significantly correlated with the infarct volume as mea-
sured by MRI on day 13 after MCAO (Figure S6A,B, Supporting
Information) in both the vehicle-treated group (Pearson’s r,y, =
0.598, p < 0.01) and the GA-treated group (Pearson’s rg, = 0.517,
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Figure 3. Clycolic acid improves histological and functional outcomes after middle cerebral artery occlusion. A) Experimental design: day 0, middle
cerebral artery occlusion (MCAO) or sham operation; day 1, measurement of early infarct size by magnetic resonance imaging (MRI); day 8, motor
assessment with the pole test; day 10, gait analysis with the catwalk test; day 12, assessment of laterality (preference for nonaffected side) with the
corner test; day 13, measurement of late infarct size by magnetic resonance imaging (MRI); and day 14, brain fixation for further analysis. B-i) Survival
until poststroke day 14. Euthanasia because of fulfilment of humane endpoint criteria was necessary only in mice with infarcts larger than 18% of
hemispheric volume. ii) In mice with larger infarcts (>18% of the hemispheric volume), by day 5, 66% of the vehicle group reached the endpoint but
only 14.2% of the GA group did (Mantel-Cox survival test: Chi square = 6.215, p = 0.0447C; ncp = 18, nye, = 16, and ng,, = 6). C) Example MRI image
showing the evolution of an MCAO-induced infarct in a GA-treated mouse. Upper panel: Day 1 after ischemia. Lower panel: Day 13 after ischemia. D)
Evolution of MCAO-induced infarct in GA-treated mice: significant reduction of the infarct size on day 13 versus day 1 (paired t-test, p = 0.0004, ngp
= 17). E) Evolution of MCAO-induced infarct in vehicle-treated mice: no significant reduction of the infarct size on day 13 versus day 1 (paired t-test, p
=0.091, n, = 10. F) Stereological quantification: Although the vehicle group had a significantly higher ischemic core volume than the sham mice (p
= 0.0243), the difference between GA and sham was not significant (p = 0.0638, unpaired t-test; nca = 17, nyep = 10, and Agpam = 5). G) Corner test
assessed the preference for the side not affected by ischemia over the affected side, with a higher laterality index (LI) indicating higher impairment of the
ischemia-affected side. The Ll was significantly higher in the vehicle-treated group than in sham mice (p = 0.0064). In contrast, the LI of the GA-treated
group was not significantly different from the sham mice (p = 0.1042) and the difference between GA-treated and vehicle-treated mice was also not
significant (p = 0.3433, one-way ANOVA followed by Bonferroni’s multiple comparisons test; nga = 17, nye, = 13, and ngp,,,, = 6). H) The functional
outcome after MCAO (LI index) was not correlated with the infarct size in GA-treated mice (Pearson’s r= —0.03202, p = 0.9), but the correlation was
almost significant in vehicle-treated mice (Pearson's r = 0.5086, p = 0.07; ngy = 17, nyy, = 13, and ng,,., = 6). GA, glycolic acid; LI, laterality index;
MCAOQ, middle cerebral artery occlusion.
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p < 0.01). The correlation was significant even when treatment
groups were pooled (Pearson’s r = 0.548, p = 0.01). In addition,
we performed a detailed assessment of the corresponding MRI
images (on day 13) of brains with missing tissue and found that
the area that detached during histological processing had a signif-
icantly higher contrast in the T2-weighted MRI scan (i.e., a higher
water content) than the surrounding nondetached ischemic area
and the contralateral nonaffected hemisphere (one-way ANOVA,
mean difference ., ed vs ischemic = 32 093 + 6284, p < 0.01; mean
differencedetached vs contralateral side = 50576 + 8623! p< 0.01; Figure
SG6A-iii, Supporting Information). Taken together, these results
support our hypothesis that the missing tissue can be considered
as the ischemic core.

Stereological analysis (Stereo Investigator, MBF) provided an
estimate of cell density inside the Neurotrace® area and the vol-
ume of the infarct (Figure S5, Supporting Information). We ob-
served only a small, nonsignificant reduction in the number of
neurons inside the Neurotrace® area, and GA did not change
the size of the total Neurotrace+ area (Figure S6A,D, Support-
ing Information). Although we found a significant difference in
the volume of missing tissue (ischemic core) between vehicle and
sham (sham, 0.00 + 0.00; vehicle, 1.444 + 0.393; p = 0.024), we
did not find a significant difference between GA and sham (GA,
1.189 + 0.323; p = 0.063) (Figure 3H).

Last, we tested the effect of GA on the MCAO-associated in-
crease in numbers of astrocytes and microglia in the brain.
We used immunohistochemistry to stain for ionized calcium-
binding adaptor molecule 1 (IBA1), a well-established marker
for microglia and macrophages,**! and glial fibrillary acidic pro-
tein (GFAD), a well-established marker for astrocytes®! (Fig-
ure 4A-i-iii). We measured the fluorescence intensity of these
markers in the ischemic area, the nonischemic area of the af-
tected hemisphere (ipsilateral), and the nonaffected (contralat-
eral) hemisphere (Figure 4A-iv). As shown in Figure 4B-i,C-,
when the brains were pooled independently of their infarct vol-
ume as measured by MRI we observed no significant changes
in the signal intensity of microglia or astrocytes inside the is-
chemic area between sham, vehicle- or GA-treated mice (one-
way ANOVA with Tukey’s multiple comparisons test; sham vs
vehicle, p = 0.148; sham vs GA, p = 0.066). When we examined
mice with large infarcts separately (infarct volume >18% of the
hemispheric volume), the signal intensity of microglia and as-
trocytes in the ischemic area were significantly higher in the ve-
hicle group than in the sham group (IBA1, mean difference =
—11.31, p < 0.05; GAFP, mean difference = —13.00, p < 0.05).
Furthermore, the numbers of microglia and astrocytes in the is-
chemic area in GA-treated mice were not significantly different
trom sham (IBA1, mean difference = —4.35, p > 0.05; GFAP,
mean difference = —4.354, p > 0.05), as shown in Figure 4B-
ii,C-ii. In the ipsilateral, nonischemic tissue, we found no sig-
nificant differences in the IBA1 and GFAP fluorescence signal
between groups (one-way ANOVA with Tukey’s multiple com-
parisons test; IBAL, F = 3.198, p = 0.103; GFAP, F = 0.416, p
= 0.674). In the hemisphere contralateral to the MCAO side, we
tound a trend for a higher IBA1 signal in the vehicle group com-
pared with the sham group that was close to reaching statistical
significance (mean difference = —4.531, p = 0.055), whereas the
levels in the GA group were similar to sham (mean difference =
0.495, p = 0.842). The contralateral GFAP signal did not seem to
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be significantly affected by MCAO or treatment (F = 1.259, p =
0.341).

To reduce the time between reperfusion and GA treatment, we
performed a second batch of experiments with 30 additional ani-
mals. In these experiments, the operations were performed by a
different experimenter and, to reduce the time window between
reperfusion and treatment, GA was administered via intraperi-
toneal injection immediately after monofilament removal before
suturing the wound. In this set of experiments, no significant dif-
terence was observed between groups in any of the parameters
analyzed (infarct size, survival, functional tests, general health;
see Figures S8-510 in the Supporting Information), so we could
not perform any comparisons between GA and vehicle to test for
neuroprotection.

2.4. Glycolic Acid Protects the Penumbra and Part of the Core
when Administered Intra-Arterially after Reperfusion in Swine

On the basis of the above results and the differences observed
between 1.p. and i.a. administration, we hypothesized that i.a. ad-
ministration of GA at the site of ischemia should lead to better
protection against stroke than i.p. administration. Moreover, ro-
dent brains lack the complexity of those of larger mammals such
as swine, monkeys, and humans, limiting the translational po-
tential of the results obtained in mice.***%! To address both con-
cerns, we tested GA in a novel endovascular model of stroke in
swine that was recently established by Golubczyk and colleagues
and allows for intra-arterial application of drugs upon pharma-
cologically induced reperfusion.[*’! As shown in the experimen-
tal design (Figure 5A), after baseline MRI scans ischemia was
induced by i.a. injection of 200 U mL-! thrombin. The MRI se-
quences used were as follows: T2w for anatomical reference, T1
and T1+contrast, perfusion-weighted imaging (PWI), suscepti-
bility weighted imaging (SWI) to detect thrombus, and diffusion-
weighted imaging (DWI), as well as mean transit time (MTT)
and apparent diffusion coefficient (ADC) 2 h after thrombin in-
jection to visualize the infarct core and penumbra (mismatch).
After the MRI evaluation of the presence and size of the lesion,
20 mg of tissue plasminogen activator (tPA, 1 mg mL~!) was in-
jected into the ascending pharyngeal artery to dissolve the clots,
and reperfusion was confirmed by MRI. Once reopening of the
occluded vessels was confirmed (x5-10 min after tPA injection),
an 8 mL bolus of GA or vehicle (NaCl) was administered by i.a.
injection directly into the reperfused brain territory. The next day,
GA (60 mg kg™') or control (NaCl) was injected intravenously. Be-
havioral testing (Neurological Evaluation Grading Scale)*8! was
performed before stroke as a baseline and on day 1, day 2, day 3,
day 7, day 14, day 21, and day 28 after stroke to assess functional
outcome after ischemia. T2 MRI was repeated on day 7 and day
28 to evaluate the infarct size at different stages (see Figure 5A).
Animals were euthanized on day 30 after stroke.

Our results showed that, before reperfusion, the infarct size af-
ter 2 h of ischemia was not significantly different between groups
(see Figure S11 in the Supporting Information). Remarkably, GA
treatment had a strong protective effect on both the penumbra
and the ischemic core: Whereas the mean ratio of T2 lesion vol-
ume on day 7 to ADC lesion volume on day 0 was 1.24 + 0.24
in the control group, indicating an expansion of the ischemic
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Figure 4. Glycolic acid mitigates the increase in the number of astrocytes and microglia in large infarcts after middle cerebral artery occlusion. A)
Fluorescence microscopy images showing the staining for microglia (ionized calcium-binding adaptor molecule 1 [IBAT], green) and astrocytes (glial
fibrillary acidic protein [GFAP], red) in i) a sham brain section, ii) a vehicle-treated brain section, and iii) a glycolic acid (GA)-treated brain section
with large infarcts. iv) The same brain section as in (iii) indicating the outlines of the different areas in which mean fluorescence intensity (MFI) was
measured. B-i) MFI of IBAT staining in the ischemic area showing no significant differences between groups (p = 0.1482). ii) When large infarcts (>18%
of hemispheric volume) were analyzed separately, the MFI of IBA1 inside the infarct area was significantly higher in the vehicle group than in sham
mice (mean difference = —=11.31, p < 0.05), but GA did not differ from sham (mean difference = —4.354, p > 0.05). iii) The MFI of IBA1 in the affected
(ipsilateral) hemisphere outside the ischemic area was not significantly affected by MCAO (p=0.1032). iv) A trend for higher IBA1MFI in the contralateral
hemisphere was observed in the vehicle group compared with the sham mice and almost reached statistical significance (p = 0.0555). C-i) MFI of GFAP
staining in the ischemic area showing no significant differences between groups (p = 0.0665). ii) When large infarcts (>18% of hemispheric volume)
were analyzed separately, the MF| of GFAP inside the infarct area was significantly higher in the vehicle group than in the sham mice (mean difference =
—13.00, p < 0.05), but GA did not differ from sham (mean difference = —4.354, p > 0.05). The MFI of GFAP in the affected (ipsilateral) hemisphere iii)
outside the ischemic area or iv) in the contralateral hemisphere was not significantly affected by MCAO (p = 0.6747 and p = 0.3412, respectively). For all
aforementioned comparisons, one-way ANOVA followed by Tukey’s multiple comparisons test was performed. Data are shown as mean = SEM; ng.m
=3, nyep = 6, and nga = 7; scale bar: 21000 um. GA, glycolic acid; GFAP, glial fibrillary acidic protein; IBAT, ionized calcium-binding adaptor molecule
1; MFI, mean fluorescence intensity.

lesion into the penumbra, it was 0.69 + 0.13 in the GA-treated
group (control vs GA, p = 0.0016), suggesting that GA treatment
not only completely protected the penumbra but also reduced the
size of the ischemic core (Figure 5C,D). The MRI performed on
day 28 after stroke showed a reduction of the lesion size in the
control group (T2 Day 28 to ADC Day 0 ratio, 0.82 + 0.19) and a
greater decrease in the GA-treated group (T2 Day 28 to ADC Day
0 ratio, 0.43 + 0.18; control vs GA, p = 0.0119). We also found a

Adv. Sci. 2022, 9, 2103265

nonsignificant positive effect of GA treatment on survival com-
pared with controls (100% of GA-treated vs 80% vehicle-treated
mice survived, as shown in Figure 5B).

The score of the neurological evaluation showed no statistically
significant difference in behavioral outcome between the exper-
imental and control group at any time point. In absolute values,
the difference between the means was highest at day 2, when the
score of the neurological evaluation in the GA-treated group was
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Figure 5. Effect of intra-arterial administration of glycolic acid on the endovascular model of stroke in swine. A) Experimental design: day 0, behavioral
testing to establish baseline function followed by induction of stroke, apparent diffusion coefficient (ADC) magnetic resonance imaging (MRI) 2 h later
to assess early infarct size, i.a. tissue plasminogen activator (tPA) injection for reperfusion, and i.a. glycolic acid (GA) or NaCl administration; day 1, GA
or NaCl intravenous injection 24 h after stroke; day 1, day 2, day 3, day 7, day 14, day 21, and day 28 after stroke, behavioral testing to evaluate functional
outcome; day 7 and day 28 after stroke, T2 MRI to evaluate infarct size evolution; and day 30 after stroke, transcardial perfusion. B) Graph showing the
survival proportions in the GA-treated versus control group. Survival was 100% after GA treatment but only 80% in the control group. C) Scoring of
functional outcomes with the Neurological Examination Grading Scale, assessed on day 1, day 2, day 3, day 7, day 14, day 21, and day 28 after stroke.
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almost half of that in the control group. This lack of statistical sig-
nificance could be attributed to the high variability of outcomes
between animals. However, the effect size was large (g = 0.61)
according to Cohen’s rule of thumb, indicating that the findings
may still be of practical significance. Notably, all animals had al-
mostrecovered by day 14, according to a selected battery of behav-
ioral tests, despite the persisting brain damage seen in the MRI,
indicating a relatively low sensitivity of the neurological evalua-
tion scale.

3. Discussion

The protective role of GA has been studied in only one study in
one neurological disease (Parkinson s disease).['?] The study re-
vealed that GA increased the viability of dopaminergic neurons
exposed to a neurotoxin in vitro and that the increase in viability
was mediated through support of mitochondrial activity.**! The
current study is the first to investigate the neuroprotective effects
of GA in stroke models both in vitro and in vivo. Important in-
dications that GA may improve stroke outcomes were obtained
from previous research: GA was found to protect mitochondrial
function, and the genes responsible for the endogenic produc-
tion of GA (i.e., djrl.1, djrl.2, and glod-4, which encode glyox-
alases) were found to be upregulated in C. elegans dauer larva (an
evolutionary survival strategy of that enables the larva to survive
desiccation/rehydration). C. elegans L1 larvae enter dauer, a di-
apause larval stage, in metabolically unfavorable environmental
conditions.*>1 Diapause allows invertebrates and nonmam-
malian vertebrates to survive for extended periods under adverse
environmental conditions,*) whereas in mammals, it leads to
delayed implantation.[**! Broad comparisons of transcriptomic
profiles among diapausing stages of distantly related inverte-
brates suggest that physiologically similar dormancy responses
are achieved convergently by diverse regulatory strategies!*!! or,
conversely, that diapause may be phylogenetically conserved, at
least among mammals, given the common regulatory factors
in different mammalian orders.*?! Higher organisms, including
humans, produce small amounts of GA in their cells through
glyoxalases.!?!! However, such organisms appear to have lost the
ability to dramatically increase the expression of those genes re-
sponsible for the production of GA during metabolic stress.*3]
Supporting this hypothesis, several studies have shown a neu-
roprotective effect of upregulating DJ-1 in certain neurological
diseases.[*#¢] Although DJ-1 may appear to be a therapeutic tar-
get, gene-targeting treatments upregulating DJ-1 would need to
be performed at least 24 h before an ischemic insult; clearly, such
an approach cannot be applied in clinical care, as it would be re-
quired that the time-point of the ischemic insult is known in ad-
vance. In addition, it is unclear whether large enough amounts of
glyoxal and methylglyoxal, the substrates of DJ-1 and glyoxalase
domain-containing protein 4 (GLOD-4), are produced during is-
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chemia and reperfusion to obtain the high amounts of GA and
DL needed to allow them to exert their protective effect. There-
fore, we hypothesized that artificially increasing GA levels in the
brain would protect tissue from damage in the hypoxic state and
metabolic halt induced by an ischemic stroke.

In order to test our hypothesis, we investigated the effects of
GA in in vitro (OGD) and in vivo models of ischemia/reperfusion
(GCI and MCAO). Our in vitro experiments showed that treat-
ment with GA during reperfusion (ie., during the change
from ischemic to normal medium) resulted in strong protection
against OGD-induced necrotic and apoptotic neuronal death. To
differentiate between both types of cell death, we measured PI
and NeuN 30 min after reperfusion to quantify necrotic cells and
stained against NeuN and DRAQS5 to measure total neuronal loss
72 h after OGD to quantity apoptosis. Pl is widely used to detect
necrosis.[*/->% The difference in the total amount of neurons 72 h
after OGD allows one to discriminate between necrotic and apop-
totic death.

Glutamate-mediated excitotoxicity has been shown to play a
role in stroke and ischemia-reperfusion damage through in-
creases in [Ca?*];, which has a negative impact on cellular func-
tion and can activate apoptosis. In a recent study, we showed
that GA reduces [Ca?*]; in Hela cells and sperm cells and en-
hances mitochondrial energy production.?*] Therefore, we tested
whether it also had such an effect on [Ca?*); in cortical neurons
in the absence and presence of glutamate. Indeed, our results
showed that increasing concentrations of GA reduced [Ca*]; in
a concentration-dependent manner in both the absence and pres-
ence of 300 x 10~¢ M glutamate, suggesting that the reduction of
[Ca?*]; could be one of the underlying mechanisms of action for
the protective effect of GA in stroke.

We confirmed these strong neuroprotective properties of GA
in 2 mouse models and an endovascular swine model of stroke.
In general, postischemia treatment by i.a. administration of GA
into the left carotid (GCI mice) or ipsilateral ascending pharyn-
geal artery (swine) immediately after reperfusion had a strong,
positive effect on neuronal survival; the effect was not as strong
after i.p. administration of GA in MCAO mice. In addition,
groups treated with GA exhibited a significant reduction in in-
farct volume (MCAO and swine model) and complete rescue of
neurons in brain areas with anoxic/hypoxic damage (GCI model).
These effects were correlated with a better, if not significant, func-
tional outcome and, in the case of the MCAO model, a nonsignif-
icant reduction of the inflammatory reaction.

In the GCI mouse model, the method used to induce ischemia
caused bilateral damage, but GA was applied only to the left
carotid artery. In this way, the side ipsilateral to the intra-arterial
GA injection was considered as the “treated side.” In contrast, the
opposite hemisphere was regarded as the “control side” in each
animal. The lack of effect on the contralateral side indicates that
choosing an injection site of high proximity as close as possible

The lower score in the GA group compared with the control group was not statistically significant. n o = 5 and nga = 6. D) Representative image
showing the ADC signal on day 0 (left column) and the T2 signal on day 7 (middle column) and day 28 (right column) for a GA-treated (upper row) and
control (lower row). E) Quantification of the infarct size. T2 signal on day 7 and day 28 after stroke normalized to ADC on day 0: CA-treated animals
exhibited a significantly higher reduction in the infarct size compared with control on both day 7 and day 28 after stroke (day 7: control, 1.24 + 0.24; CA,
0.69 + 0.13, p = 0.0016; day 28: control, 0.82 +0.19; GA, 0.43 + 0.18, p = 0.0119, unpaired t-test). ADC, apparent diffusion coefficient; GA, glycolic acid;

MRI, magnetic resonance imaging.
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to the damaged brain tissue can lead to better results because of
faster distribution and increased accumulation of GA. This find-
ing is in accordance with previous studies, which showed that
the i.a. application route is more efficient than other methods
in yielding high concentrations of the administered substance
within a region of interest.[’1->3] Research has also shown that the
permeability of the blood-brain barrier increases after a strokel>*!
and thati.a. injection of hyperosmotic solutions (such as the high
concentrations of GA in our study) increases the permeability of
the blood-brain barrier 30- to 50-fold for a short but essential time
window (~6 min).’!! Thus, we hypothesized that ipsilateral in-
tracarotid administration of GA may also positively influence the
histological and functional outcome in focal stroke.

To examine that hypothesis, we aimed to administer GA intra-
arterially in a mouse model of focal stroke. We selected the most
commonly used and reliable animal model of stroke, the MCAO
mouse model. However, because of technical difficulties, intrac-
arotid application was not feasible in the available setting. There-
fore, we decided to test the effects of i.p. GA on the outcome of fo-
cal ischemia. In agreement with previous findings in this model,
MCADO led to infarcts that included large parts of the ipsilateral
cortex and striatum, as observed by MRI (Figure 3C). Indepen-
dent of the treatment, the infarct size showed a relatively high
variability (Figure S3, Supporting Information), ranging from
2% to 40% of the ipsilateral hemisphere volume, although the
mean was ~15%, which is similar to previous reports.**! Large
variations in ischemic volumes are not uncommon in this ani-
mal model and are generally attributed to the cerebral vascula-
ture of C57Bl6 mice. Up to 40% variability is considered accept-
able, as determined by a published protocol of standard operating
procedures.*® This variability is due to interindividual anatomi-
cal differences in the Circle of Willis, i.e., the presence or absence
of the ipsilateral posterior communicating artery (PcomA).l78]
To avoid this high interindividual variability, we used MRI to com-
pare the intraindividual infarct volume reduction between day 1
and day 13 after ischemia with a paired t-test and found that GA
but not vehicle significantly improved the evolution of infarct vol-
ume in this period (Figure 3D,E). Thus, GA treatment resulted
in a better long-term anatomical outcome. GA treatment also
positively affected MCAO-induced mortality and functional out-
come and did not show any signs of toxicity. Furthermore, when
considering only infarcts with volumes greater than 18% of the
hemispheric volume, GA reduced mortality compared with vehi-
cle treatment.

Regarding functional outcome, the corner test detected a pos-
itive effect of GA treatment on sensorimotor function after
MCAO. Our results showed that vehicle-treated mice displayed
significantly lower performance than sham-operated mice and
that i.p. administration of GA reduced sensorimotor asymme-
try to levels that were not significantly different from sham (Fig-
ure 3F). The corner test has consistently and reliably detected
the influence of various substances on functional outcome af-
ter MCAO in previous studies®*¢!l and was the only functional
test used in the present study that was sensitive enough to de-
tect differences between sham- and vehicle-treated mice. Inter-
estingly, the improvement in performance achieved by GA was
independent of the infarct volume, suggesting that GA either in-
creased the number of surviving neurons inside this area or sup-
ported neuronal plasticity. The quantification of surviving neu-

Adb. Sci. 2022, 9, 2103265

www.advancedscience.com

rons within the ischemic area did not show any significant differ-
ences between any of the groups. There are two possible hypothe-
ses that may explain this surprising result: i) the Neurotrace® area
corresponds to the penumbra and ii) NeuN protein is expressed
not only by neurons but also by astrocytes!®*®3] (astrocytes are
known to be increased after stroke in the infarct and peri-infarct
areal®%%)), Supporting the first hypothesis, at the MRI on day 14,
we found a significant positive correlation between ischemic vol-
ume and both the volume of missing tissue and the increased
T2 signal in the areas of missing tissue compared with adjacent
areas. This finding suggests that these areas had a higher water
content because unrelated artifacts would not have shown any
correlation with any of these parameters, and it may reflect an
underlying liquefactive transformation on day 14 after stroke, as
previously described.>*32 This missing tissue should not be mis-
taken for an enlargement of the lateral ventricles. In this study,
we observed missing tissue even in regions posterior to the end of
the lateral ventricles (approximately at the bregma between —3.7
and —3.15 mm). In this region, the pyramidal cell layer and the
CA1 region of the hippocampus were completely missing (exam-
ple in Figure S5D in the Supporting Information). If this were the
case, the remaining Neurotrace™ tissue around this area would
correspond to the penumbra. In the penumbra, the neuronal loss
is patchy, as described previously,®”68] and therefore it is diffi-
cult to detect a significant reduction in cell density. Although GA
did not alter the cell density in the infarct site, it reduced the
ischemic core volume (measured as the missing volume) com-
pared with the vehicle (the GA group was not significantly differ-
ent from sham) and thus contributed to the improved functional
outcome observed after stroke. Nevertheless, the hypothesis that
this lack of difference is due to the presence of NeuN* astro-
cytes or that the functional improvement is related to an increase
in neuronal plasticity cannot be excluded and should be further
investigated.

Because ischemia induces a robust immune response in the
human and mouse brain, including an increase in numbers of as-
trocytes and microglia,®? we also tested whether GA affected the
immune reaction in this model. When we evaluated the fluores-
cence marker levels of astrocytes and microglia between vehicle-
and GA-treated groups independently of the infarct volume, we
detected no significant difference. However, as indicated by func-
tional and survival data, when analyzed independently, larger in-
farcts were associated with a significantly higher GFAP and Ibal
signal in the vehicle group but not in the GA group compared
with sham. We did not observe this difference in smaller infarcts,
where GFAP and Ibal signals were increased in the both the
vehicle- and GA-treated mice.

A possible explanation for the differences in the results be-
tween small and large infarct volumes may be the regions af-
fected in each case. In brains with smaller infarct volumes, the
main affected area was the striatum, which is the primary tar-
get of MCA supply and is known to have very low collateral
density.[%*71] The striatum is consistently infarcted even in mild
strokes (30 min MCAO),[?72 whereas in severe MCAO (lasting
120 min), the necrotic area expands over the striatum to a signif-
icant fraction of the surrounding cortex, where a penumbra area
is observed because of better collateral perfusion.l’>74] Moreover,
after MCAO the striatum displays certain metabolic changes that
are typical of the infarct core rather than the penumbral area.l”!]
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Comparing the GCI and MCAO models, the latter did not
show significant differences between GA and vehicle groups, de-
spite the apparent improvement in the infarct core and corner
test performance for the GA group, which was not significantly
different to sham. We believe that this is due to the route of ad-
ministration in the MCAO model that delays the timing and re-
duces the concentration of GA achieved in the brain after reper-
fusion. Moreover, the other functional tests implemented in this
model (pole test, catwalk test) were not sensitive enough to de-
tect any significant differences between sham and MCAO inde-
pendently of the treatment, so the lack of significant differences
between the GA and vehicle groups was not unexpected.

Finally, rodent models lack the complexity of brains in larger
mammals such as monkeys, swine, or humans, which have
lobes, gyri, and sulci and much longer and more numerous ax-
ons. These differences may limit the potential of translating re-
sults from the mouse model into clinical practice. Therefore, we
decided to test the effects of GA in an endovascular model of is-
chemic stroke in swine that was recently developed by Golubczyk
et al.¥’] In this animal model, i.a. administration of GA during
reperfusion after the pharmacological lysis of a clot showed re-
markable results: GA treatment was able not only to completely
salvage the penumbra but also to reduce the damage in the is-
chemic core. This reduction was associated with a nonsignificant
improvement in functional outcome. However, in our study the
functional data were difficult to interpret because large infarcts
caused the pigs to lie on the ground, and they subsequently either
recovered and stood up or, as in the case of one vehicle-treated
animal, died. The fact that even swine with large infarcts could
completely recover within a few days might reflect a lack of sen-
sitivity of the functional tests performed. The lack of statistical
significance could also be attributed to the high variability of out-
comes between animals and the low number of animals used. In
our experimental setup, the use of each animal as its own con-
trol (by MRI evaluation of damage before and after GA admin-
istration) was highly advantageous and relevant to the clinical
setting. However, this approach was not possible for the func-
tional tests, which reduced the number of animals in each group
although it should be closer to a typical clinical study. As an ex-
ample, a group size of at least 35 was necessary to show signif-
icant differences in neurological outcome with the same neuro-
logical score*®! but a study with such a large sample size would
be impossible to perform in our setting. Despite the lack of sta-
tistical significance in our results on functional outcome, we be-
lieve that the behavioral results add value to the study. In absolute
numbers, on day 2 the behavioral deficit in the control group was
nearly twice that in the GA-treated group and the effect size (g
= 0.61) was large according to Cohen’s rule of thumb, indicating
that the results may still have a practical significance. In any case,
this endovascular model of ischemic stroke in swine, an animal
in which the anatomical brain complexity is comparable to that in
humans, almost completely mimics the ischemia time and cur-
rent protocols used in stroke units. In the clinical setting, to pro-
tect the brain from the negative consequences of reperfusion, GA
could be administered intra-arterially immediately after mechan-
ical thrombectomy or localized pharmacological thrombolysis by
using the same catheter that is normally used to perform these
procedures. It is known that the mean time between patient ar-
rival and thrombectomy/thrombolysis is 2.5 h,[®! which is a rel-

Adb. Sci. 2022, 9, 2103265

www.advancedscience.com

atively small deviation from the administration protocol used in
the swine model (2 h of ischemia + ~15 min until reperfusion
was observed). Thus, we believe that GA treatment is particularly
valuable in the current era of mechanical thrombectomy and local
lysis, and we hypothesize that it can facilitate broadening indica-
tions for these two procedures; however, this hypothesis can be
tested only in clinical settings. To sum up, we believe that the re-
sults obtained in this model are representative of the results that
can be expected in stroke patients.

The underlying molecular mechanism by which GA exerts its
neuroprotective effects is currently being investigated in an ongo-
ing study by our group. Previous research has suggested that GA
can act as a calcium chelator.””) We recently published data sug-
gesting that GA reduces [Ca?*];, which is increased during stroke-
induced excitotoxicity and preserves normal mitochondrial func-
tion, which is impaired after stroke.[*>] Our in vitro data obtained
from cortical neurons suggest that the reduction of [Ca?*]; is the
critical neuroprotective factor in this case, and we hypothesize
that this is the case because—as shown in the aforementioned
study—increases in energy production were observed with GA
concentrations as low as 2.5 x 103 m. Nevertheless, this con-
centration was not as effective as higher concentrations in pre-
venting neuronal death. Regulation of [Ca’*]; is a common fea-
ture among species that undergo desiccation at any develop-
mental stage. The most extreme form of vertebrate diapause oc-
curs in annual killifish, a polyphyletic assemblage of freshwater
fish within the Aplocheilidae family (order Cyprinodontiformes),
which are able to complete their life cycle in ephemeral habitats
within a year.”*%% When their pond dries up, adult killifish die,
leaving their fertilized eggs buried in the substrate, and develop-
ing embryos survive until the following wet season by entering
diapause.B!l Interestingly, in this species many of the genes that
are upregulated only during desiccation in the diapause stage are
linked to the regulation of calcium.[#!

4. Conclusion

Taken together, our results suggest that GA treatment has a
solid neuroprotective effect when administered at high concen-
trations, especially intra-arterially, immediately after the ischemic
insult. This effect is mediated by the reduction of [Ca?*]; during
excitotoxicity. However, our results in mice have certain limita-
tions, for example i) all experiments were performed on young
male mice, so the effect in female mice and/or different age
groups still needs to be studied, ii) mouse strains (C57BL/6N vs
C57BL/6]), ischemia duration, analysis time points, and treat-
ment administration routes differed between the two in vivo
models, and this can create a discrepancy in their sensitivity, iii)
although both models mimicked the mechanical thrombectomy
that occurs in the clinical setting, neither of them mimicked the
pharmacological thrombolysis that is achieved clinically with re-
combinant tissue plasminogen activator (rTPA), which could in-
teract with GA.¥834 A swine model of stroke overcame these
limitations by allowing thrombolysis with TPA and the i.a. deliv-
ery of GA. The results in this model not only further validated the
results in the mouse models but even exceeded the expected out-
come as GA ultimately protected the penumbra and even reduced
the ischemic core. These results challenge the current knowledge
that the fate of the ischemic core, as measured by DW1-sequences
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in MRI, is already determined and could have important impli-
cations in the clinical setting as a potential treatment for stroke
patients.

5. Experimental Section

In Vitro Hypoxia—OGD Procedure: To simulate IR in vitro, primary
cortical neurons from E15.5 mice embryos were prepared and plated in
2 x 96-well plates (one for normoxia and one for evaluation of necrosis
with DRAQS and PI 30 min after OGD or, alternatively, one for normoxia
and one for evaluation of survival with NeuN 72 h after OGD). Plates
were coated with poly-L-lysine (PLL), 10 pg per well in 100 uL H,0, and
neurons were plated at a concentration of 1 x 10° cells mL~" in Neu-
robasal A (#1088022) media containing 5% B27 (#17504044), Pen-Strep
(#10378016), and L-glutamine (#25030024) (all from Thermo Fischer Sci-
entific, MA, USA), as previously described.[3°] On DIV 7, neurons were
placed within the anoxic atmosphere and incubated in an Ny-filled gas
chamber for 1 h with glucose-free acidic anoxic buffer (previously deoxy-
genated in an autoclave and bubbled with N, for 20 min) containing (in
mmol L=1): 140 NaCl, 3.6 KCl, 1.2 MgSO,, 1CaCl,, and 20 HEPES at pH
6.4 and supplemented with 4 umol L= resazurin, 100 umol L= ascorbic
acid, 0.5 mmol L~! dithionite, and 100 U mL~" superoxide dismutase. To
mimic reperfusion, the anoxic buffer was washed out and replaced with
Neurobasal A media as above but without phenol red and without antiox-
idants (pH 7.4) and supplemented with GA (stock solution 3.92 m diluted
in water, pH adjusted to 7 with NaOH, final concentration 10 x 103 and 20
x 1073 m, Sigma-Aldrich, Germany) or vehicle (ddH;O). For the normoxic
group, media was replaced with Neurobasal A media without phenol red
and without antioxidants, and neurons were kept at 5% CO, and 37 °C.
The reperfusion media in the plates used to evaluate necrosis included
Pl (81845, end concentration 5 x 107 m, Sigma-Aldrich, Germany), and
these plates were fixed with 2% paraformaldehyde (PFA) 30 min after the
OGD/normoxia. Plates used to evaluate apoptosis after 72 h were kept at
5% CO, and 37 °C for 1h, after which more medium was added to the well
to achieve a concentration of 5 x 1073 M GA and the plates were left in the
incubator for 72 h until fixation. This approach ensured that neurons were
subjected to the same OGD conditions.

In Vitro Hypoxia—Cell Immunofluorescence and Quantification: To
evaluate necrosis, cells were fixed as mentioned above 30 min after
OGD/normoxia and imaged with an Opera High-Content Screening Sys-
tem (20x Air, PI: Ex: 561, Em: 600/40, PerkinElmer, MA, USA). Cells were
then incubated at room temperature (RT) with blocking solution (5% don-
key serum, 0.05% Triton X-100, and PBS) for 1 h. Primary antibody (NeuN
Polyclonal, ab104224, Abcam, MA, USA) was added in block solution
(1:1000 dilution) and incubated for 1 h at RT and then overnight at 4 °C.
The next day, cells were washed three times (for 10 min per wash) with
PBS and then incubated with the secondary antibody solution (AlexaFluor
555 a31570, Thermo Fisher Scientific, MA, USA; 1:500 in blocking buffer)
for 2 h at RT and protected from light. After three washings with PBS, the
cells were ready for observation. Microscopy images were obtained with
an Opera High-Content Screening System (20x Air, Ex: 488 nm, Em: 568,
PerkinElmer, MA USA). The same 10 fields per well were imaged after ad-
dition of Pl and after staining with NeuN, and the numbers of NeuN* and
PI* neurons were quantified with Image | software (National Institutes of
Health, Bethesda, MD) in a semiautomated manner.

To quantify the surviving neurons, at 72 h after OGD/normoxia cells
were fixed with 2% PFA for 35 min at RT or overnight at 4 °C. Cells
were then incubated at RT with blocking solution (5% donkey serum,
0.05% Triton X-100, and PBS) for 1 h. Primary antibody (NeuN Polyclonal,
ab104224, Abcam, USA) was added in blocking solution (1:1000 dilution)
and incubated for T h at RT and then overnight at 4 °C. The next day,
cells were washed three times (for 10 min per wash) with PBS and then
incubated with the secondary antibody solution (AlexaFluor 555 a31570
Thermo Fisher Scientific, MA, USA; 1:500 in blocking buffer) for 2 h at RT
and protected from light. After three washings with PBS, the neurons were
incubated with DRAQS (62251, 1:10 000, Thermo Fischer Scientific, MA,
USA) diluted in PBS for 5 min at RT, followed by aspiration and 3x PBS
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rinsing. Microscopy images were obtained with an Opera High-Content
Screening System (20X Air, NeuN: Ex: 488 nm, Em: 568, DRAQS: Ex. 640,
Em: 690/50 nm PerkinElmer, MA, USA). Ten fields per well were imaged,
and the number of NeuN* neurons was quantified with Image | software
(National Institutes of Health, BethesdaMD, USA) in a semiautomated
manner.

In Vitro Intracellular Calcium Measurements on Cortical Neurons: — Pri-
mary cortical neurons from E15.5 C57BI6 mouse embryos were prepared
and plated in 96-well plates as previously described. At DIV 7, neurons
were incubated for 20 min at 37 °C with 50 pL per well of 2.5 x 106
M FLUO-4-AM (#F14201; Thermo Fischer Scientific, MA, USA) diluted
in HBSS. After incubation, FLUO-4-AM was replaced by HBSS (H6643,
Sigma-Aldrich, Germany) for 5 min at 37 °C. HBSS was then replaced
by 50 uL per well of fresh medium A (Neurobasal A media [#1088022])
containing 2% B27 (#17504044), 0.4% Pen-Strep (#10378016) and 1% L-
glutamine (#25030024), all from Thermo Fischer Scientific, MA, USA. The
cells were left to stabilize in medium A for 10 min before starting the mea-
surements. Fluorescence measurements were performed in a FLUOstar
Optima (BMG Labtech, Germany) plate reader with the 485 nm excitation
filter and the 520 nm emission filter. A baseline was recorded for 3 min,
after which the fluorometer was paused and 5 uL of either PBS (vehicle),
4.5 % 1073 m NaCl (as osmolality control), or 5 x 10~3, 10 x 103, and 20
x 1073 m of GA diluted in PBS were added to each well. The measurement
continued for the next 6 min and was followed by another pause for the
addition of ionomycin (#13909; Sigma-Aldrich, Germany) at a concentra-
tion of 2 x 10=° m. The measurement was allowed to continue for a total
of 25 cycles (762 s).

For the experiments with glutamate, the baseline was recorded up to the
addition of 300 x 10-° m glutamate (#G8415; Sigma-Aldrich, Germany)
after 230 s of measurements and the posterior addition of GA at time-
point 296 s. After that, the measurements continued for a total of 25 cycles
without adding ionomycin.

GCl Mouse Model—Animals and Housing: A total of 32 six- to eight-
week-old male C57BL/6N mice (Charles River Laboratories, Sulzfeld, Ger-
many) were used in this part of the study. All experimental procedures were
performed in accordance with German guidelines on animal welfare and
were approved by the local regulatory committee (Regierung von Oberbay-
ern, Munich, Germany). The mice were housed at the Institute of Stroke
and Dementia Research animal husbandry area, where they were kept un-
der a 12 h light/dark cycle (lights on from 6:00 to 18:00) in an enriched
environment with ad libitum access to food and water.

GCl Mouse Model—Surgery: GCl was induced as previously
described.[27:28] Briefly, 32 C57BL/6N six- to eight-week-old male
mice with a bodyweight of 20 to 24 g (Charles River Laboratories, Sulzfeld,
Germany) were anesthetized with a combination of buprenorphine
(0.1 mg kg™', Essex Pharma, Germany) and 2% isoflurane (Halocarbon
Laboratories, Peachtree Corners, GA, USA) in 50% O,/50% N,. Body
temperature was tightly controlled with a feedback-controlled heating pad
(FHC, Bowdoinham, ME, USA). Regional cerebral blood flow (rCBF) was
continuously monitored over the right hemisphere with a laser Doppler
perfusion monitor (Periflux 4001 Master, Perimed, Sweden). The neck
was opened, and both common carotid arteries were exposed. A catheter
was placed in the left common carotid artery, and then both common
carotid arteries were occluded with atraumatic clips. After 7.5 min, the
clips were removed and 50 pL of GA (3.92 M stock solution in water, with
a pH adjusted to 7 with NaOH; end concentration in PBS, 120 x 103
M; n =7 mice) or PBS (0.01 m, n = 9) were injected into the left common
carotid artery. Thereafter, the catheter was removed, the incision was
sutured, and the animals received 100 pL of carprofen (1 mg mL™") s.c.
for postoperative analgesia. Sham-operated mice (n = 16) underwent the
same surgical procedure without carotid clipping. Animals were randomly
and blindly allocated to the respective treatment group shortly before
injection of GA or PBS.

GCl Mouse Model—Histology:
thetized and transcardially perfused with 4% PFA. Brains were extracted,
dehydrated, embedded in paraffin, cut into 4 um thick coronal sections
and stained with cresyl violet for neuronal cell counting. Intact neurons
in the hippocampal CAla, CA1b, CA2, and CA3 subregions were counted

One week after GCI, mice were reanes-
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with Image | (National Institutes of Health, Bethesda, MD) by an investi-
gator blinded to the treatment of the mice. For this analysis, sections were
assessed per mouse.

MCAO Mouse Model—Animals and Housing: A total of 40 C57BL/6)
12-week-old male mice (Janvier Labs, Le Genest-Saint-Isle, France) were
used in this study. All experimental procedures were performed accord-
ing to the ARRIVE guidelines, European Community Council Directives
86/609/EEC, and German national laws and were approved by the local
authority (Landesamt fiir Gesundheit und Soziales, Berlin, Germany). The
mice were housed at the Charité animal facility, where they were kept un-
der a 12 h light/dark cycle (lights on from 6:00 to 18:00) in an enriched
environment with ad libitum access to food and water.

MCAO Mouse Model—Surgery: Transient (60 min) MCAO was per-
formed according to a standard protocol 13! This process creates a brain
infarction in the MCA area. The resulting infarct includes broad damage
in the striatum and ipsilateral cerebral cortex and the presence of a rela-
tively small penumbral area in the cortex.l’*] A total of 34 mice underwent
MCAO surgery (18 treated with GA and 16 with the vehicle), and 6 mice re-
ceived sham surgery and GA treatment. Animals were randomly allocated
to the two treatment MCAQ groups or the sham group. Anesthesia was in-
duced with 2.5% isoflurane (Forene, Abbott, Wiesbaden, Germany) ina 1:2
oxygen/nitrous oxide mixture and maintained at 1.0% to 1.5% throughout
the operation. A silicon rubber-coated monofilament (no. 701956PK5Re
Doccol Corporation, Sharon, MA, USA) of 0.19 £ 0.01 mm in diameter
was inserted into the common carotid artery and advanced until it reached
the origin of the MCA, where it remained for 60 min while the mouse was
allowed to recover from anesthesia inside a heated cage that maintained
body temperature at 37 °C. At the end of the 60 min of MCA occlusion,
the mouse was reanesthetized, the monofilament was gently retracted,
and the internal carotid artery was permanently ligated. Exactly the same
procedure was used in the sham operation, but the monofilament was
removed as soon as it reached the origin of the MCA. GA or NaCl i.p. in-
jection was performed at the end of the operation, immediately after clo-
sure of the skin wound. Bupivacaine gel (1%) was topically applied to the
wound for postsurgical pain prevention, and the mouse received 500 pL
of saline subcutaneously for rehydration. After the operation, mice were
placed in a heated cage for 1h before being returned to their home cages.
In the recovery phase after the operation, food and pellets soaked in water
were provided on the cage floor.

The second batch of MCAO operations was performed to test whether
administering GA sooner after MCAO would improve the efficacy of the
treatment. This batch included 30 12-week-old male C57BI/6] mice (14
treated with GA, 14 treated with vehicle, and 2 untreated [sham)]). In this
experiment, the i.p. injection was performed immediately after removal of
the monofilament to minimize the delay introduced by wound suturing.
Except for the timing of administration of GA or vehicle, the rest of the
surgical and postoperation process remained unaltered.

MCAO Mouse Model—Substance Preparation for i.p. Administration:
100 pL of GA or 0.9% NaCl (vehicle) solution were injected i.p. after the op-
eration until day 3 after the MCAO/sham operation. For the GA solution,
GA powder (Glycolic Acid, Sigma-Aldrich) was diluted in pure water to ob-
tain a final concentration of 15.6 mg mL~" (60 mg kg™") for i.p. injection.
The pH was adjusted to 7 with NaOH.

MCAO Mouse Model—Histology: Fourteen days after MCAO, mice
were deeply anesthetized with ketamine/xylazine (150 and 15 mg kg~',
respectively) and, upon complete loss of pedal reflexes, transcardially per-
fused with a 0.1 m PBS solution. Brains were carefully extracted and kept
in 4% PFA in a 15 mL Falcon tube overnight at 4 °C. On the next day,
for cryoprotection brains were incubated in 30% sucrose until they sank.
Then, brains were frozen with the n-butanol procedure in which 10 mL of n-
butanol were added in a 15 mL Falcon tube and cooled in liquid nitrogen to
—50 °C. Once this temperature was reached, the brains were inserted into
the Falcon tube, which was kept in liquid nitrogen for one minute to cool
it to —80 °C. The brains were then ready for immediate storage at —80 °C.
Deeply frozen brain tissue was mounted on the sliding microtome (Leica
SM210R) with OCT Tissue-Tek (Sakura Finetek Europe B.V., NL) and kept
frozen with the addition of dry ice for cutting. Sequential sections of 60 um
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in thickness were acquired and transferred sequentially into 96-well plates
filled with freezing medium (50% PBS, 25% glycerol, and 25% ethylene
glycol) for further storage at —20 °C.

MCAO Mouse Model—Staining of Brain Sections: NeuroTrace staining
was performed for the histological definition of lesion volume, and NeuN
staining was performed for quantification of surviving neurons. On stain-
ing day 1, sections were washed with PBS (pH 7.4) three times for 10 min
each and then incubated with blocking buffer (5% donkey serum, 0.1%
TritonX-100 in PBS) for 1 h at RT. Subsequently, the primary antibody (rab-
bit anti-NeuN, ABN78, Sigma-Aldrich, Germany) was added in a 1:500 di-
lution and the sections were kept at 4 °C overnight. On staining day 2,
after washing three times for 10 min each with 0.1% Triton-PBS, the sec-
tions were incubated with the secondary antibody solution containing 1%
donkey serum, 1:500 Ab"” (antirabbit Alexa 568, A-10042 Invitrogen, USA),
1:250 NeuroTrace 435 (N21479 Invitrogen, USA) and 0.1% Triton in PBS.
After 2 h at RT, the sections were washed again with PBS three times for 10
min each, mounted on gelatin-covered glass slides and coverslipped for
later observation. For the GFAP and Ibal staining of brain sections, the
same process was followed, but the primary antibodies were goat anti-
GFAP (ab53554, Abcarm USA) in 1:750 dilution and rabbit anti-Ibal (019-
19741, FUJIFILM Wako Pure Chemical Corporation USA) in 1:750 dilution.
The secondary antibodies used were donkey antigoat Alexa 555 (A-21432
Invitrogen, USA) for the GFAP labeling and donkey antirabbit Alexa 488
(A-21206, Invitrogen, USA) for the IbaT labeling.

MCAO Mouse Model—Functional Tests: Besides causing histological
damage, MCAO is known to induce deficits in motor function, including
motor coordination, balance, and muscle strength, with mice showing a
preference for using the nonaffected limb.[8] Therefore, different func-
tional tests were performed to assess such deficits.

MCAO Mouse Model—Pole Test: The pole test is a method for sim-
ple motor function evaluation;[#82% after preoperative training, the mice
performed the test on day 8 after MCAO. Animals were placed on top of
a vertical pole, 10 mm in diameter and 55 cm long, and were observed
as they turned around and descended the pole (snout first). The scoring
began when the animal started the turning movement. The time taken to
make a full 180° turn (time to turn) and latency to reach the ground (time
to descend) were recorded. Mice had to descend successfully three times.
Trials in which mice took longer than 5 s to turn or longer than 20 s to
descend were excluded. Pausing was also an exclusion criterion.

MCAO Mouse Model—Gait Analysis: For gait analysis, the CatWalk
(Noldus Information Technology) automated, computer-assisted system
was used, which is often used to assess locomotion defects in stroke
mouse models.|?) The CatWalk apparatus comprises a long, elevated
glass runway platform that is fluorescently illuminated from the inside;
the light is reflected in the direction of the floor when pressure (weight)
is applied on top. A camera is mounted underneath the glass platform to
record the walking pattern. At the beginning of the experiment, the ani-
mals' home cage was placed at one end of the platform. Then, the mice
were placed on the opposite end and allowed to walk across the platform
voluntarily toward their home cage. Analysis was performed with CatWalk
XT 10.5 Software, which visualizes the footprints and calculates statistics
regarding their dimensions and the time and distance ratios between foot-
falls. For a trial to be considered successful, the speed should not vary
by more than 60% and the run should be uninterrupted (i.e., the mouse
should not stop on the runway). Unsuccessful trials were repeated un-
til three successful trials were reached. Before baseline acquisition, mice
were preoperatively trained for 3 days with the CatWalk system (3 runs per
day). The test was then performed on day 10 after MCAO.

MCAO Mouse Model—Corner Test: The corner test, which was devel-
oped for measuring sensorimotor asymmetries after unilateral corticostri-
atal damage, was performed on day 12 after stroke.[®!l The testing arena
was composed of two connected cardboard walls that form a corner of
~30°. A small opening was left at the junction of the walls to motivate the
mice to reach deep into the corner. At the beginning of the test, each ani-
mal was placed halfway from the corner and facing it. As the mice walk into
the corner, their vibrissae were stimulated and, in response, they rear and
turn to either side (left or right). Each session lasted 10 min, and the turns
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in each direction were recorded. The LI was calculated with the following
formula, as described previously by Balkaya and Endres, 20101921

_ TL-TD
T TD+TL

(M

where TL means turn left (stroke-affected side), and TD means turn right
(nonaffected side).

MCAO Mouse Model—Infarct Volume Measurement by MRI:  Ischemic
lesion size was quantified by MRI (Bruker 7T PharmaScan 70/16) on day
1 and day 13 after MCAO. Analysis software (AnalyzeDirect, Overland
Park, USA) was used to manually define the infarct size. After focal is-
chemia, cerebral edema is a commonly observed pathology that must be
accounted for when measuring the infarct size. Lesion volumes were deter-
mined by computer-aided manual tracing of the lesions and corrected for
the space-occupying effect of brain edema with the following equation!3!

2x Ve

FHWe = Ve

x 100 (2)

where %HLVe is the edema-corrected lesion volume as a percentage of the
hemispheric volume, HVc and HVi represent the contralateral and ipsilat-
eral hemispheric volumes, and LVe is the edema-corrected lesion volume.

MCAO Mouse Model—Stereological Evaluation: For the stereological
analysis, a Zeiss Axiolmager | (Zeiss, Gottingen, Germany) and Stereoln-
vestigator Software 8.0 (MicroBrightField, Magdeburg, Germany) was
used. To calculate the infarct volume and the number of surviving (NeuN-
positive) neurons in the infarct area, a series of brain sections of 60 pm
in thickness was used: Every 360 um was sampled, starting from the first
section with an obvious infarct (as defined by the Neurotrace 435 stain-
ing) and ending with the last one with an obvious infarct. Then, the opti-
cal fractionator workflow provided by the software was used to extrapolate
the sampled subvolumes and thus estimate the volume of the entire cell
population. A virtual space called an optical dissector was used, and count-
ing rules were followed to prevent overestimating. In each brain section,
the infarcted area that was still present (infarct volume) and the infarcted
area that was missing because of cyst formation after necrosis (ischemic
core volume) were separately outlined. Then, the neuronal density within
the infarcted volume and the neuronal density on the intact contralateral
(control) side were estimated and the ratio between the two densities were
calculated.

MCAO Mouse Mode—GFAP and Ibal Fluorescence Signal Analysis:
Three sections per brain were imaged with an Apotome.2 fluorescence
microscope (Zeiss, DE), 4% objective, and mosaic function. The images
were then analyzed in Image ] (National Institutes of Health, Bethesda,
MD). Briefly, after background removal, the ischemic area defined by a
high Ibalsignal was outlined, and the mean fluorescence intensities of the
Ibal and GFAP signals in that area were measured. The rest of the hemi-
sphere ipsilateral to ischemia (excluding the ischemic area and ventricles)
was also outlined, and the mean fluorescence intensity of both markers
was measured. Last, the contralateral hemisphere (ventricles excluded)
was outlined, and the mean fluorescence intensity for both markers was
measured.

Endovascular Model of Ischemic Stroke in Swine: Animal procedures
were approved by the local Ethics Committee of the Warsaw University of
Life Sciences in Warsaw, Poland (WAW2/046/2021). Eleven male juvenile
(5-month-old) domestic pigs (mean weight, 35 kg) were included in the
study. Endovascular procedures were performed in a dedicated large ani-
mal surgical suite located in the vicinity of the MRI scanner at the School
of Life Sciences, Warsaw, Poland. Animals were randomly divided into two
groups: GA treatment (n = 6) and placebo control (n = 5). To minimize
stress, the animals were acclimated after arrival at the animal facility for
at least 1 week.

X-Ray Guided Endovascular Procedure:  Anesthesiawas induced with at-
ropine (0.05 mg kg4 i.m., Polfa, Poland), xylazine (3 mg kg*] i.m., Ve-
toquinol, Poland), and ketamine (6 mg kg4 i.m., Vetoquinol, Poland).
Before intubation, animals received propofol (5 mg kgf1 per hour i.v,
B. Braun Melsungen AG, Germany), and after intubation, anesthesia was
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continued with isoflurane (1% to 3%, Baxter, USA). During the entire pro-
cedure, vital parameters were monitored (blood pressure, respiratory rate,
and heart rate). Analgesiawas provided every 4 h with butorphanol (0.2 mg
kg1 i.m., Zoetis, Poland). The endovascular procedure was performed
under sterile conditions. The introducer (4F) was inserted percutaneously
into the femoral artery. Then, the endovascular catheter (4F, 110 cm, Verte-
bral, Balton) was advanced to the right ascending pharyngeal artery (APA)
over a hydrophilic guidewire (Balton) by using contrast agent (lomeron,
400 mg | mL-1 Medicover) and a C-arm. Then, the catheter was secured
in place, and the animal was transferred from the surgical suite to a 3T
MRI scanner (GE Healthcare).

Magnetic Resonance Imaging, Infarct Induction, and Treatment Admin-
istration:  The MRI protocol included the following: T2w (TE/TR =
98/4381) for anatomical reference, T1and T1+4contrast (TE/TR = 14/500),
PWI, SWI (TE/TR = 33/42) to detect thrombus, and DWI to visual-
ize the infarct core (with multi b value; TE/TR = 99/3979). Dynamic
gradient-recalled echo sequences/echo planar imaging (GRE/EPI, TE/TR
= 52/3200) were also used for real-time MRI assessment of intravenous
perfusion and trans-catheter cerebral perfusion. After acquiring the base-
line scans, intravenous sodium nitroprusside (5 mg mL~", Sigma-Aldrich)
was administered to reduce blood pressure, with an initial bolus of 0.5 mL
and continuous infusion at 10 mL per hour for 30 min. Thrombin (200 U
mL~1, Biomed, Poland) was mixed with Gadovist at a 1:20 volume ratio,
and then a sodium nitroprusside 500 uL bolus of a mixture was imme-
diately injected intra-arterially (400 mL per hour) with an infusion pump.
After thrombin administration, SWI and DWI scans were performed to
confirm blockage. Two hours after thrombin injection, tPA (20 mg at a
concentration of T mg mL~" with an infusion speed of 400 mL per hour)
was injected intraarterially. Five minutes after tPA injection, the experimen-
tal and vehicle groups received GA or vehicle, respectively, intra-arterially.
Then, the animals were removed from the scanner, and the catheter and
introducer were removed. After recovery from anesthesia, animals were re-
turned to the livestock housing, except for 2 animals that had to be trans-
ferred to the intensive care unit. The second dose of treatment (GA vs
vehicle) was administered intravenously after 24 h. Follow-up MRI scans
were performed 7 and 28 days after stroke induction.

Blood Sample Tests:  Before surgery and during MRI follow-ups, blood
samples were collected for morphology and gasometry. Morphology in-
cluded white blood cell count (WBC), red blood cells (RBCs) and platelets
(PLT), hemoglobin level (HGB), hematocrit (HCT), mean red blood cell
volume (MCV), mean corpuscular hemoglobin (MCH), mean hemoglobin
concentration (MCHC), red blood cell content, red blood cell distribution
width (RDW), mean platelet volume (MPV), platelet distribution width
(PDW), and plateletcrit (PCT). Blood gas analysis was aimed at assess-
ing the acid-base balance. Blood pH, partial pressure of carbon dioxide
(pCO2), partial pressure of oxygen (pO2), the concentration of bicarbon-
ate (cHCO3), oxygen saturation (SO2), level of Na+, K+, Ca++, Cl—, to-
tal carbon dioxide concentration (cTCO2), anion gap (Agap and Agapk),
hematocrit (Hct), hemoglobin (cHgb), glucose (Glu), lactate (Lac), and
creatinine (Crea) were measured.

Postoperative Care:  For 24 h after the procedure, animals were kept in
solitary confinement to allow them to recover and enable to assess their
condition before they were returned to the herd. Animals received antibi-
otic prophylaxis (Penicillin LA 24 000 U kg=1) and analgesic therapy (butor-
phanol 0.4 mg kg~ and metamizole 30 mg kg=") administered intramus-
cularly. After the operation, the animals were in good general condition
with easily detectable deficits. Two pigs (one from the control group and
one from the GA group) required intensive care for 3 days after the proce-
dure because of contralateral paralysis. In addition, one pig in the control
group died 24 h after stroke induction.

Behavioral Assessment: Animals were subjected to neurological as-
sessment with the Neurological Examination Grading Scale, as previously
described 1%®] Testing was done on day 0 (before the procedure) and day
1, day 2, day 3, day 7, day 14, day 21, and day 28.

Euthanasia: ~ After the last MRI follow-up scan at 28 days, animals re-
ceived a lethal dose of sodium pentobarbital (Euthasol, Fatro, Poland).
After obtaining access to the heart, transcardial perfusion was performed.
Perfusion pressure was maintained at 120-140 mm Hg and included a
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prewash with 5% sucrose and 4% PFA solution. The brains were extracted
from the skull and placed in the PFA solution for postfixation.

Statistical Analysis: All data were analyzed with GraphPad Prism 6
(GraphPad Software, San Diego, USA). The statistical tests used for each
analysis are explained in the figure legends. Generally, p values of less than
0.05 were considered statistically significant. Data were presented as mean
+ SEM. A total of 3 biological replicates (n = 3) consisting of 5 technical
replicates each (mean of 5 wells per condition per plate) were used in the
in vitro OGD model for evaluation of necrosis (ratic of Pl4+/NeuN+ neu-
rons, 30 min after OGD; Figure 1C; one-way ANOVA followed by Tukey's
multiple comparisons test) and apoptosis (number of NeuN+ neurons
normalized to normoxia, 72 h after OGD; Figure 1D; unpaired t-test); a to-
tal of n = 6 was used for the calcium influx experiments (AFluo-4- fluores-
cence normalized to timepoint 0; Figure 1E; two-way ANOVA followed by
Sidak's multiple comparisons test); and a total of n = 12 was used for the
glutamate-dependent calcium influx experiments (AFluo-4-fluorescence
normalized to the timepoint pretreatment; Figure 1F; one-way ANOVA fol-
lowed by Tukey's multiple comparisons test).

In the in vivo GCl model, the group sizes were as follows: ng,,m = 16,
Ayehicle = 9, and ngp = 7. The number of neurons stained with cresyl violet
is presented (Figure 2C). One-way ANOVA followed by Dunnett's multiple
comparisons test was performed.

In the in vivo MCAO model, the group sizes and statistical tests used
were described for each graph. Survival graph: Figure 3B; nga = 18, fyghicle
=16, and ng,,m = 6; Mantel-Cox survival test, Chi square evaluation. In-
farct size day 13 versus day 1for GA group: Figure 3D, values represent the
size of infarct; ngp = 17; paired t-test. Infarct size day 13 versus day 1 for
vehicle group: Figure 3E, values represent the size of infarct; myenige = 10;
paired t-test. Stereological quantification: Figure 3F, values represent the
volume in mm3; nga = 17, Ayepice 10, and ngp,, = 5; unpaired t-test. Cor-
ner test: Figure 3G, values represent the laterality index; nga = 17, Myenice
= 13, and ngp,m = 6; one-way ANOVA followed by Bonferroni’s multiple
comparisons test. Correlation between LI and infarct size: Figure 3H, nga
=17, nyen, = 13, and ngp,, = 6; Pearson’s r evaluation. Microglia and as-
trocyte activation: Figure 4, values represent the mean fluorescence inten-
Sity; Agham = 3, Myen = 6, and ngp =7; one-way ANOVA followed by Tukey's
multiple comparisons test. Endovascular model of stroke in swine: in Fig-
ure 5B, values represent probability of survival, n yp.o) = 5 and ngy = 6;
in Figure 5C, values represent neurological score, n .o, = 4 and ngy =
6, and in Figure 5D, values represent the lesion volume in the T2 MRI se-
quence normalized to the lesion volume in the ADC sequence (ischemic
core on day 0), nggniro =4 and nga = 6.
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