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Summary

Neutrophils are readily activated immune cells after ischemic stroke in mice and patients. Still, the impact of gut
microbiota on neutrophil activation and its influence on inflammatory brain injury remain undefined. We report

that natural microbiota colonization of germ-free (GF) mice induces substantial neutrophil activation and deterio-
rates stroke pathology. The colonized Ex-GF stroke mice had considerably larger infarct sizes and higher sensorimotor
deficits than GF littermates. Furthermore, employing an antibiotic-based mouse model of microbiota deficiency, we
demonstrate that gut microbiota depletion induces a juvenile neutrophil phenotype characterized by the upregula-
tion of resting state surface receptors, reduced inflammatory proteins, and levels of circulating NETs. This disarming
of neutrophil responses was associated with decreased expression of brain inflammatory genes, vascular thrombus
formation, reduced infarct size, and alleviated behavioral deficits. We conclude that gut microbes strongly influence
neutrophil activation after stroke and thus directly contribute to stroke severity.

Highlights
- Cohousing transfers gut microbiota to germ-free mice, increasing neutrophil activation.
« Antibiotics-induced microbiota deficiency reduces neutrophil activation and protects the stroke brain.

« Microbiota deficiency reduces circulating NETSs, brain vascular thrombus formation and neuroinflammation
after stroke.
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In brief

Tuz et al. demonstrate the role of gut microbiota in driv-
ing neutrophil activation and deteriorating stroke out-
come. Antibiotic-mediated depletion of gut microbiota
reduced neutrophil inflammatory proteins, neutrophil
extracellular traps (NETs) release, and ensuing brain
inflammation.

Introduction

Clinical studies have reported an association between
elevated circulating neutrophil numbers and long-term
adverse stroke outcome [1]. This is further supported by
experimental data showing that the infiltration of acti-
vated neutrophils into the ischemic brain exacerbates
tissue injury [2, 3]. However, such studies have not com-
prehensively identified systemic signals that trigger neu-
trophil activation. The modulation of the progression of
different neurological disorders by gut microbiota trans-
plantation implies an effect of microbes on systemic
immunity [4, 5]. Our previous studies demonstrated that
the transplantation of dysbiotic microbiota into germ-
free mice resulted in stroke progression [4]. In addition,
stroke-induced intestinal barrier permeability can pro-
mote the translocation of intestinal microbes to systemic
tissues, which may increase inflammation [6]. How-
ever, despite the striking effects of neutrophils and gut
microbiota on stroke pathology, studies investigating the
impact of their interactions on disease progression have
not yet been reported.

Activated neutrophils can induce neuronal tissue injury
through multiple mechanisms, including the secretion
of pro-inflammatory cytokines and neutrophil extra-
cellular traps (NETs) [2]. NETs with activated platelets
contribute to microvascular thrombus formation in the
ischemic brain [7]. We have previously demonstrated
that NET-induced microvascular thrombus formation
in intestinal lymphoid tissue leads to cellular apopto-
sis and immunodeficiency after stroke [8]. In addition,
metabolic disturbances that are often present in patients
with cardiovascular disease can augment NET release
and worsen disease outcome [9]. Recent reports have
revealed that commensal microbes can induce neutrophil
activation phenotypes [10]. Reciprocally, the depletion of
gut microbiota may lead to the disarmament of neutro-
phil neurotoxic functions and stimulate tissue protective
phenotypes.

There is strong evidence that gut microbiota can
impact immune responses and infarct development after
ischemic stroke [11, 12]. Interestingly, gut microbiota
depletion with antibiotics was demonstrated to reduce
brain infarcts in a mouse model of transient stroke [13].
Notably, the early brain infiltration of systemically acti-
vated neutrophils is detrimental to the ischemic brain
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[14]. Because of the critical involvement of neutrophils
and gut microbiota in stroke pathology, we sought to
delineate the causal relationship between them using two
different mouse models. Here, we used germ-free and
microbiota-depleted stroke mice to investigate whether
gut microbiota influence neutrophil activation and affect
disease severity.

Results

Commensal microbes drive neutrophil activation

that worsens stroke progression

First, we investigated the effects of microbial colonization
in germ-free (GF) mice on neutrophil activation after
transient ischemic stroke (Fig. 1A). Co-housing of GF
mice with SPF mice for 6 weeks resulted in an increase in
total fecal DNA and a reduced caecum-body weight ratio
(Fig. 1B-D), indicating effective gut microbial coloniza-
tion [15].

Furthermore, we analyzed the expression of neutrophil
activation markers in GF and Ex-GF mice using multi-
color flow cytometry (Figure S1 A). We found that micro-
biota colonization in mice leads to the increased surface
expression of Ly6G on neutrophils in the blood, spleen
and tibial bone marrow (BM) after stroke (Fig. 1E-G). In
addition, there was an increased level of leukocyte func-
tion antigen (LFA)—1 on neutrophils in blood, spleen, and
BM of Ex-GF mice compared to GF stroke mice (Fig. 1H-
]). Microbiota-colonized Ex-GF stroke mice showed a
slight reduction in the percentage of CD62L" immature
neutrophils [16] in the blood (< 1%) and spleen but not
in BM (Figure S1B-D) and a higher frequency of CXCR4™*
activated neutrophils [17] in the blood and spleen, but
not in BM (Figure S1E-G). Notably, Ex-GF mice showed
higher brain infarcts and behavioral deficits (Tables 1 and
2) after stroke than their GF littermates (Fig. 1K-M) with-
out significantly affecting neutrophil numbers in blood,
spleen, and BM (Figure S1H-J). These data suggest that
gut microbiota colonization may induce the maturation
of systemic neutrophils and promote tissue injury after
stroke.

Disarming neutrophil activation by gut microbiota
depletion improves stroke recovery

Early life interactions between gut microbiota and neu-
trophils can generate innate immune memory and pro-
tect the host from infections [18, 19]. Hence, beyond
using GF mice with overall microbiota deficiency since
birth, we investigated whether microbiota depletion
in conventionally reared SPF mice could affect neutro-
phil activation and stroke severity (Fig. 2A). Microbiota
depletion using a mixture of antibiotics for three weeks
resulted in a reduced frequency of circulating neutro-
phils in unoperated microbiota-deficient (MiD) mice
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Fig. 1 Gut microbiota trigger neutrophil activation, and increase brain infarcts and sensorimotor deficits. A Scheme illustrating the experimental
design. B Images showing caecum size in GF and Ex-GF stroke mice. Scale bar =1 cm. C Cecum/body weight ratio in GF and Ex-GF stroke mice.

D Total bacterial DNA (ng) per mg fecal samples from GF and Ex-GF stroke mice. E-G Mean fluorescence intensity (MFI) of Ly6G on neutrophils

in blood, spleen and tibial BM in GF and Ex-GF stroke mice three days after surgery. Values are normalized to GF controls and presented

as percentages relative to the 100% MiS mean. H-J MFI of LFA1 on neutrophils in blood, spleen, and tibial BM in GF and Ex-GF stroke mice. K Clark’s
score for GF and Ex-GF mice after one to three days of ischemic stroke. L Representative images of cresyl violet stained brain sections from GF

and Ex-GF stroke mice. The red outline marks the infarct regions. M Brain infarct volumes (mm?) of GF and Ex-GF mice after three days of stroke.
Data are analyzed by the unpaired Mann-Whitney U test, *p < 0.05, **p < 0.01, n= 4-7 mice per group. GF =germ-free, BM =bone marrow

compared to microbiota-sufficient mice (MiS) (Fig. 2B).
We identified higher frequencies of CD62L" imma-
ture neutrophils and increased expression of CD62L on
circulating neutrophils in MiD compared to MiS mice
(Fig. 2C, D). Expression of neutrophil maturation recep-
tors CXCR2 and CXCR4 in blood was reduced in MiD
compared to MiS unoperated mice (Figure S2B-C). These
results suggest that the maturation of neutrophils was
reduced in mice with a deficiency of gut microbiota.
Furthermore, both groups of mice underwent tMCAO
and were analyzed three days after surgery. Microbiota
depletion increased cecum size, cecum/body weight
ratio, and decreased fecal DNA content in MiD compared

to MiS mice (Fig. 2E, F, G). We found a similar frequency
of circulating neutrophils in MiS and MiD stroke with a
significant reduction in the neutrophil maturation recep-
tor Ly6G expression in MiD mice (Fig. 2H, I). Of note,
the number of Ly6G+CD11bJr neutrophils in the blood,
spleen, and tibial bone marrow remained unchanged in
MiD and MiS stroke mice (Figure S2D-F).

Interestingly, the depletion of gut microbiota in MiD
mice significantly reduced sensorimotor deficits (Tables 1
and 2) and cerebral infarct volume compared to MiS
mice three days after stroke (Fig. 2], K, L). To reveal if
the reduced brain injury in MiD mice also corroborated
with lower inflammatory signaling, we purified total
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Table 1 General Neuroscore
Time-point of scoring score

Hair 0. Hair neat and clean

1. Localized piloerection and dirty hair in 2 body parts (nose and eyes)

2. Piloerection and dirty hair in > 2body parts

Ears (mouse on an open bench top)
lowing noise)

0. Normal (ears are stretched laterally and behind, they react by straightening up fol-

1. Stretched laterally but not behind (one or both), they react to noise

2.Same as 1. NO Reaction to noise

Eyes (mouse on OBT)

0. Open, clean and quickly follow the surrounding environment

1. Open and characterized by agueous mucus. Slowly follow the surrounding envi-

ronment

2. Open and characterized by dark mucus

3. Ellipsoidal shaped and characterized by dark mucus

4. Closed

Posture (place the mouse on the palm and swing gently)

0. The mouse stands in the upright position with the back parallel to the palm. Dur-

ing swing, it stands rapidly

1.The mouse stands humpbacked. During the swing, it flattens the body to gain

stability

2.The head or part of the trunk lies on the palm

3.The mouse lies on one side, barely able to recover the upright position

4.The mouse lies in a prone position, not able to recover the upright position

Total score for general scoring (normal =0 max =12)

RNA from the ischemic hemispheres of these MiD and
MiS mice and analyzed transcriptomic changes by bulk
RNA sequencing and bioinformatic analysis. Our results
showed that microbiota depletion triggered very low
levels of several inflammatory signaling genes such as
Myd88 [20], IL-17ra [21], Ednl [22] and Stat3 [23] in the
ischemic hemispheres of MiD mice compared to MiS
stroke mice (Figure S2G). Notably, the pathways respon-
sible for inflammatory signaling, such as TNF-a [24],
Stat5, IL-6, and Jak-stat [25] were decreased in MiD mice
compared to MiS stroke mice, suggesting reduced brain
inflammation in deficiency of gut microbiota (Figure
S2H).

Expecting a critical contribution of activated neutro-
phils in infarct development, their antibody-mediated
depletion in MiS mice reduced cerebral infarcts com-
pared to neutrophil-sufficient MiS mice (Fig. 2L). In
contrast, neutrophil depletion in MiD mice increased
brain infarcts compared to neutrophil-sufficient MiD
mice, suggesting a plausible protective function of imma-
ture neutrophils. Together, these data indicate that gut
microbiota-dependent neutrophil activation may con-
tribute to the promotion of cerebral injury after stroke.
Most importantly, immature neutrophils in microbiota-
deficient mice appear to have cerebral tissue-protective
functions.

Next, we investigated the effect of gut microbiota-
neutrophil interactions on microglia responses in MiS

and MiD stroke mice. Microglia were analyzed three
days after stroke in the infarct core and lesion border
in the ipsilateral hemispheres (Figure S3 A). The total
number of Ibal®™ microglia in the infarct core or the bor-
der regions did not differ between MiD and MiS stroke
mice (Figure S3B, C). Using an automated morphologi-
cal analysis of Ibal™ cells in the perilesional areas [26]
(Figure S3D, E), we found that microglia from neutro-
phil-depleted MiS stroke mice displayed significantly
increased ramifications (endpoints) and process length
compared to neutrophil-sufficient MiS mice, indicating a
less activated microglia phenotype in the absence of neu-
trophils (Figure S3 F, G). In contrast, microglial morphol-
ogy remained unchanged between neutrophil-sufficient
MiS and MiD stroke mice. Neutrophil depletion in MiD
mice resulted in a microglia activation phenotype with
reduced endpoints per cell compared to MiS mice, sup-
porting the role of microbiota-unprimed neutrophils in
modulating microglia activation.

Gut microbiota drive extensive proteomic regulation

in neutrophils after stroke

Neutrophils are very early invaders to the ischemic
brain and information on their molecular makeup at an
earlier time after stroke is critical. Therefore, to gain a
detailed insight into the microbiota-dependent neutro-
phil activation after stroke, we investigated the molecu-
lar composition of circulating neutrophils using liquid
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Table 2 Focal Neuroscore
Time-point of scoring score

Body symmetry (mouse on OBT, observe the nose-tail line)

Gait (mouse on OBT. Observed undisturbed)

Climbing (mouse on a 45° surface. Place the mouse in the center
of the gripping surface)

Circling behavior (mouse on OBT, free observation)

Forelimb symmetry (mouse suspended by tail)

Compulsory circling (forelimbs on bench, hindlimbs suspended
by the tail: it reveals the presence of the contralateral limb palsy)

Whisker response (mouse on the OBT)

Total score for focal deficits (normal =0 max =28)

0. Normal (Body: normal posture, trunk elevated from the bench,
with fore and hindlimbs leaning beneath the body. Tail: straight)

1. Slight asymmetry (Body: leans on one side with fore and hindlimbs
leaning beneath the body. Tail: slightly bent.)

2. Moderate asymmetry (Body: leans on one side with fore
and hindlimbs stretched out. Tail: slightly bent)

3. Prominent asymmetry (Body: bent, on one side lies on the OBT. Tail:
bent)

4. Extreme asymmetry (Body: highly bent, on one side constantly lies
on the OBT. Tail: highly bent)

0. Normal (gait is flexible, symmetric and quick)

1. Stiff, inflexible (humpbacked walk, slower than normal mouse)
2. Limping, with asymmetric movements

3. Trembling, drifting, falling

4. Does not walk spontaneously (when stimulated by gently pushing
the mouse walks no longer than 3 steps)

0. Normal (mouse climbs quickly)

1. Climbs with strain, limb weakness present

2. Holds onto slope, does not slip or climb

3. Slides down slope, unsuccessful effort to prevent fail
4. Slides immediately, no effort to prevent fail

0. Absent circling behavior

1. Predominantly one-side turns

2. Circles to one side, although not constantly

3. Circles constantly to one side

4. Pivoting, swaying, or no movement

0. Normal

1. Light asymmetry: mild flexion of contralateral forelimb

2. Marked asymmetry: marked flexion of contralateral limb, the body
slightly bends on the ipsilateral side

3. Prominent asymmetry: contralateral forelimb adheres to the trunk
4. Slight asymmetry, no body/limb movement
0. Absent. Normal extension of both forelimbs

1.Tendency to turn to one side (the mouse extends both forelimbs,
but starts to turn preferably to one side)

2. Circles to one side (the mouse turns towards one side with a slower
movement compared to healthy mice)

3. Pivots to one side sluggishly (the mouse turns towards one side fail-
ing to perform a complete circle)

4. Does not advance (the front part of the trunk lies on the bench, slow
and brief movements)

0. Normal

1. Light asymmetry (the mouse withdraws slowly when stimulated
on the contralateral side)

2. Prominent asymmetry (no response when stimulated to the con-
tralateral side)

3. Absent response contralaterally, slow response when stimulated
ipsilaterally

4. Absent response bilaterally
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Fig. 2 Gut microbiota deficiency reduces neutrophil activation and is protective to injured stroke brain. A Scheme illustrating experimental design.
B The percentages of Ly6G*CD11b* blood neutrophils in unoperated MiD and MiS mice. C The frequency of CD62L" neutrophils in the blood

of MiD and MiS unoperated mice. D Mean fluorescence intensity (MFI) of CD62L* on blood neutrophils in MiD and MiS unoperated mice. Values
are normalized to MiS controls and presented as percentages relative to the 100% MiS mean. E Images showing caecum size in MiD and MiS stroke
mice three days after surgery. Scale bar =1 cm. F Cecum-body weight ratio in MiS and MiD stroke mice. G Total bacterial DNA (ng) per mg fecal
samples from MiD and MiS stroke mice. H The frequency of Ly6G*CD11b* blood neutrophils in MiD and MiS stroke mice three days after surgery.

I MFI of Ly6G in blood neutrophils of MiD and MiS stroke mice. Values are normalized to MiS controls and presented as a percent decrease. J

Clark’s score for MiD and MiS mice after one to three days of ischemic stroke. K Representative images of cresyl violet stained brain sections of MiD
and MiS stroke mice treated with isotype or anti-Ly6G antibody. The red outline marks the infarct regions. L Brain infarct volumes of MiD and MiS
mice after three days of stroke. Data are analyzed by the unpaired Mann-Whitney U test for two groups and the Kruskal-Wallis test for multiple
comparisons, *p < 0.05, **p < 0.01, ***p < 0.001, n=7-10 mice per group. MiD =microbiota-deficient, MiS =microbiota sufficient

chromatography-based mass spectrometry (LC-MS)
analysis one day after surgery (Fig. 3A).

Label-free protein quantification (LFQ) of blood neu-
trophils from MiD and MiS mice (n= 3) yielded 5,390
proteins with >1 unique peptide and 1% false discovery
rate (FDR). Of these, 5,233 proteins were quantified with
>50% missing values in both groups, imputed by group-
wise KNN imputation. Significant group separation was
observed in supervised clustering i.e. PCA analysis based

on imputed and log-transformed protein abundances
(Fig. 3B). Statistical analysis revealed a total of 180 dif-
ferentially regulated proteins (p-value <0.05), of which
107 proteins were upregulated with fold change >1.5
and 73 proteins were downregulated with fold change
<0.5. As expected, we found that proteins associated
with pro-inflammatory responses such as Fcgr2, Csflr,
I11b, Ccrl, and Cd300a, were upregulated in neutrophils
from MiS stroke mice compared to MiD mice (Fig. 3C).
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These findings suggest that microbiota-neutrophil cross-
talk triggers inflammatory responses after a stroke event.
Conversely, we observed a significant upregulation of
proteins associated with extracellular matrix organiza-
tion, including extracellular matrix protein 1 (Ecml), vit-
ronectin (Vtn), clusterin (Clu), and fibronectin (Fnl), in
circulating neutrophils from MiD stroke mice. We specu-
late that the increased expression of these proteins may
facilitate tissue repair following neutrophil infiltration
into the ischemic brain. In addition, we identified sig-
nificant enrichments of proteins such as proteoglycan 3
(Prg3), talin-2 (TIn2), laminin subunit gamma-1 (Lamcl),
and tubulin alpha chain-like 3 (Tubal3), which provide
structural support to the extracellular matrix, exclusively

in the MiD mice and not in MiS mice. Furthermore,
Gene Ontology (GO) analysis of these differentially regu-
lated proteins revealed that neutrophils from MiS mice
showed upregulation in pathways related to the ‘inflam-
matory response, ‘positive regulation of tumor necrosis
factor production, and ‘positive regulation of cell migra-
tion’ (Fig. 3D). This also corroborated with increased
plasma amounts of TNF-a in MiS mice compared to MiD
stroke mice (Figure S3H). In contrast, neutrophils from
MiD mice showed upregulation in pathways associated
with ‘actin cytoskeleton organization, ‘negative regula-
tion of inflammatory response, and ‘mitochondrial trans-
lation! The reduced activation of neutrophils may also
modulate their primary immune function in response to
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tissue injury. i.e., the release of neutrophil extracellular
traps (NETs). Indeed, we found reduced levels of plasma
NETs in MiD mice compared to MiS mice at 6 h and 24
h after stroke (Fig. 3E). Together, these data suggest that
gut microbiota regulate the activation of systemic neu-
trophils, thereby promoting brain injury after stroke.

Gut microbiota prime neutrophil activation and promote
brain inflammation

Next, we investigated whether gut microbiota deple-
tion influences neutrophil infiltration into ischemia-
injured brain hemispheres and their maturation states
(Fig. 4A). Our results showed that gut microbiota deple-
tion increased brain-infiltrating CD62L" immature neu-
trophils without affecting overall neutrophil invasion and
Ly6G expression (Fig. 4B and Figure S4 A, B). Notably,
brain-infiltrating neutrophils expressed decreased levels
of the maturation receptors CXCR4 and CD206 in MiD
mice compared to MiS mice (Fig. 4C, D). However, a sim-
ilar expression of Ly6G was detected in both mice groups
(Figure S4 C).

In additional studies, we characterized the proteomic
changes of brain-infiltrating neutrophils after microbiota
depletion. Comparative LFQ proteome analysis between
MiD and MiS mice yielded a total of 4,778 proteins iden-
tified from both groups with 1% FDR, and 714 proteins
were found to be differentially regulated between two
conditions with log,fold change +0.58 and statistical sig-
nificance level p-value <0.05. Gene Ontology (GO) anal-
ysis of several differentially regulated proteins revealed
that neutrophils from MiS mice showed upregulation in
pathways related to the ‘neutrophil degranulation’ and
inflammatory signaling pathways (NF-kB, IL-1, MAPK
cytokines) (Fig. 4E). Among the 379 upregulated pro-
teins in MiS mice, inflammatory proteins such as MMPS8,
MMPY, Chitinase-3-like protein 1, S100-A11, and Formyl
peptide receptor 2, which are typically released during
neutrophil degranulation, were abundant. In addition,
we identified a distinct set of proteins that were uniquely
detected in all replicates of the MiS group but were
absent in the MiD group (Fig. 4F). This protein subset
includes anti-apoptotic factors such as Mcl-1, which pre-
vents programmed cell death, and TLR-2, a key receptor
involved in neutrophil activation and the induction of
proinflammatory cytokines [27]. Our results also showed
increased levels of neutrophil chemotaxis-inducer leu-
kotriene B4 receptor and IRF3, a transcription factor that
promotes neutrophil recruitment [28] and cytokine pro-
duction, respectively. Furthermore, the proinflammatory
mediators IRAK1 and IL1R2, which drive inflammation
via NF-kB and MAPK activation, were also enriched in
the MiS group. These findings suggest that gut microbiota
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may increase neutrophil inflammatory responses after
stroke and exacerbate disease progression.

Based on our findings that gut microbiota can induce
systemic NET release and facilitate platelet aggregation in
organ microvasculature [8], we hypothesized that micro-
biota-mediated neutrophil activation could also trigger
vascular occlusion in the ischemic brain. To this end, we
analyzed platelet aggregation in the cerebral vasculature
of MiS and MiD stroke mice using three-dimensional
light-sheet fluorescence microscopy (LSFM) (Fig. 4G).
Our imaging data identified colocalization of neutrophils
with GP1bf* platelet aggregates in the ischemic brain
microvasculature, suggesting their contribution to reper-
fusion failure. We observed accelerated vascular damage
and immune cell infiltration in the ischemic brain territo-
ries in MiS compared to MiD stroke mice. Furthermore,
we quantified platelet aggregates in ischemic brain tissue
using surface rendering-based volume analysis (Fig. 4H).
Interestingly, we found significantly reduced total
GP1bB* platelet aggregate volumes within the ischemic
brain vasculature of MiD compared to MiS stroke mice
(Fig. 41).

Discussion

Our work shows that gut microbiota elicits neutrophil
activation after stroke, resulting in a significant increase
in cerebral infarct size. These findings are consistent
with previous studies reporting an association between
systemic neutrophil activation and worse stroke out-
come [1, 14]. Our results from two established models
of microbiota research (germ-free mouse colonization
and antibiotic-mediated microbiota depletion) provided
evidence for higher neutrophil inflammatory responses
under the influence of gut microbiota after stroke. It is
of high clinical interest that gut microbiota changes after
stroke impact inflammatory brain injury [4]. Using a
microbiota transfer mouse model, previous studies have
demonstrated the effects of altered gut microbiota from
pancreatitis patients on neutrophil activation and sys-
temic inflammation [29]. The gut microbiota coloniza-
tion of germ-free (GF) mice in our study reveals that it
triggers strong neutrophil activation and increases sen-
sorimotor deficits and brain infarct volumes after three
days of stroke. Neutrophils in microbiota-colonized GF
mice expressed higher levels of maturation markers Ly6G
[30], LFA-1 [31], and CXCR4 [32] compared to GF stroke
mice. These activated neutrophils after stroke might con-
tribute to increased neuroinflammation and deteriorated
stroke outcome. On the contrary, we have previously
shown that the colonization of GF mice induces neuro-
protective responses in a mouse model of permanent (p)
MCAQO [33]. Two major differences between the mouse
models can explain these discrepancies. First, transient
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MCAO (tMCAO) in mice induces larger brain infarcts
and changes in gut microbiota that are absent in perma-
nent MCAO (pMCAOQO) with smaller brain lesions [4].
Second, tMCAO induces substantial systemic immune
changes compared to pMCAO with more confined neu-
roinflammatory responses [34].

Our results shed further light on the possibility of
targeting gut microbiota as a therapeutic approach to
control deleterious neutrophil responses after stroke.
Depleting gut microbiota with antibiotics induced an
immature neutrophil phenotype and decreased inflam-
matory brain injury. Similar to GF mice, neutrophils in
microbiota-depleted stroke mice expressed lower levels
of Ly6G and CXCR4, indicating a juvenile phenotype.
Moreover, microbiota deficiency increased the percent-
age of CD62L" juvenile neutrophils in the circulation
of unoperated mice. However, some variations between
the expression levels of maturation receptors between
colonized GF (Ex-GF) and MiS mice were detected,
which may arise due to later (in GF) and immediate (in
SPF) gut colonization of mice after birth [18, 35]. These
data are consistent with previous reports that antibiotic
treatment of mice before stroke induction is neuropro-
tective by unknown mechanisms [13]. In this regard,
our transcriptomics data showed reduced inflammatory
gene expression in ischemia-injured brain hemispheres
of mice with a deficiency of gut microbiota three days
after stroke. Previous work indicates that gut microbiota
depletion with antibiotics reduces neutrophil responses
to systemic infection in neonatal mice [18]. Similarly,
Zhang et al. have shown that gut microbiota is indispen-
sable for neutrophil aging and triggers the generation of
disease-promoting neutrophil subsets [36]. Our results
uncover further associations between gut microbiota
and neutrophil activation under ischemic stroke condi-
tions. In particular, our LC—~MS-based proteomics data
revealed that circulating neutrophils from microbiota-
depleted mice exhibit very low levels of inflammatory
proteins and release reduced levels of NETs compared to
gut microbiota-sufficient mice. Interestingly, brain-infil-
trated neutrophils in microbiota-deficient stroke mice
displayed reduced inflammatory proteome, suggesting a
strong interplay between gut microbiota and neutrophils.
Given that gut microbiota can train innate immunity by
priming through PAMPs such as peptidoglycan, LPS [37],
and beta-glucans, which has recently been shown to con-
tribute to neutrophil activation [38, 39] or via the release
of fermentation products such as short-chain fatty acids
[40], we speculate that adverse stroke reaction in micro-
biota-sufficient mice may result from these biomolecular
interactions. Thus, future studies should investigate how
gut microbiota-derived components interact to influence
neutrophil activation after stroke.
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Multiple studies have indicated that activated neu-
trophils can induce cerebral tissue injury by releasing
pro-inflammatory cytokines, free radicals, or NETs
decorated with toxic enzymes [3, 41]. Conversely, neu-
trophils with specific phenotypes may also promote
tissue regeneration [42-44]. With our identification
of key upregulated extracellular proteins in circulat-
ing neutrophils from gut microbiota-depleted stroke
mice, neutrophils with neuroprotective properties may
exist. When we depleted neutrophils by anti-Ly6G anti-
body treatment in MiD mice, the infarct volumes were
substantially increased compared to neutrophil-suffi-
cient MiD mice, confirming that neutrophil activation
under the influence of gut microbiota is detrimental
to ischemia-injured brains and that neutrophils in the
condition of gut microbiota deficiency might have neu-
roprotective functions [45, 46]. We suggest that reduc-
tion in neutrophil activation in MiD mice underlies the
observed brain-protective effects after stroke. However,
direct brain-repairing effects of some immature neutro-
phil subsets cannot be completely excluded and require
further investigation [45, 46]. In addition, there is the
possibility of an indirect effect of juvenile neutrophils
in down-regulating pro-inflammatory responses of
microglia/macrophages and lymphocytes. For example,
we found reduced microglia activation in the absence
of neutrophils in MiS mice but an increase in their acti-
vation in neutrophil-depleted MiD mice after stroke.
Increased levels of NETs have been identified in stroke
patients, which are associated with immunodeficiency
[8] and worse clinical presentation [7]. Previous studies
have also demonstrated the direct toxic effects of NETs
on the survival of cardiomyocytes [47]. NETSs can stabi-
lize platelet aggregation and promote vascular throm-
bus formation in the injured brain after stroke [7]. In
addition, activated neutrophils have been shown to
obstruct cerebral capillaries and impair blood flow after
stroke [2]. Consistent with these findings, we found
neutrophils within platelet aggregates in the microvas-
culature of ischemic brain hemispheres. The fact that
gut microbiota depletion significantly reduced platelet
aggregates in the cerebral vasculature after stroke sug-
gests its role in neutrophil activation and brain vascular
occlusion.

One limitation of our experimental study was the
inclusion of only young female animals, which was
required for co-housing GF experiments. We are aware
of the developmental, biochemical, and stroke outcome
differences between the sexes. Therefore, further inves-
tigations including young and old male mice deserve
attention. However, there is evidence for the beneficial
effects of microbiota depletion on the outcome of stroke
in young male mice [13].
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Altogether, gut microbiota depletion reduced neutro-
phil activation and improved recovery after transient
ischemic stroke. The fact that neutrophil removal from
microbiota-deficient stroke mice further increased the
extent of brain injury suggests the beneficial effects of
immature neutrophils by still unknown mechanisms.
Our results raise the possibility that targeting microbi-
ota using antibiotics may reduce the disease-aggravating
effects of activated neutrophils in stroke patients, which
should be tested in clinical trials.
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