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ABSTRACT

Neuroinflammation following ischemic stroke is characterized by the activation of resident
microglia and the infiltration of circulating leukocytes, including a relatively small number of
lymphocytes. Despite their low numbers, lymphocytes, particularly T cells, have been
consistently shown to be among the most potent leukocyte subpopulations contributing to
secondary brain injury. However, the mechanisms by which this minimal number of T cells
profoundly affects stroke outcomes remain largely elusive. It is also well described that
microglia interact with T cells through cell-to-cell contact, cytokine signaling, and antigen
presentation, which in turn leads to the polarization of adaptive immune cells that infiltrate into

the brain.

Notably, neuroinflammation is now recognized to persist even months to years after stroke.
Although microglia are key components of acute neuroinflammation, their functional states in
the chronic phase after stroke remain poorly understood. Therefore, we aimed to investigate
how immunomodulatory and metabolic interventions can be employed to influence microglial
response across both acute and chronic phases after stroke to promote brain repair and

enhance functional recovery.

In the acute phase after stroke, we explore how distinct T cell subsets differentially regulate
early microglial activation. Using an experimental stroke mouse model, we demonstrate that
Th1 cells promote a pro-inflammatory microglial phenotype through the induction of type |
interferon signaling, while regulatory T cells (Tres) induce a microglial transcriptional profile
associated with chemotaxis and a more reparative profile. Importantly, we show that acute
administration of engineered T cells overexpressing the anti-inflammatory cytokine IL-10
(eTclL10) into the cisterna magna following stroke leads to a shift in microglial gene expression
toward pro-regenerative functions, including reduced expression of damage-associated
microglia (DAM) markers and downregulation of processes such as spine pruning,
phagocytosis, and complement activation. Although T cell-mediated microglial polarization did
not significantly alter acute infarct volume, it significantly improved post-stroke functional

recovery, highlighting the therapeutic potential of targeting T cell-microglia interactions.

In the chronic phase after stroke, we address the long-term consequences of sustained
neuroinflammation driven by microglial dysfunction using an experimental stroke mouse

model. Utilizing PET imaging, single-cell RNA sequencing, and analysis of morphological and



functional changes, we reveal that microglia chronically accumulate lipid droplets and
cholesterol crystals, hallmarks of impaired lipid metabolism that drive persistent inflammasome
activation and IL-18 production. This lipid-driven dysfunction contributes to impaired
phagocytic capacity, neurodegeneration, and persistent behavioral deficits. Targeting lipid
dysregulation through administration of the liver X receptor agonist GW3965 promotes
cholesterol efflux from microglia, reduces lipid overload and cholesterol crystal formation.
Thus, microglia are able to cope with a lipid burdened environment, ultimately supporting
microglial-to-oligodendrocyte lipid transport that supports the enhancement of post-stroke

recovery.

Collectively, our studies position microglial modulation as a robust and versatile therapeutic
intervention strategy across multiple stages of stroke recovery. By employing T cell-mediated
microglial polarization to an anti-inflammatory state and targeting microglia metabolism to
mitigate chronic lipid dysregulation, we advance the understanding of microglia plasticity as a
central determinant of stroke recovery. Our work provides a framework for developing immune
and metabolism-based interventions to alleviate neuroinflammation, promote tissue repair, and

improve long-term outcomes after stroke.
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1 INTRODUCTION

1.1 Comprehensive overview of stroke
1.1.1 The global burden of stroke

Stroke is the third leading cause of mortality and a major cause of disability worldwide [40].
Stroke patients have an alarming annual death rate of 7 million and it's estimated that 50% of
all stroke survivors are chronically disabled [63]. Thus, a substantial global burden of economic
costs of post-stroke treatment and care that is predicted to increase from the billions to trillions
by 2025 in the USA alone [63].

1.1.2 Limitations of current stroke treatments

Despite the staggering health and socioeconomic impact of stroke, there are limited
therapeutic options for ischemic stroke patients. The primary treatment is intravenous
thrombolysis (IVT), which promote vessel recanalization using plasminogen activators to break
down fibrin in thrombi [92]. However, IVT is only effective within 4.5 hours of stroke onset [22]..
Mechanical thrombectomy (MT) extends the treatment window but is applicable to only 5-10%
of patients [82]. Even with these available treatments, many patients do not regain full
functional independence [57], highlighting the urgent need for treatments feasible weeks or

months post-stroke.

1.1.3 Classification and pathophysiology of stroke

The brain relies on continuous oxygen and nutrient supply to maintain its function [87]. When
blood flow is disrupted, brain cells begin to die within minutes, leading to functional

impairments such as speech, mobility and memory deficits depending on the brain region [22].

Stroke can be classified in two major subtypes: Hemorrhagic stroke is caused by the rupture
of a blood vessel, resulting in bleeding and pressure buildup in brain tissue. Though less
common, accounting for about 10-15%, it does carry significantly higher mortality risks than
the ischemic subtype [4]. The focus of this thesis, ischemic stroke, accounts for over 80% of
all cases globally and results from an arterial blockage, for example, by a blood clot or

atherosclerotic plaque, reducing oxygen and energy flow to the brain [93].

Ischemia prevents neurons from maintaining ionic homeostasis, leading to a cascade of

events: excitotoxicity, oxidative stress, neuroinflammation and ultimately, cell death [117]. This
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creates a necrotic core of irreversibly damaged tissue and surrounding this core is the
penumbra, a zone of impaired but potentially salvageable tissue [79]. Over time, inflammation
and degradation of the blood-brain barrier exacerbate damage, leading to edema and

increased injury damage [35].

1.2 Immunological landscape of ischemic stroke
1.2.1 Neuroinflammation in stroke

Neuroinflammation, a central pathomechanism of stroke defined as an inflammatory response
in the brain or spinal cord [21]. It is a protective response triggered by the activation of the
innate immune system, involving complex mechanisms and the production of chemokines,
cytokines, reactive oxygen species (ROS) and secondary messengers. Immunoactive
molecules known as damage-associated molecular patterns (DAMPs) activate resident central
nervous system (CNS) glial cells such as microglia and astrocytes [72]. They also promote
recruitment of peripherally derived immune cells to the brain by their release into the blood

circulation [40].

1.2.2 Temporal dynamics of immune response after stroke

Immediately following ischemic injury, DAMPs released from injured tissue activate resident
brain macrophage-like cells, termed microglia [67]. During this acute phase, microglia
proliferate and secrete chemokines and cytokines, which recruit early responder leukocytes
such as neutrophils and monocytes [20] (Fig.1). As the response progresses into the subacute
and chronic phases (from one week to several months), there is continued expansion of other
leukocyte populations, including T and B cells [28] (Fig.1). This robust pro-inflammatory
response is critical for coordinating cellular activation and initiating reparative processes aimed

at preserving the vulnerable penumbra and preventing further brain damage.
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Figure 1. Schematics of temporal dynamics of immune cell infiltration post-stroke. A. Number of cells per
hemisphere found ipsi-lesional to the infarct. Microglia activate immediately after ischemic stroke and this activation
persists weeks after insult. Monocyte derived macrophages and neutrophils infiltrate within hours following microglia
activation. Lymphocytes experience a delayed infiltration kinetic and begin entering the brain days to weeks after
ischemic attack. B, Magnification of lower part A. Reproduced with publisher approval [28].

1.2.3 Persistence of neuroinflammation after stroke

Contrary to earlier views that neuroinflammation resolves within weeks [105], emerging
evidence shows it can persist for months or even years, contributing to prolonged neuronal
damage and impaired recovery (Fig. 2). While acute inflammation is characterized by
microglial activation and infiltration of peripheral immune cells, studies have shown that these
responses do not fully resolve in the subacute phase (weeks) and may extend into the chronic
phase (months to years) [77]. Persistent microglial activation and sustained expression of
proinflammatory cytokines such as TNF-a and IL-18 have been detected in both animal
models and human patients up to a year after stroke [28]. Chronic inflammation has been
linked to secondary neurodegenerative changes in areas remote from the primary infarct,
contributing to delayed neuronal loss and cognitive decline [43]. These findings highlight the
need to consider chronic neuroinflammation not as a resolved event but as a sustained

pathological process and a therapeutic target for long-term recovery in stroke patients.
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Figure 2. Cascade of damaging events following cerebral ischemia. A. Original model of neuroinflammation
dynamics. Very early after onset of the focal perfusion deficit, excitotoxic mechanisms can damage neurons and
glia and induce cell death. Excitotoxicity also triggers several events that can further contribute to the demise of the
tissue. Such events include peri-infarct depolarizations and the more-delayed mechanisms of inflammation and
programmed cell death. This neuroinflammation mechanism was originally believed to resolves within days or
weeks after the ischemic event. The x-axis reflects the evolution of the cascade over time, while the y-axis aims to
illustrate the impact of each element of the cascade on the outcome. B. lllustrates the revised model of
neuroinflammation, which remains unresolved extending from months to years after the ischemic insult.
Reproduced with publisher approval [104].

1.2.4 The evolving role of microglia in post-stroke pathophysiology

Microglia are the resident myeloid cells of the brain, playing a central role in maintaining
homeostasis. Under physiological conditions, these “resting” microglia constantly survey the
brain microenvironment with their highly motile processes [78]. They are extremely sensitive
to disturbances and rapidly shift into an activated state in response to injury. Depending on the
specific signaling molecules they encounter, microglia exhibit a diverse range of activation
phenotypes [78].

In the context of ischemic stroke, microglia are among the first responders to cerebral injury,
as they are among the earliest cells exposed to DAMPs released from injured tissue [20]. Upon
activation, microglia undergo marked morphological changes, transitioning from a ramified,
branched structure to an amoeboid shape, a shift associated with increased phagocytic activity

and pro-inflammatory signaling (Fig.3) [59]. Also depending upon their activation state,
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microglia may exert neuroprotective or neurotoxic effects [26]. Microglia were initially studied
in stroke due to the observation that they secrete neurotrophic factors, such as brain-derived
neurotrophic factor (BDNF), along with other growth factors supporting neuronal survival and
repair [65, 49]. They also engage in homeostatic functions such as synapse pruning and

regulation of neuronal circuit plasticity through direct contact with neurons (Fig.3) [2].

While microglia were once considered primarily relevant to the acute phase of stroke, it is now
well established that their activation persists into the chronic phase, lasting months after insult
[108]. Chronic microglia activation is increasingly associated with maladaptive responses,
including sustained release of pro-inflammatory cytokines, ROS and aberrant synaptic
remodeling [110]. These processes can disrupt neural connectivity, impair cognitive recovery
and contribute to secondary neurodegeneration [48]. Therefore, understanding the phenotypic
shifts of microglia in the post-stroke brain is crucial for identifying therapeutic windows in which

modulation of their activity could promote recovery rather than injury exacerbation.

Another hallmark function of microglia that may have significant implications in the chronic
phase after stroke is their role in myelin repair and maintenance. This complex process
encompasses multiple, coordinated microglial functions. Microglia continuously survey the
CNS environment, using dynamic processes to monitor axons and myelin sheaths to detect
myelin disruption [54]. Upon damage identification, they clear apoptotic oligodendrocytes and
myelin debris, a task that requires the coordination of several phagocytic receptors [54]. This
clearance step is essential for creating a permissive environment for oligodendrocyte

progenitor cell (OPC) differentiation and remyelination [54].

In addition to debris clearance, microglia shape the inflammatory milieu after injury. The
cytokines they secrete play a decisive role in determining whether the environment supports
or impedes remyelination. Pro-inflammatory microglia, for example, can hinder repair by
releasing cytokines such as IL-13 and IL-18, while pro-regenerative microglia promote OPC
maturation and remyelination by secreting anti-inflammatory cytokines like IL-10 and TGF-b,
as well as trophic factors [6, 53].

Microglia also provide metabolic support to oligodendrocytes, particularly through regulating
lipid metabolism within the lesion environment. Studies show that cholesterol efflux and ApoE-
dependent lipid transfer by microglia facilitate the recycling of cholesterol from myelin debris,

making it available for remyelinating oligodendrocytes [8].
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While microglial roles in myelin repair are increasingly well characterized in the context
demyelinating diseases, such as multiple sclerosis, these functions are not yet well understood
after stroke. Therefore, further research is needed to clarify how microglia influence myelin

dynamics in the post-stroke brain.
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Figure 3. Microglial cells play crucial roles in the brain during development and adulthood. In order to

maintain brain homeostasis, microglial cells 1) act as sentinels constantly surveilling the brain environment and
adapting their functions to specific triggers, 2) phagocytose pathogens and damaged cells that may threaten the
brain homeostasis and function, 3) regulate neuronal excitability, 4) prune defective synapses, 5) interact with
oligodendrocytes for myelin repair and maintenance, 6) assist astrocytes in controlling neurotransmitter levels, 7)
modify the blood-brain barrier permeability by secreting factors that increase the expression of cell adhesion
molecules in endothelial cells, and 8) secrete pro- and anti-inflammatory factors controlling the inflammatory

response. Created by Biorender. Reproduced with publisher approval [75].

1.2.5 Dual role of T cells in stroke: pathogenic and protective

Following stroke, lymphocytes start to infiltrate the brain beginning within hours after the
ischemic event [28]. This is driven by the release of pro-inflammatory cytokines from activated
microglia and continues into the chronic phase after stroke (weeks to months) [28]. Neutrophils
are among the earliest responders and enter the brain within hours after an ischemic event.
Monocytes follow shortly after, particularly CCR2* Ly6C"9", which peak around 2-4 days post
stroke and differentiate into macrophages [28]. While B cells and natural killer cells typically

arrive later [28].

15



Lymphocytes, including T cells, infiltrate the brain several days after stroke onset [28] and
extends into the chronic phase (weeks to months) (Fig. 4) [52]. While T cells enter in lower
numbers compared to other immune cells, they have been shown to have disproportionately

strong effects on stroke outcome, influencing both injury progression and repair mechanisms

T cells exhibit significant functional and phenotypic heterogeneity, and their influence on stroke
pathology varies by subtype. Acute infiltration of T cells has been associated with exacerbation
of brain injury, largely due to the release of pro-inflammatory cytokines such as IL-17 [114]. In
particular, pro-inflammatory subsets of CD4+ TweLrer cells (Th1 and Twi7), along with yd T cells,
have been shown to worsen stroke outcomes by promoting secondary neurotoxicity and

expansion of infarct volume [28].

In contrast, regulatory T cells (Trec) play a neuroprotective role, promoting resolution of
inflammation through the secretion of anti-inflammatory cytokines. Depletion of Trec have
been associated with larger infarcts and worsened stroke outcomes in experimental stroke
models [60]. Trec reduce the number of infiltrating neutrophils, which are key producers of
inflammatory mediators such as TNF-a, IFN-y and IL-1, thereby dampening the inflammatory
response. Among the cytokines secreted by Treg, IL-10 has been identified as particularly
beneficial in improving stroke outcome [60]. A recent study has also demonstrated that by
delivering IL2:IL-2 antibody complexes after stroke to enhance Treg levels in mouse models,
leads to an increase in OPC cell survival, promotes white matter integrity and enhances long-
term functional recovery through Trec-derived osteopontin [99]. Interestingly, this study also
highlighted that osteopontin interacts with microglial integrin receptors and reprograms them

into a reparative phenotype [99].

Furthermore, it has been well described that T cells interact with microglia cells through
cytokine production, antigen presentation and cell-to-cell contact, collectively influencing the
polarization or activation of immune cells that infiltrate the post-stroke brain [31]. However, the
exact mechanisms by which T cells regulate microglial function remain incomplete and require
further investigation. Uncovering these interactions could provide therapeautic insights into
how lymphocyte modulation might improve microglial responses, reduce inflammation and

ultimately enhance stroke recovery.
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Figure 4. Comparison of Th cell and Tc subsets. Th cell subsets and Tc subsets share signal 3 cytokines, lineage-
determining transcription factors, and effector cytokine profiles. Depending upon the Tc or Th subtype a CD4 or
CD8 T cell differentiates into dictates the cytokines that they release. In general, these cytokines can be categorized
as either pro-inflammatory or anti-inflammatory. Some cells can produce both pro and anti-inflammatory cytokines,
such as Th cells. Most T cell subsets correlate with anti-inflammatory properties. However, Tc9, Th2, Foxp3* CD8
and CD4 Treg are known to express anti-inflammatory cytokines. Those anti-inflammatory cytokines being IL-4, IL-
5, IL-13, TGF-b and IL-10. Reproduced with publisher approval [52].

1.2.6 Inflammasomes and their role in neuroinflammation

Neuroinflammation is a key contributor in the pathogenesis of central nervous system disease
(CNS) [66]. It serves not only as a consequence of disease progression, but as a catalyst for
its continuation [102]. One maijor contributor to neuroinflammation are inflammasomes, which
are multiprotein complexes activated by damage- or pathogen-associated molecular patterns,
acting as critical components of the innate immune response [85]. NOD-like receptor family
pyrin domain containing 3 (NLRP3) is one pattern recognition receptor that when primed upon
sensing stress or damage, forms an inflammasome consisting of a sensor (NLRP3), an
adaptor apoptosis-associated-speck-like protein containing a CARD (ASC), and effector
caspase-1 [110]. This inflammasome complex then mediates an inflammatory response
through the activation of caspase-1, which promotes the maturation of inflammatory cytokines
such as IL-1B and stimulates the removal of damaged cells and ultimately supporting repair
[110].
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While inflammasome activation is essential to support repair, if it becomes excessive or
prolonged, it has the capability of contributing to increased tissue damage, which has been
shown to be the case in many CNS related diseases [114]. Interestingly, previous studies have
shown that microglia express high levels of NLRP3, positioning them as key contributors to
inflammasome-mediated responses in CNS pathology [114]. Given their rapid activation after
brain injury, inflammasomes have been well studied in the acute phase. Therefore, exploration

of their role in long-term outcomes still requires further investigation.

Studies have found that lipids are major regulators of NLRP3 inflammasome activity (Fig. 5)
[58]. It has been demonstrated that inhibiting fatty acid synthase (FASN) significantly dampens
NLRP3 activation in mouse and human macrophages and that inflammasome activation relies
on FASN-dependent NLRP3 Cyss898 palmitoylation [56]. Cholesterol crystals have also been
linked to NLRP3 activation through lysosomal damage [74]. Other lipids including oxidized LDL
and ceramides have been demonstrated to prime and activate the NLRP3 inflammasome [58],
while arachidonic acid has been shown to inhibit NLRP3 [76]. These findings highlight that
both pro- and anti-inflammatory lipids modulate NLRP3 activity. Given that microglia have been
shown to express high levels of NLRP3 and phagocytose lipid-rich myelin debris, investigating
lipid signaling as a key regulator of chronic neuroinflammation could offer a potential target for

modulating neuroinflammation in the post-stroke brain.
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Figure 5. Lipids activate the NLRP3 inflammasome through mitochondrial stress and reactive oxygen
species (ROS). Oxidized low-density lipoprotein (oxLDL), cholesterol crystals, saturated fatty acids (SFAs), and

sphingolipids all cause mitochondrial stress, as measured by mitochondrial (figure legend continued on next page)
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depolarization and/or ROS production, and ROS is an important mediator of NLRP3 activation by these lipids.
Reduction of ROS, either through cell intrinsic mechanisms like NRF2, or exogenous stimuli like high-density
lipoprotein (HDL) and unsaturated fatty acids (UFAs), can decrease NLRP3 activation. Mitophagy, which removes
stressed mitochondria, can also blunt NLRP3 activation by lipids, and inhibition of autophagy contributes to the

ability of saturated fatty acids to activate NLRP3. Reproduced with publisher approval [58].

1.2.7 Timing and regulation of IL-1 expression in neuroinflammation

A controlled acute inflammatory response following stroke is essential to initiate repair
mechanisms, such as neurogenesis and tissue remodeling. IL-1B is a key pro-inflammatory
cytokine acting as an immediate responder in the immune response [68]. The primary
producers of this cytokine are activated glial cells, such as microglia, which are rapid
responders to environmental stimuli [68]. Upon activation, microglia release IL-1B3 to promote
the production of chemokines and additional cytokines, facilitating the recruitment of peripheral
immune cells to the site of injury and orchestrating the broader neuroinflammatory response
[68].

While the acute secretion of IL-1B is necessary for initiating repair, many studies have
demonstrated its detrimental effects, particularly when its release persists past the early stages
of injury. For example, IL-1B has been shown to enhance brain edema and contribute to the
breakdown of the blood-brain barrier [61]. Furthermore, if left unchecked, IL-1B can drive
secondary neuronal death, exacerbating the damage. Experimental studies have shown that
blocking IL-1B can reduce infarct size and improve neurological function [61].

Thus, although the early release of IL-18 is critical for mounting an immune response and
promoting repair after brain injury, its prolonged or excessive expression have been proven to
be harmful. Hence, the timing and regulation of IL-13 expression is critical. Therefore,
continued investigation into IL-18 dynamics, particularly during the chronic phase after stroke,
is essential for developing strategies to mitigate the detrimental effects of neuroinflammation
and improve post-stroke recovery.

1.3 The role of lipid metabolism in the central nervous system
1.3.1 Lipid metabolism in the brain

The brain has the second-highest lipid content in the human body, accounting for 50% of its
dry weight [64]. The predominant lipid species found in the brain are cholesterol, phospholipids

and sphingolipids [112]. These lipids serve three primary functions: maintaining cell membrane
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integrity and function, acting as energy reservoirs and participating in critical inter- and

intracellular signaling pathways [112].

Importantly, lipids are not uniformly distributed, but highly enriched in specific cell types and
structures, particularly in myelin [90]. Cholesterol, for example, is a critical component of
myelin sheath and is indispensable for its formation and maintenance [90]. Neurons,
oligodendrocytes, astrocytes and microglia each play specialized roles in lipid synthesis,
transport and recycling, reflecting a tightly regulated and cell-type-specific lipid metabolism

essential for CNS homeostasis [104].

Disruptions in lipid metabolism are increasingly recognized as central features of several
neurological diseases, including Alzheimer’s, multiple sclerosis and stroke. In these disease
contexts, abnormal lipid accumulation or impaired clearance can lead to inflammation, cell
stress and impaired repair mechanisms [111]. Therefore, understanding the role of lipids in
brain physiology is essential for revealing molecular drivers of neurodegeneration and

regeneration.

1.3.2 The role of cholesterol in the CNS

Cholesterol constitutes approximately 25% of the brain’s total lipid content [111]. It plays a vital
role in regulating membrane fluidity, permeability and serve as essential platforms for signaling
molecules and receptors in neurotransmission [73]. As one of the most abundant lipid classes
involved in myelination, and being the rate limiting factor in the process, cholesterol is crucial
for maintaining structural integrity and stability of the myelin sheath [39]. Moreover, it is a
critical component that ensures the insulation of axons, which in turn facilitates the rapid

conduction of nerve impulses in the CNS [89].

During development, oligodendrocytes are responsible for synthesizing their own cholesterol
to build myelin [115]. In the adult brain, however, whether in healthy or pathological conditions,
astrocytes become the primary source of cholesterol [104]. They transport cholesterol to
neurons and other glial cells via lipoprotein particles containing apolipoprotein E (ApoE) [80].
This shift in cholesterol sourcing highlights its importance in sustaining myelin maintenance

and regeneration across the lifespan.

Oligodendrocytes, the cell type responsible for myelination, must first differentiate from
progenitor to mature myelinating cells, and cell signaling pathways responsible for this

maturation, such as PI3K/Akt/mTOR, are heavily influenced by cholesterol [119]. Mature
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oligodendrocytes must rapidly expand their membrane surface during myelination, in which
cholesterol is key. It is also essential for forming the multilamellar structure of myelin and
provides membrane stability within the myelin membrane [120]. Formation of lipid rafts, which
are essential for organizing membrane proteins, such as myelin basic protein (MBP) and
proteolipid protein (PLP), are made by cholesterol [121]. It has been shown that mice with
disrupted cholesterol biosynthesis in oligodendrocytes show severely impaired CNS

myelination [90].

Studies have shown that local cholesterol availability is necessary for efficient remyelination
following CNS injury [8]. Due to the restrictive nature of the blood-brain barrier (BBB),
cholesterol from peripheral circulation cannot enter the brain; instead, it must be synthesized
de novo or recycled from lipids by glial cells [46]. After CNS injury, when myelin is degraded
and cleared primarily by microglia, cholesterol can be recycled or exported and subsequently
reused by OPCs to support remyelination [8]. This lipid trafficking process is regulated by the
Liver X receptor (LXR) and ApoE pathways [8]. From maintaining membrane integrity to
serving as a critical component of myelin synthesis, cholesterol is indispensable for sustaining

brain structure, function and homeostasis.

1.3.3 Myelin debris clearance following neural injury

Phagocytosis is a hallmark function of microglia supported by several classes of receptors.
Microglia use pattern recognition receptors (PRRs) to detect pathogen associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs) [26]. Scavenger
receptors come into play to uptake oxidized lipids, apoptotic cells and lipoproteins [12]. The
TAM receptor family, Tyro3, Axl, and MerTK, is essential for the clearance of apoptotic cells, a
process known as efferocytosis [33]. Fc receptors are responsible for the binding of antibodies
to enable antibody-dependent phagocytosis, while complement receptors recognize
complement opsonized targets, such as synapses [10]. Additionally, triggering receptor
expressed on myeloid cells (TREM receptors), such as TREMZ2, are involved in lipid sensing,
phagocytosis and immune regulation [16]. While lipoprotein receptors do directly mediate

phagocytosis, they are essential in cholesterol and lipid transport following debris uptake [64].

Following an ischemic stroke, neuronal death and axonal degeneration generate abundant
myelin debris in the surrounding tissue [14], and microglia are central to its clearance [104].
Microglial scavenger receptors, TAMs and TREM2 directly bind or interact with bridging ligands
like Gas6 and Protein S on myelin and apoptotic cell membranes to initiate debris recognition

and engulfment [33]. TAM receptors and TREM2 aid in suppressing excessive inflammation,
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while promoting clearance [33]. TREM2 and lipoprotein receptors, including those for ApoE,
are essential for cholesterol-rich myelin debris, supporting the lipid metabolism needed for

phagocytic function and microglial homeostasis [64].

This coordinated activity across receptor classes ensures efficient, non-inflammatory
clearance of myelin debris after stroke. Proper debris removal and processing not only
facilitates a healthy milieu, but facilitates oligodendrocyte maturation and remyelination, which

are critical for functional recovery after stroke.

1.3.4 Intracellular lipid metabolism and cholesterol efflux

Once internalized, myelin debris is enclosed within phagosomes that subsequently fuse with
lysosomes, forming phagolysosomes that harbor enzymes for degradation [11]. Some lipid
components, such as fatty acids, are oxidized within microglia to serve as energy sources or
signaling molecules [106]. However, excess cholesterol that cannot be metabolized is
exported out of the cell via lipid transporters like ATP-binding cassette transporters ABCA1
and ABCG1 [115]. These transporters load cholesterol onto ApoE-containing lipoproteins,
which can then be taken up and recycled by neighboring glial cells or neurons [104] (Fig.6).
The liver X receptor (LXR), a key transcription factor, regulates this reverse cholesterol
transport by controlling the expression of genes involved in lipid transport, including ABCA1,
ABCG1 and ApoE [1] (Fig. 6).

1.3.5 Lipid imbalance and disease progression

When lipid efflux pathways become overwhelmed, as described in certain disease states, free
fatty acids (FFAs) and unesterified cholesterol need to be processed and stored into lipid
droplets (LDs) (Wie et al., 2023). Once considered inert lipid reservoirs, LDs are now
recognized as dynamic organelles involved in multiple metabolic processes [29]. Structurally,
LDs consist of a phospholipid monolayer coated with regulatory proteins such as perilipins
(PLINs), which provide stability and coordinate metabolic activities like lipolysis and lipophagy
[15]. Their hydrophobic core primarily contains neutral lipids such as cholesterol esters (CEs)

and triglycerides (TGs).

Although LDs serve essential roles in energy storage, metabolic regulation and protection
against lipotoxicity, their excessive accumulation, as seen under disease conditions, can
disrupt lipid homeostasis [45]. In glial cells, an imbalance between lipid uptake, synthesis and
mobilization can result in pathological LD buildup ([117]. This accumulation can drive

phagocytic cells, such as microglia, to adopt a foam cell-like phenotype, characterized by
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chronic activation, impaired phagocytic capacity and the release of pro-inflammatory cytokines

(Fig.8) [117].

When lipid influx overwhelms the cell’'s metabolic capacity, the ability to esterify and sequester
cholesterol into lipid droplets becomes compromised [5]. As a result, excess free cholesterol
can crystallize, forming cytotoxic cholesterol crystals [32]. This phenomenon has been most
notably described in the context of atherosclerosis, where lipid laden foam cells accumulate
cholesterol crystals and further contribute to plaque formation and vascular inflammation [34].
Similarly, in a model of multiple sclerosis (MS), phagocytes overloaded with myelin debris
showed defective cholesterol clearance, which triggered cholesterol crystal formation that
drove NLRP3 inflammasome activation and overall inhibited remyelination [13].

These findings underscore the importance of lipid metabolism not only in maintaining CNS
homeostasis but also in supporting regeneration and recovery following injury. Targeting lipid
handling pathways, including cholesterol synthesis, efflux and storage, may offer promising

therapeutic strategies for a range of neurodegenerative diseases and conditions such as

stroke.
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Figure 6. Intercellular lipid transfer in the CNS. Although all CNS-resident cells can synthesize lipids through
pathways mediated by sterol regulatory element-binding proteins (SREBPs) and SREBP cleavage-activating
protein (SCAP), intercellular lipid transfer is thought to be key in maintaining lipid homeostasis in the CNS. In
pathological conditions, astrocytes convert blood glucose to lactate, which (figure legend continued on next page)
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is then transported to neurons and converted to FAs. Reciprocally, neurons expel peroxidated lipids, formed through
peroxidation by ROS, which are taken up by astrocytes and stored in lipid droplets. This intercellular lipid transfer,
along with astrocytic lipid droplet formation and 3-oxidation, depends on APOE-containing HDLs and glutamate,
and protects against neurodegeneration. Neurons transfer 24S-hydroxycholesterol (24S-OHC) to astrocytes, likely
under both homeostatic and diseased conditions, resulting in the activation of nuclear LXRs, which control the
expression of genes involved in lipid homeostasis. Astrocytes have been reported to transfer de novo cholesterol
to neurons via HDLs, to support their function and to promote remyelination. During remyelination, enhanced
cholesterol biosynthesis occurs in astrocytes. Astrocytic lipid transfer is also closely associated with CNS pathology,
with inflammatory mediators released by microglia, enhancing the astrocytic loading of APOE HDLs with toxic long-
chain saturated fatty acids (SFAs). Microglia also drive intercellular lipid transfer in the CNS. Following
demyelination, they process myelin debris and generate lipid droplets, oxysterols and desmosterol, with the latter
two activating LXRs. LXR activation drives ABC transporter expression, facilitating APOE lipidation and HDL
formation that can be taken up by oligodendrocytes to aid myelin formation. Microglia release lipid-containing
extracellular vesicles (EVs) to oligodendrocytes for the genesis of new myelin sheaths. Diverse pathological and
environmental factors, such as neuroinflammation, ageing, APOE4, oxidative stress, lipid droplet overload, can
impair cell-cell lipid fluxes, thereby driving CNS pathologies. Reproduced with publisher approval [105].
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2 AIM OF THE STUDY

Neuroinflammation following ischemic stroke is driven by activation of resident microglia and
infiltration of circulating leukocytes, including a small but influential subset of T lymphocytes.
Despite their relatively low numbers, T cells have been consistently implicated as key
modulators of secondary brain injury; however, the mechanisms by which they impact
microglial responses and stroke outcomes remain poorly understood. Furthermore, while
acute microglial activation has been extensively studied, the chronic alterations in microglial
function, and their contribution to persistent neuroinflammation and impaired recovery long

after the initial insult, remain largely unexplored.

The central aim of this study is to investigate how immunomodulatory and metabolic strategies
can be employed to influence microglial behavior during both the acute and chronic phases
following ischemic stroke, with the goal of promoting brain repair and enhancing functional

recovery.

To address the acute phase, we utilized an experimental mouse model of ischemic stroke to
investigate how distinct T cell subsets regulate early microglial activation. We engineered T
cells to overexpress the anti-inflammatory cytokine IL-10 (eTc-IL10) via viral transduction and
administered these cells directly into the cisterna magna during the acute post-stroke phase
to locally modulate the immune environment. Through this approach, we aimed to delineate
the differential effects of pro-inflammatory (Twi) versus anti-inflammatory (Trec and [1-10

expressing) T cell subsets on microglial gene expression profiles and functional polarization.

To investigate the chronic phase of neuroinflammation, we also used an experimental stroke
model to longitudinally track microglial activation and dysfunction over time. We employed
positron emission tomography (PET) imaging to monitor persistent microglial activation up to
several months after stroke and performed single-cell RNA sequencing (scRNA-seq) to
characterize transcriptional changes in microglia over time. Morphological analysis,
phagocytosis assays, and lipid staining were used to assess functional and lipid alterations in
microglial populations. To target chronic microglial lipid dysfunction, we administered GW3965,
a liver X receptor (LXR) agonist known to promote cholesterol efflux, and assessed its impact

on microglial lipid accumulation, inflammasome activation, and neuroinflammatory signaling.
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Through these complementary approaches, we sought to define how microglial responses are
shaped by early adaptive immune interactions and late-stage metabolic dysfunction, and to

evaluate the therapeutic potential of targeting these processes to improve brain repair and
long-term functional outcomes after stroke.
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3 RESEARCH ARTICLES

3.1 T cells Modulate the Microglial Response to Brain Ischemia
3.1.1 Summary

The immune response following ischemic stroke is well characterized, notably involving
microglial activation and the release of pro-inflammatory cytokines that promote leukocyte
infiltration into the brain. However, the influence of infiltrating leukocytes, particularly T cells,
on resident innate immune cells like microglia remains poorly understood. Although T cells are
present in relatively low numbers compared to other immune cells, they have been shown to
exert disproportionately strong effects on post-stroke neuroinflammation. The mechanisms by
which T cells modulate microglial response and contribute to neuroinflammation are still not

fully elucidated.

In this study, using an experimental ischemic stroke mouse model, we demonstrate that during
the acute post-stroke phase, when microglia activation is at its peak, this activation is
differentially modulated by distinct T cell subsets. Specifically, we show T+ cells induce a type
| interferon signaling in microglia, linked to a pro-inflammatory response, whereas Trec cells
elicit microglial transcriptional changes associated with chemotaxis and an anti-inflammatory
response. To further investigate the effect of Trec cells on microglia, we engineered T cells to
overexpress anti-inflammatory cytokine IL-10 (eTc-IL10) through viral transfection and
administered them into the cisterna magna 4 hours after stroke induction. Mice receiving
eTclL10 cells exhibited significantly improved functional recovery. Bulk RNA sequencing of the
ischemic hemisphere revealed downregulation of damage-associated microglia (DAM)-related
genes and a shift toward gene expression profiles linked to chemokine signaling. In addition,
decreased expression of effector functions such as spine pruning, phagocytosis and
complement activation. Overall, eTc-IL10 treatment promoted a pro-regenerative microglial
phenotype, suggesting a promising immunomodulatory approach to enhance post-stroke

recovery.
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Ozgiin Gokce, Anneli Peters, Arthur Liesz (2022) T cells modulate the microglial response
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Abstract Neuroinflammation after stroke is characterized by the activation of resident microglia and the
invasion of circulating leukocytes into the brain. Although lymphocytes infiltrate the brain in small number, they
have been consistently demonstrated to be the most potent leukocyte subpopulation contributing to secondary
inflammatory brain injury. However, the exact mechanism of how this minimal number of lymphocytes can
profoundly affect stroke outcome is still largely elusive. Here, using a mouse model for ischemic stroke, we
demonstrated that early activation of microglia in response to stroke is differentially regulated by distinct T cell
subpopulations — with Tu: cells inducing a type | INF signaling in microglia and regulatory T cells (Tres) cells
promoting microglial genes associated with chemotaxis. Acute treatment with engineered T cells
overexpressing IL- 10 administered into the cisterna magna after stroke induces a switch of microglial gene
expression to a profile associated with pro- regenerative functions. Whereas microglia polarization by T cell
subsets did not affect the acute development of the infarct volume, these findings substantiate the role of T
cells in stroke by polarizing the microglial phenotype. Targeting T cell- microglia interactions can have direct
translational relevance for further development of immune- targeted therapies for stroke and other
neuroinflammatory conditions.

Editor's evaluation

This manuscript should be of interest to neuroimmunologists investigating how microglia may be manipulated
to improve neuroinflammation in stroke and beyond. The data support the hypothesis that manipulation of
lymphocytes and the cytokines they secrete may be an effective therapeutic strategy to modulate inflammation
and improve the outcome after stroke.

Introduction

Among peripheral leukocytes invading the injured brain, T cells have been consistently identified as the invading
leukocyte subpopulation with the largest impact on secondary neurodegeneration and modulation of the
ischemic brain damage (Kleinschnitz et al., 2010; Liesz et al., 2011). T cell

subpopulations have the potential to play either a neuroprotective or a deleterious role in post- stroke
neuroinflammation. In particular, the pro- inflammatory Tus, Tui7 subsets of Tueweer cells, and IL- 17- producing y&
T cells have been shown to induce secondary neurotoxicity, leading to infarct expansion with worse functional
outcome (Gelderblom et al., 2012; Shichita et al., 2009), whereas regulatory T cells (Tres) exert anti- inflammatory
and neuroprotective function suppressing an excessive inflammatory reaction to the brain infarct. Recruitment
of peripheral immune cells is not limited to the brain parenchyma since an accumulation of T cells is observed in
the choroid plexus and the meninges after stroke (Benakis et al., 2016; Llovera et al., 2017). Attempt in blocking
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the recruitment of peripheral effector T cells diminished neuronal damage in different cerebral ischemic models,
resulting in improvement of stroke outcome and suggesting a possible therapeutic target (Liesz et al., 2011,
Llovera et al., 2015). Considering the relatively low number of only a few thousand lymphocytes invading the
brain after stroke compared to more than 50 times higher cell count of innate immune cells (invading and
resident) in the post-stroke brain ( Gelderblom et al., 2009), it is surprising to observe such a dramatic effect of
a small number of T cells on the neuroinflammatory response to stroke.

Therefore, we hypothesized that T cells have a polarizing effect on microglial function. In turn, microglia — as
the most abundant immune cell population in the ischemic brain — could amplify the T cells’ impact on the
cerebral immune milieu. Indeed, microglia interact with T cells via either cell- to-cell contact, cytokine- mediated
communication, or antigen presentation, leading to activation/ polarization of adaptive immune cells entering
the brain (Goldmann and Prinz, 2013). T cell-microglia interaction can further influence the neuroinflammatory
response in experimental models of multiple sclerosis (Dong and Yong, 2019) and possibly in stroke (Wang et
al., 2016). In fact, recent evidence suggests a crosstalk between microglia and T cells as a key determinant of
neuronal plasticity during recovery from brain injury (Shi et al., 2021). However, while the influence of
microglia/macrophages on T cells has been well studied, it is still unclear how in reverse the T cells influence
microglial function, and whether early interaction of T cells with microglia in the acute response to stroke can
have an immediate impact on microglia and further change the course of disease progression.

Using morphological analysis, single- cell sequencing and adoptive transfer models of ex vivo differentiated
Therer cell subpopulations, we performed an in-depth analysis of the immunomodulatory effects of T cells on
microglial polarization. Better understanding of the T cell-microglia crosstalk holds the potential to use polarized
T cells as a therapeutic approach with large impact on the cerebral inflammatory milieu potentiated by resident
microglia.

Results

Lymphocytes modulate the activation state of microglia in response to stroke

First, we investigated the effect of lymphocytes on microglial morphology and transcriptome in male Rag1~- mice
deficient in T and B lymphocytes after experimental stroke using the distal occlusion of the middle cerebral artery
(dMCAO; Llovera et al., 2014; Figure 1A). Microglia were analyzed 5 days after stroke at the lesion border because
this region and this acute time point were identified as the maximal cerebral leukocyte infiltration as previously
published (Llovera et al., 2017) and exemplified in (Figure 1B). CD3+ T cells were localized at the infarct border
as quantified on immunohistochemistry coronal sections and represented in the cumulative topographic maps 5
days after stroke (Figure 1C). Using an automated morphological analysis of IBA1 positive cells (Heindl et al.,
2018) located at the perilesional (ipsilateral) cortex, where CD3+ T cells accumulated (Figure 1B), we identified
that microglia of Rag1~- mice displayed extended ramifications and a lower sphericity compared to microglia of
wild- type (WT) mice, indicating a less reactive phenotype of microglia in the absence of lymphocytes (Figure 1C,
D). In contrast, microglial morphology remained relatively unchanged between Ragl7- and WT mice in the
contralateral (unaffected) hemisphere which does not show recruitment of lymphocyte in considerable amounts,
supporting the role of local lymphocyte infiltration for changing microglial morphology. Because the absence of
lymphocytes prevents microglial morphological changes toward a reactive state, we asked whether the ischemic
lesion is decreased in lymphocyte-deficient mice lacking microglia. We depleted microglia using PLX5622
incorporated in the mouse diet for 2 weeks prior inducing dMCAO (Figure 1E, F). Surprisingly, we
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Figure 1. Lymphocytes influence microglia morphology after stroke. (A) Schematic of the experimental design: morphological analysis of microglia and transcriptomic
profile of sorted microglia were performed in naive mice or 5 days after stroke in wild-type (WT) and Ragl~- mice. (B) Top left, cumulative topographic maps of CD3+
T cells 5 days after stroke. Cells were accumulated from one section at bregma level of five animals each. Each cell is represented as a single dot. The infarct is
depicted in pink. Right, representative immunohistochemistry images of microglia (IBA1, red) and T cells (CD3,

Figure 1 continued on next page
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Figure 1 continued green) in the perilesional area 5 days after stroke in WT mice. 4’,6- Diamidin- 2- phenylindol (DAPI; blue) was used as nuclear dye. Bar scale

indicates 10 um. (C) Top, representative images of IBA1+ microglial cells in the perilesional region (900 um distal to the infarct border, cortical layer 4). Bottom, three-

dimensional (3D) reconstruction of microglia in WT and Ragl1~- mice. (D) Morphological analysis of microglia in the peri- infarct area (ipsi) and in the contralateral

hemisphere (contra) for two representative features: sphericity and branch length (um) in WT (red) and Rag1~- (green) mice. Each dot corresponds to one microglial

cell; n=3mice per condition; ns, non significant; ****, p<0.0001. Wilcoxon rank sum test with continuity correction and Bonferroni post- hoc correction for multiple

testing. (E) WT and Rag1~- mice were fed a chow diet containing the CSF1 receptor antagonist, PLX5622 (1200 ppm in mouse chow) for 2 weeks and until 5 days

post-stroke to eliminate microglia from the brain, and another group of mice were fed with a control chow diet (vehicle). Infarct volumetry was quantified on cresyl

violet staining 5 days after distal occlusion of the middle cerebral artery (dMCAO). (F) Images show that 2 weeks of PLX5622- diet almost completely depleted

microglia from the brain (IBA1, red; 4’,6- Diamidin- 2- phenylindol [DAPI], blue), scale bar: 500 um. (G) Infarct volumes of PLX5622- treated mice as a ratio to vehicle-

treated mice 5 days after stroke; One- way ANOVA and Tukey’s multiple comparison test; n=13—15 mice per condition; bar graphs show the mean and the standard
deviation (SD); ns, non significant; ***, p<0.001; ****, p<0.0001.

found a significant increase of the infarct volume in Rag1~- mice depleted of microglia in comparison to vehicle-
treated Ragl~- mice, whereas depletion of microglia in WT mice has no significant effect (Figure 1G), showing
that depletion of microglia in WT mice does not have the same effect on stroke as in the lymphocyte deficient
mice. These data suggest that microglia- T cell interaction is required to influence the development of the infarct.
To better understand this interaction, we investigated the functional implications of cerebral lymphocyte invasion
for microglia by single-cell sequencing (10 x Genomics pipeline) of sorted CD45*CD11b* cells.

CD45+CD11b* myeloid cells were sorted by flow cytometry from naive mice or 5 days after stroke (pool of 3
mice per condition; Figure 1A and Figure 2A). To better discriminate the transcriptional signature of microglial
cells from other CD45+*CD11b* myeloid cells, we performed an unsupervised clustering analysis and identified 15
distinct clusters across conditions (Figure 2—figure supplement 1A). Based on the expression of previously
defined markers of homeostatic and reactive microglia per cell cluster (high gene expression of Fcrls, P2ry12, and
Trem2; low expression of Itgax, Ccr2, and Lyz2; Keren- Shaul et al., 2017; Miron and Priller, 2020; Prinz and
Priller, 2014), five clusters were annotated as microglial cells (Figure 2B). We then performed a subclustering
analysis on only the microglia cells (Figure 2—figure supplement 1B) and identified subpopulations showing
either a transcriptomic profile preferentially associated with homeostatic microglial function (clusters 0, 1, 4, and
6) or a profile of reactive microglia (clusters 2, 3, 5, and 7; Figure 2C, left plot and Figure 2—figure supplement
1C). The cell distribution across condition highlighted that stroke is the main driver of the microglial
transcriptomic changes, both in WT and Rag1~- mice (Figure 2C, right plot). Volcano plots of the differentially
expressed genes revealed that Apoe and Cd74 were down- regulated in naive Ragl1~- mice, indicating that the
transcriptional profile of microglia is affected by the absence of lymphocytes in homeostatic condition (Figure
2D, left plot). Interestingly, several genes, known to define the signature of the disease- associated microglia
(DAMs, Keren- Shaul et al., 2017), were up- regulated in Rag1~- mice after stroke (Apoe, Cd74, Cstb, Lgals3, and
Lyz2; Figure 2D, right plot). When we compared the stroke-associated microglial genes between WT and Ragl~-
mice, we found that 67 genes — including the majority of the DAM signature (Apoe, B2m, Cstb, Lgals3, Lyz2, and
Sppl1) — were not specific to the lymphocyte deficiency (Figure 2E), whereas 120 stroke-associated microglial
genes were only present in mice lacking lymphocytes, such as genes involved in cytokine signaling and chemotaxis
(i.e. Cd74, Ccl2, Ccl7, H2- Ab1, Infgr1, Mif, Pf4, and Tnf).

The microglial reaction to stroke causes a gradual shift from the homeostatic transcriptomic profile to a
reactive state. In order to capture differences in the microglia transcriptome along its transition phase, we
performed single-cell trajectory inference analysis ( Figure 2—figure supplement 2). Partition-based graph
abstraction (PAGA) revealed two distinct paths with high connectivity from the homeostatic (naive) microglia
cluster (root cluster) to the reactive (stroke) microglia cluster (end cluster; Figure 2—figure supplement 2A).
Interestingly, the number of microglial cells in stroke Rag1~-increased in the end cluster and was decreased along
the trajectory path 2 in comparison to stroke WT (Figure 2—figure supplement 2B), suggesting that lymphocytes
influence the transition of a microglia subpopulation from the homoeostatic to the reactive state. Differential
gene expression analysis between the root and end clusters of the trajectory path 2 in WT and Ragl~- mice
(Figure 2— figure supplement 2C) revealed that genes associated with ribosomal metabolic processes and
mitochondrial ribosomal proteins were specifically enriched, whereas genes associated with phagocytosis
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Figure 2. Lymphocytes influence microglia transcriptional signature. (A) CD45+*CD11b* cells were sorted from the ipsilateral hemisphere in naive mice or 5 days after
stroke in wild- type (WT) and Rag1~- (3 mice per condition), and RNA was isolated for single cell RNA sequencing (10x Genomics). (B) Uniform manifold
approximation and projection 2D space (UMAP) plots of 2345 CD45+CD11b* cells colored by 15 distinct transcriptional clusters (Figure 2—figure supplement 1A). (C)
Clustering of the microglia subset color-coded by homeostatic and reactive microglia (right) and by conditions (left). (D) Volcano plots of the differentially expressed
genes in microglia in naive and stroke condition. Dotted lines indicate an adjusted p- value<0.05 and FC = 1.5. (E) Number of microglial genes regulated after stroke in
comparison to naive condition in Rag1~/- and WT mice. 67 genes were common to both genotypes, 17 genes were speci%cally regulated in WT mice and 120 genes
only in Rag1~- mice. Boxes indicate key microglial genes in each condition (genes indicated in gray were down- regulated after stroke). (F) Selected gene sets of highly
correlated and anti- correlated genes Figure 2 continued on next page

Figure 2 continued

Benakis et al. eLife 2022;11:e82031. DOI: https:// doi. org/ 10. 7554/ eLife. 82031 5of 21



ELIfe Research article

Immunology and Inflammation | Neuroscience

based on trajectory inference analysis in stroke condition (Figure 2—figure supplement 2E-G). Mean gene set activation score in WT and Rag1~- cells, selected
marker genes, and top enriched gene ontology pathways associated to each gene set. Gene sets were classified by p-value (the lowest p- value at the top,
asterisks [*] indicate significant difference between genotype in stroke condition) and by similar pathways, such as: pathways related to inflammation (dark blue),
pathways related to DNA/RNA regulation (blue), and lipid pathways (light blue).

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Transcriptomic analysis of microglia isolated from wild-type (WT) and Ragl~- mice in naive and stroke conditions.

Figure supplement 2. Microglia single cell trajectory inference in wild- type (WT) and Rag1~- mice in naive and stroke conditions.

Figure supplement 3. Immune cell infiltration in wild- type (WT) and Rag1~- mice after stroke.

were down- regulated in microglia of Rag1~- mice (Figure 2—figure supplement 2D). We then clustered genes
into groups of correlating and anti-correlating genes and investigated the activation of these gene sets along the
identified trajectory path 2 in stroke condition only (Figure 2—figure supplement 2E-G). Gene sets which were
significantly different between WT and Ragl~- mice after stroke revealed that the absence of lymphocytes
significantly reduces microglial genes associated with macrophage activation state (G6: Foxp1, Syk Shi et al.,
2008; Tabata et al., 2020), whereas genes associated with cytokine/chemokine stimulus were enriched (G3: //1b,
Tnf, Csf1, and Ccl2) in Rag1~- in comparison to WT microglia (Figure 2F). These results revealed that stroke is the
primary driver of transcriptomic changes in microglia at this acute time point and that lymphocytes modulate the
activation status of a subset of stroke-associated microglial cells associated with cytokine/chemo kine
regulation in the post-ischemic brain.

Because Ragl~- mice lack mature T cells and B cells, it is possible that the observed morphological and
transcriptional changes of microglia may be due to B cells or other myeloid cell types. We performed flow
cytometry analysis of the ipsilesional hemisphere 5 days after dMCAO in WT and Ragl”- mice. First, we
demonstrate that T cells are 14 times more abundant than B cells in the ipsilesional hemisphere in WT mice
(Figure 2—figure supplement 3A). In addition, the abundance of myeloid cell subsets is not affected by the Ragl
gene deletion (Figure 2—figure supplement 3B). These data support the hypothesis that lymphocytes and most
likely T cells are the main contributor to the observed microglial phenotype at this time point after stroke. Because
previous findings showed the CD4+ T cell subpopulations exert distinct effects during the post-stroke immune
response ( Liesz et al., 2009; lliff et al., 2012), we next determined whether functionally different T cell subsets
induce or suppress genes in microglia related to cytokine production or cell migration as observed in Figure 2E,
F.

Tueeer cell subpopulations drive the distinct polarization of microglia

To test whether microglial phenotypes can be specifically skewed by the CD4+ T cell subsets of functionally
opposing Tuewrer cell subpopulations, we differentiated Twi and Tres in vitro (Figure 3—figure supplement 1A) and
tested whether these Theweer cells can reprogram the stroke-associated microglia. Differentiated T cells or vehicle
were injected into the cisterna magna (CM) of lymphocyte- deficient Rag1~- mice 24 hr after stroke. Microglia
cells CD45+CD11b+ were sorted from the ipsilesional hemisphere 24 hr after polarized Theweer cell (Twa Or Tres cells)
or vehicle administration (Figure 3A). The transcriptional profile of microglia induced by Tres cells was more
similar to vehicle treated Rag1~- mice (named control [CT]) than microglial gene expression induced by T, as
shown in the heatmap and volcano plots of the differentially expressed genes (p<0.05 and |fold change|>1.5)
with 34 and 12 microglial genes regulated in Tu: or Tres conditions compared to control injection, respectively
(Figure 3B, C). Gene ontology analysis of the differentially up-regulated genes revealed T w:- dependent pathways
associated with antigen presentation, response to cytokines, and regulation of type | INF, whereas Trec-
dependent microglial genes were associated with chemotaxis (Figure 3D). These results demonstrate the potency
of T cell subpopulations to differentially skew the microglial transcriptome toward distinct phenotypes previously
associated with different cellular functions. In particular, we found that Tu: polarized microglia toward an antigen-
immunocompetent phenotype (Cd74 and Lag3) and expression of INF response- related genes (Irf7 and Stat1).
This profile of microglial response was previously associated with a pronounced immune response during the
later stages of neurodegeneration (Mathys et al., 2017). In addition, after experimental stroke, the Tw:- mediated
effects on the
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Figure 3. Ty, and regulatory T cells (Txes) cells influence microglia gene expression after stroke. (A) Naive CD4 cells were polarized in vitro to Ty, or Tges phenotype
(Figure 3—figure supplement 1A). One million cells (Ty, or Tge cells) or vehicle (control, CT) were injected into the cisterna magna (CM) in Rag1~/- mice 24 hr after
stroke induction (n=6 mice per condition). Microglia cells CD45+CD11b+ were sorted from the ipsilesional hemisphere, and RNA was extracted. Gene expression
analysis was performed using the Neuroinflammation Panel profiling kit on the Nanostring platform. In a second
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Figure 3 continued set of experiment, 100 um coronal sections were proceeded for single- molecule fluorescence in situ hybridization (smFISH) or microglia
morphology. (B) Heatmap representation of microglia gene expression between conditions: control (CT; vehicle administration of PBS), Ty, or Tgee. (C) Up- and down-
regulated differentially expressed genes between either isolated microglia from Ty;- (top) and Tges- (bottom) treated Rag1~- mice relative to control condition
(microglia isolated from Rag1~- mice treated with vehicle, genes are color- coded accordingly to a p- value<0.05 and |fold change|>1.5). (D) Pathway analysis was
performed for the up-regulated genes in each condition using the ClueGO package from Cytoscape. ( E) Higher amount of Trem2 mRNA puncta (red) per Cx3cr1-
positive (green) in P2ry12- labeled microglia (white) in Ty,- treated mice in comparison the Tgee-treated mice. 4’,6-Diamidin- 2- phenylindol (DAPI; blue) was used as
nuclear dye. Scale bar = 10 um. Each dot corresponds to one P2ry12-microglial cell; n=3 mice per condition; graphs show the median with interquartile range . (F)
Morphological analysis of IBA1+ microglia in the ipsilateral (900 um distal to the infarct border, cortical layer 4) and contralateral hemisphere, as shown in the
representative coronal section. Sphericity score and branch length (um) of microglia treated with T,; (orange) or Tk cells (green). Each dot corresponds to one
microglial cells; ns, non significant; n=3 mice per condition. *, p<0.05; **, p<0.01; **** p<0.0001. Wilcoxon rank sum test with continuity correction and Bonferroni

post-hoc correction for multiple testing.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. T cell polarization in vitro and infarct volumetry in Rag1-/-.

microglial transcriptomic profile were associated with an increase of Trem2 expression, a key marker of DAM in
various brain disorders, in comparison to microglia primed by Tres cells (Figure 3E). In contrast, Tres cells promoted
the expression of chemokines/cytokines in microglia (Ccl2, Ccl7, and Cxcl10), which can have either pro-
regenerative or detrimental effects such as the regulation of leukocyte chemotaxis to the injured brain (Llovera
et al., 2017), mechanisms of protective preconditioning (Garcia- Bonilla et al., 2014) or promoting neuronal stem
cell recruitment and angiogenesis (Andres et al., 2011; Lee et al., 2012; Liu et al., 2007). Interestingly, this set of
chemotactic genes induced by Tres cells were also differentially expressed in microglia isolated from Rag1~- mice
in comparison to WT mice (Figure 2E, F), suggesting that the stroke associated microglia may lose their
chemotactic properties in a T cell- dependent manner and especially a Tres cell dependent (Chen and Bromberg,
2006). Because Tres cells induce beneficial functions in cerebral ischemia (Liesz et al., 2009), it could be speculated
that restoring microglial chemotactic behavior by Tres cells could contribute to recovery. These transcriptomic
differences in microglia related to the in vivo Tw or Tres cell exposure were also reflected by the difference in the
morphology of microglia between these conditions. Microglia displayed a reactive state as shown by a more
spherical and less branched morphology in Tw cell- injected compared to Tres- injected mice (Figure 3F) similarly
to microglia in Rag1~- mice (Figure 1C, D). Interestingly, these morphological changes were not only restricted to
the ipsilesional hemisphere as seen in Ragl~- not reconstituted with T cell subsets (Figure 1D) but were also
observed in the contralateral hemisphere, suggesting possible brain- wide effects of differentiated Theweer cells
injected to the CSF compartment. In accordance, we found that intra- CM injection of eGFP- labeled Tu: cells to
Ragl~- mice after stroke was primarily recruited to the ischemic brain parenchyma but was additionally localized
in border tissues including the meninges, and some CM- injected cells even circulated and could be detected in
the spleen ( Figure 4A, B and Figure 4—figure supplement 1). Importantly, no difference in infarct volumes was
observed between WT and Rag1~- mice (Figure 3— figure supplement 1B) and in Tu: or Tres- Supplemented Rag1-
/- mice (Figure 3—figure supplement 1C), suggesting the transcriptional changes observed in microglia are
primarily due to T cell subsets and not biased by differences in stroke severity. Together, these findings support
that polarized T cells are recruited to the infarction site and may modify in situ the inflammatory micromilieu.

Engineered T cells overexpressing IL-10 induce a pro-regenerative transcriptomic
profile in microglia

In order to further explore the implication of Tres- microglia interactions to modulate the post- stroke
inflammatory environment, we tested the therapeutic potential of the known anti- inflammatory properties of
Tres Via IL10 on the local microglial immune milieu. We engineered T cells by viral transfection to overexpress the
anti-inflammatory cytokine IL- 10 (eTc- IL10; Figure 4—figure supplement 1B, C). In a therapeutic approach, we
injected eTc- IL10 cells into the CM of WT mice 4 hr after stroke — a translationally relevant time window
considering a similar time window for acute therapy with thrombolytics in stroke patients (Figure 4C). We
investigated whether eTc-IL10 treatment affected stroke outcome but did not find any difference in infarct
volumes between conditions (Figure 4D). This is in accordance with the concept of early ischemic lesion
formation in stroke which is not being affected
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Figure 4. Acute post- stroke treatment with engineered T cells overexpressing IL- 10 modulates microglial activation and ameliorates functional deficit. (A and B)

Flow cytometry analysis and whole skull- brain coronal sections of 106 eGFP+Ty; cells injected into the cisterna magna (CM) of Rag1~- mice 24 hr after stroke.

Samples were collected 4 hr after CM injection for further analysis. (A) Flow cytometry plots showing CD4+eGFP+ cells isolated from the brain (ipsilateral and

contralateral hemispheres), meninges, and spleen (the detailed gating strategy is shown in Figure 4—figure supplement 1A).
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Figure 4 continued on next page
Figure 4 continued

The graph represents the percentage of eGFP+Ty, cells relative to the total number of cells injected in the CM (106 eGFP+Ty; cells). (B) Coronal section showing
eGFP+Ty, cells in the meninges. Insert 1 indicates a representative photomicrograph of eGFP+T,; cells counterstained with an eGFP- booster (magenta), and cell nuclei
are stained with 4’,6- Diamidin-2- phenylindol (DAPI; blue). The magnified images of white boxed area show eGFP+Ty; cells injected into the CM are located in the
meninges. (C) Timeline of the experimental design. (D) Infarct volumes at 5 days after stroke in wild-type (WT) C57BL/6 J mice treated by CM administration of either
T cells secreting IL- 10 (eTc- IL10, 108 naive CD4+) cells transfected with a plasmid overexpressing IL- 10, Figure 4—figure supplement 1B, C, d or vehicle (aCSF) 4 hr
after stroke induction. (E) Percentage of assymetry in independent forepaw use (‘0%’ indicates symmetry) in mice treated with vehicle or eTc- IL10; *, p<0.05, ANOVA
with Sidak’s multiple comparisons test; n=12—13 mice per condition. (F) Heatmap representation of ipsilateral brain gene expression between vehicle and eTc- IL10
treated mice 5 days after stroke; n=5 mice per condition; one sample per condition was excluded due to unsatisfactory quality control check. (G) Selected gene
ontology annotations for the 50 genes that were up- (top) and down- regulated (bottom) in the whole ipsilateral brain tissue of eTc- IL10 treated mice in comparison
to vehicle treated mice. (H) Single- molecule fluorescence in situ hybridization (smFISH) analysis of brains from eTc- IL10 treated mice showed a reduction of Trem2
mMRNA puncta per Cx3crl-positive microglia in the peri- infarct region in comparison to vehicle treated mice; **, p<0.01, Mann- Whitney U test; each dot corresponds
to one microglial cell; n=3 mice per condition; graphs show the median with interquartile range.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Localization of polarized T cell and IL-10 plasmid construct.

by the delayed immunological mechanisms (Dirnagl et al., 1999). In contrast, mice receiving eTc- IL10 injection
in the CM had a significant improvement of functional outcome at 48 hr after stroke as shown by a reduced
forelimb asymmetry in comparison to vehicle-treated mice ( Figure 4E). This might reflect the implication of
inflammatory pathways and specifically cytokine secretion on functional deficits and delayed recovery after
stroke in contrast to the early primary lesion development (Filiano et al., 2017; Roth et al., 2020). We then
evaluated whether gene expression was altered after stroke upon eTc-IL10 treatment. RNA was isolated from the
whole ischemic hemisphere, and neuroinflammatory genes were quantified using the Nanostring platform.
Interestingly, we found that several genes associated with a DAM profile were down-regulated in mice treated
with eTc-1L10 such as Cd68, Apoe, Trem2, Tyrobp, and Cst7 (Figure 4F and Figure 4—figure supplement 1D). Gene
ontology analysis revealed that T cell-derived IL-10 overexpression increased pathways associated with
chemokine responses —similarly to Rag1~- mice reconstituted with Tres cells —and the down- regulation of several
microglial effector functions such as spine pruning, phagocytosis, and complement activation (Figure 4G).
Although the observed regulated genes are well known to be associated with microglial function, it is conceivable
that in this analysis, other cell types than microglia, including various brain- invading myeloid cell subsets, could
account for this effect since the whole ischemic brain tissue was processed for Nanostring analysis. This anti-
inflammatory effect of eTc-IL10 treatment on microglia was confirmed by a reduction of Trem2 mRNA in
Cx3crl+microglia from eTc-IL10 compared to vehicle- treated mice (Figure 4H). Since we observed a down
regulation of genes associated with synapse pruning (Clga, Cigb, and Clqc), microglia activation, and
phagocytosis (Apoe, Ctss, Trem2, and Cd68) in mice treated with eTc-IL10, we postulate that acute intra- CM
administration of eTc- IL10 induces a switch of the microglia gene signature possibly involved in promoting post-
stroke recovery mechanisms.

Discussion

The cellular constituents of the acute neuroinflammatory response to stroke have been well characterized,
including microglial activation, leukocyte invasion, and the contribution of different lymphocyte subpopulation
(Anrather and ladecola, 2016). However, the reciprocal interactions of these different immune cell populations
remain largely under- investigated in the context of brain injury. A better understanding of the T cell- polarizing
effect on microglial function has strong translational implication since T cells may act as a ‘Trojan horse’ with
large impact on the cerebral inflammatory milieu potentiated by microglia (Cramer et al., 2018).

Here, we established a mechanistic link between T cells and microglial morphology and transcriptomic
signature in the context of stroke. We showed the distinct role of T cell subpopulations on switching microglial
polarization state in response to stroke. Our results from transcriptomic analysis suggest that the microglia-
polarizing effect of different Tueweer cell subpopulations is mainly mediated via their specific cytokine/chemokine
secretion pattern. Microglia that were challenged with Tu: cells expressed an up-regulation of genes associated
with type | INF signaling — the key cytokine secreted by the Tu: subpopulation. In contrast, Tres cells modulated a
gene set in microglia associated with chemotaxis- mediated mechanisms (Ccl2, Ccl7, and Cxcl10). Although it
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remains to be defined whether microglia primed by Tres cells contribute to the recruitment of other immune cells,
especially of Tres cells inducing neuroprotective mechanisms. We also observed that Tkes cells mediate a down-
regulation of markers associated with reactive microglia such as the expression of Trem2, which have previously
been described to be regulated by the Tres-cytokine IL- 10 (Shemer et al., 2020). These previous and our own
results here clearly show the direct role of IL- 10 in modulating microglial function. Likewise, using adult human
microglial cells co- culture with T lymphocytes, others demonstrated an enrichment of IL- 10 secretion upon direct
cell- cell contact (Chabot et al., 1999). In addition, we previously reported using whole genome sequencing that
intracerebroventricular injection of IL-10 is sufficient to modulate the neuroinflammatory response after
experimental stroke (Liesz et al., 2014). However, we cannot exclude in this study the contribution of IL- 10 from
other lymphocyte subpopulations, particularly IL- 10-producing regulatory B cells (Bodhankar et al., 2013;
Ortega et al., 2020; Seifert et al., 2018), as we did not specifically deplete IL- 10 in T cells.

An important caveat and potential key reason for the so far still pending success in harnessing the therapeutic
function of IL-10 are its short half-life (less than 1 hr) and limited bioactivity after in vivo administration as a
recombinant protein (Le et al., 1997; Saxena et al., 2015). Moreover, the systemic IL-10 application can have
considerable and unforeseen side- effects due to the potentially divergent function of IL- 10 on inflamed and
homeostatic tissue, including direct effects on neurons, astrocytes, endothelial cells, and other cellular
constituents of physiological brain function (Saraiva et al., 2019). Therefore, we aimed to take a different
approach for the localized and sustained production of IL-10 at the inflamed peri-lesional brain parenchyma. For
this, we took advantage of the potent capability of T cells to be specifically recruited and accumulated to the
ischemic lesion site in order to deliver IL- 10 from genetically engineered IL-10- overexpressing T cells ( Heindl et
al., 2021; Llovera et al., 2017). We demonstrated that IL-10 overexpression by this approach substantially
modulated microglia gene expression by down- regulation of microglial gene signature associated with
phagocytosis of synapses correlating with functional recovery after stroke. Interestingly, eTc-IL10 cells did not
exclusively invade the injured brain but were also located in the meningeal compartment and could additionally
contribute to functional recovery by resolving inflammation at these border structures or providing IL-10 to the
brain parenchyma along CSF flow. This concept is in accordance with previous observations of meningeal immune
cell accumulation after stroke (Benakis et al., 2018) and that meningeal T cell- derived cytokines may enter the
brain via CSF flow and paravascular spaces (/liff et al., 2012).

An important finding in this study was the observation that IL-10 overexpression in T cells modulated
microglial genes involved in the complement pathway, phagocytosis, and synaptic pruning and was associated
with a better functional outcome after stroke. Complement factors are localized to developing CNS synapses
during periods of active synapse elimination and are required for normal brain wiring (Schafer et al., 2012).
Inactive synapses tagged with complement proteins such as C1g may be eliminated by microglial cells. Likewise
in the mature brain, early synapse loss is a hallmark of several neurodegenerative diseases (Stephan et al., 2012).
Indeed, complement proteins are profoundly up-regulated in many CNS diseases prior to signs of neuron loss,
suggesting mechanisms of complement-mediated synapse elimination regulated by microglia potentially driving
disease progression (Stephan et al., 2012) and stroke recovery. It is therefore conceivable that T cells
overexpressing IL-10 down-regulate the complement system in microglia and prevent excessive elimination of
synapse and consequently protect against neuronal dysfunction. This is particularly of interest because microglia
effector function has not only been associated with inflammatory neurodegenerative processes but recently also
been shown to be neuroprotective (Szalay et al., 2016) by tightly monitoring neuronal status through somatic
junctions (Cserép et al., 2020). Microglia interact with the extra- neuronal space by not only regulating the
elimination of existing synapses but also by modifying the extracellular matrix to enable efficient synaptic
remodeling (Zaki and Cai, 2020). Accordingly, we found T cell- dependent regulation of several microglial genes
that can mediate such extracellular matrix modifications involved in phagocytosis and proteases (Clstn1 and
Mmp12, cathepsins and MMPs, respectively).

Whereas at this acute time point, the transcriptomic changes in microglia are mainly attributed to their
reactivity to the tissue injury itself, we have been able to demonstrate that brain- invading T cells can specifically
‘fine- tune’ the transition of the stroke- associated microglia to a distinct cell morphology and transcriptomic
profile. Our data suggested that the anti-inflammatory T ses cells induce a shift of microglial genes associated with
a homeostatic state and immune cell recruitment. However, the specific functional change of microglia induced
by T cell subsets and biological significance for stroke remain to be further investigated. We postulate that the
development of engineered T cells could have important translational implication by targeting a specific effector
function of microglia with a relevant impact on the chronic progression of stroke pathobiology.
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Materials and methods

Animal experiments

All animal procedures were performed in accordance with the guidelines for the use of experimental animals and
were approved by the respective governmental committees (Licenses: 02- 21- 46 and 02- 21- 95;
Regierungspraesidium Oberbayern, the Rhineland Palatinate Landesuntersuchungsamt Koblenz). Male WT
C57BL6/J mice were purchased from Charles River, Rag17- mice (NOD.129S7[B6]Rag-1 tm1Mom/J) and eGFP-
reporter mice (C57BL/6- Tg[CAG- EGFP]1310sb/LeySopJ) were bred and housed at the animal core facility of the
Center for Stroke and Dementia Research (Munich, Germany). All mice were housed with free access to food and
water at a 12 hr dark- light cycle. Data were excluded from all mice that died during surgery. Animals were
randomly assigned to treatment groups, and all analyses were performed by investigators blinded to group
allocation. All animal experiments were performed and reported in accordance with the ARRIVE guidelines
(Kilkenny et al., 2011).

Permanent distal middle cerebral artery occlusion model

Permanent coagulation of the middle cerebral artery (MCA) was performed as previously described (Llovera et
al., 2014). Briefly, animals (male; age = 812 weeks) were anesthetized with volatile anesthesia (isoflurane in
30%0./70%N.0) and placed in lateral position. After a skin incision between eye and ear, the temporal muscle
was removed, and the MCA was identified. Then, a burr hole was drilled over the MCA, and the dura mater was
removed. The MCA was permanently occluded using bipolar electrocoagulation forceps. Permanent occlusion of
the MCA was visually verified before suturing the wound. During the surgery, body temperature was maintained
using a feedback-controlled heating pad. Mice that developed a subarachnoid hemorrhage during surgery were
excluded from the analysis.

Cylinder test

To evaluate forepaw use and asymmetry, the cylinder test was performed 2 days prior to stroke (baseline) and
day 2 and day 4 post stroke. Mice were placed in a transparent acrylic glass cylinder (diameter 8 cm; height: 25
c¢m) in front of two mirrors and videotaped. To assess independent forelimb use, contact with one forelimb (left
and right forelimbs) during full rearing and landing performance of mice was scored by frame-to- frame analysis
of recorded videos. Mice with forepaw preference at baseline (absolute value difference between right and left
forepaws >10) were excluded from the analysis. All rearing movements during the trial were counted and used
as indication of the animal’s overall activity.

Intra-CM injection

Mice were anesthetized with isoflurane in 30%0./70%N.0 and fixed in a stereotaxic frame by the zygomatic arch,
with the head slightly tilted to form an angle of 120° in relation to the body. A small incision was made at the
nape of the neck between the ears to expose the neck muscles, which were bluntly dissected to expose the CM.
Cannulas composed of a glass capillary (ID, inner diameter

0.67 mm; OD, outside diameter, 1.20 mm) attached to a polyethylene tubing (ID 0.86 mm and OD 1.52 mm; Fisher
Scientific UK Ltd.) were used to perform the CM injections. Glass capillaries were sharpened using a flaming
micropipette puller (P- 1000, Sutter Instrument GmbH), filled with 10 pL of the cell suspension diluted in artificial
CSF (aCSF: 126 mM NaCl, 2.5 mM KCl, 1.25 mM NaH.PO., 2 mM Mg,S0., 2 mM CaCl;, 10 mM glucose, and 26 mM
NaHCOs; pH 7.4 when gassed with 95% O, and 5% CO.), and fixed to the micromanipulator arm of the stereotaxic.
Cell suspension was injected into the CM at a rate of 2 uL/min. At the end of the injection, mice are sutured and
allowed to recover in a preheated awake cage for 1 hr, after which they are returned to the animal husbandry.

In vivo depletion of microglia

For microglia depletion, WT and Ragl~- mice were fed a chow diet containing the CSF1 receptor antagonist,
PLX5622 (1200 ppm PLX5622 in mouse chow, Brogaarden Research Diets) for 2 weeks to induce microglia
apoptosis. Mice of the control group were fed control chow diet without the antagonist.
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Infarct volume quantification

Mice were deeply anesthetized 5 days after stroke induction and transcardially perfused with 20 mL saline. Brains
were removed, frozen immediately on powdered dry ice, and stored at —20°C until use. For infarct volumetry,
brains were serially sectioned (400 #m intervals, 20 #m thick) and stained for cresyl violet (CV) as previously
described (Llovera et al., 2014). CV-stained sections were scanned at 600 dpi on a fatbed scanner (Canon). Direct
infarct measurement was used after validating the absence of edema at the investigated time point. The total
infarct volume was measured with ImageJ and determined by integrating measured areas and distances between
sections.

Immunohistochemistry and confocal microscopy

Microglia morphology analysis was performed on brain coronal sections as previously described (Heind! et al.,
2018). Briefly, mice were perfused with 4% paraformaldehyde (PFA), and brains were post- fixed overnight and
placed in sucrose for dehydration. Then, free floating 100 um coronal sections were stained for microglia with
1:200 anti- lbal (rabbit, Wako, #019-19741). Nuclei were stained using 4’,6- Diamidin- 2- phenylindol (DAPI,
Invitrogen, #D1306), and images were acquired at a distance of 900 #m from the border of the lesion in layer 4
(ipsilateral) and the homotypic contralateral region using a Zeiss confocal microscope with 40x magnification
(objective: EC Plan-Neofluar 40 x/1.30 Qil DIC M27) with an image size of 1024x1024 pixel, a pixel scaling of
0.2x0.2 #m, and a depth of 8 bit. Confocal images were collected in Z-stacks with a slice- distance of 0.4 #m.
Morphological features of microglia were acquired using a fully automated analysis as previously described
(Heindl et al., 2018).

Fluorescent in situ hybridization

Single-molecule fluorescence in situ hybridization (smFISH) was performed using the RNAscope Multiplex
Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics) by the manufacturer’s protocols. Briefly, free floating 100
pum coronal brain sections (Figure 3e) or 20 um cryo-sections (Figure 4g) were first dried, washed, and then
incubated in RNAscope hydrogen peroxide. Antigen retrieval and protease treatment were performed as per
protocol. Sections were then incubated with the probe mix (C2-Trem2 and C1-Cx3cr1) for 2 hr at 40°C and then
immediately washed with wash buffer. Next, sections were incubated with RNAscope Multiplex FL v2 AMP1,
AMP2, and AMP3 and then probes were counterstained with TSA Plus Cy3 for C1-Cx3cr1 and TSA Plus Cy5 for C2-
Trem2. For microglia identification (Figure 3e), slides were incubated in blocking at room temperature for 1 hr
before overnight incubation at 4°C with the primary rabbit anti-P2Y12 receptor antibody (1:200, AnaSpec #AS-
55043A) and labeling for 1 hr with the secondary antibody AF488 goat anti-rabbit, (1:200, Invit rogen #A11034).
Finally, sections were stained with DAPI (Invitrogen) and mounted with fluoromount medium (Sigma). smFISH-
stained RNA molecules were counted only within the DAPI staining of the cell; a cell was considered Cx3cri-
positive when more than four Cx3crl1 puncta were present.

Whole skull immunofluorescence

Rag- 1/~ mice were anesthetized with isoflurane and perfused transcardially with ice-cold PBS followed by 4%
PFA. After removing the mandibles, skin and muscles were carefully detached from the skull
(http://www.nature.com/protocolexchange/protocols/3389). The skull decalcification was performed as
previously described (Benakis et al., 2016). Coronal skull sections (20 #m) were stained with GFP- booster
Atto647N (1:500, ChromoTek GmbH) to visualize eGFP-labeled T cells. Sections were counterstained with DAPI
(Invitrogen) to visualize cell nuclei and observed by confocal laser microscopy (Leica SP5).

In vitro T cell polarization

Single- cell suspensions were generated from spleen, inguinal, axial, brachial, and mandibular lymph nodes of
C57BL/6 or b-actin- EGFP mice by passing the tissue through a 70 cm cell strainer. Naive CD4+ T cells were
obtained by pre- enrichment using an ‘untouched’ CD4+ T Cell Isolation Kit (Miltenyi Biotec) with subsequent
flow cytometric analysis (CD4+ [clone RM4-5, 0.5 ng/uL], CD44low [clone IM7, 2 ng/uL], and CD62Lhigh [MEL-
14, 0.8 ng/uL]). Cells were seeded at a density of 300,000 or 400,000 cells/well in a flat-bottom 96- well plate
and stimulated with plate- bound anti- CD3 and anti- CD28 Abs 0.5 pg/mL or 2 pg/mL anti- CD3 (clone 145-2
C11) for Tres and Ty, respectively and 2 pg/mL anti-CD28 (clone 37.51). Different mixtures of cytokines and mAbs
were added to RPMI (supplemented with 10% fetal calf serum (FCS), 50 uM B-mercaptoethanol, 50 U/mL
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penicillin, 50 pg/ mL streptomycin, 1% GlutaMAX, and 1% N-2- hydroxyethylpiperazine- N-2- ethane sulfonic
acid [Gibco HEPES]) and used as follow: Tu: conditions with anti-IL- 4 (10 ug/mL, BioXCell, #BE0045) and IL-12
(10 ng/mL, BioLegend, #577002); Tres conditions: anti—IL-4 (10 pg/mL, BioXCell, #BE0045), anti-IFN-y (10 ug/mlL,
BioXCell, #BE0055), and TGFp (3 ng/mL, BioLegend, #580702). After 2 days in culture, cells were split into two
new 96-well plates and incubated with freshly prepared supplemented RPMI media with IL- 2 (10 ng/mL,
BioLegend, #575402). Cells were cultured for a total of 5 days before injection. Quality control was performed on
day 4 to assess the percentage of T cell expressing Thet (clone 4B10, 2 ng/uL; Tui) or FoxP3 (clone FJK- 16s, 2
ng/uL; Tres; Figure 3—figure supplement 1A). One million differentiated T cells were resuspended in sterile aCSF
and injected into the CM in Rag1~- recipient mice 24 hr after dMCAO induction.

IL-10 overexpression in naive T cells

Engineered T cells overexpressing IL- 10 (eTc- IL10) were generated by transfection of naive T cells with an IL- 10
plasmid (pRP[Exp]-TagBFP2-CMV>mII10[NM_010548.2]) designed and prepared by Vector Builder (Figure 4—
figure supplement 1B). First, splenocytes were isolated from C57BL/6 mice (male, 6-12 weeks old) and enriched
using a CD4+ T Cell Isolation Kit (Miltenyi Biotec, No:130-104- 453). Quality control was performed by flow
cytometry (CD4+ [clone RM4- 5, 1:25], CD44low [clone IM7, 1:25], and CD62Lhigh [clone MEL- 14, 1:25]). Cells
were resuspended in RPMI (supplemented with 10% fetal bovine serum (FBS), 50 uM B-mercaptoethanol, 50
U/mL penicillin, 50 ug/mL streptomycin, 1% GlutaMAX, and 1% HEPES and 10 ng/mL IL-2) . To induce CD4+ cells
to enter the cell cycle for efficient DNA uptake, 4#10° cells/well were seeded in a flat- bottom 96-well plate
containing bound anti-CD3 (2ug/mL, clone 145-2 C11) and anti-CD28 (2 ug/mL, clone 37.51) for 48 hr. After 48
hr stimulation, 1.5#10¢ cells multiplied by the number of mice to be injected were transfected with the pIL-10
vector (1#10¢ cells/1.5 ug pIL- 10 DNA per cuvette) using the Mouse T Cell Nucleofector Kit (Lonza, No: VPA- 1006)
with Nucleofector Il Device (program X- 100). Once electroporated, cells were diluted with conditioned RPMI
from the 48 hr stimulation and fresh supplemented RPMI (1:1) and seeded in a 12- well plate (1 cuvette of cells/
well). 24 hr post transfection, cells and supernatant were collected. Supernatant was used to confirm IL-10
secretion by ELISA (Figure 4—figure supplement 1C), and cells were collected for intra- CM injection
(1#10¢/mouse).

ELISA

Secreted IL- 10 was determined by ELISA as per the manufacturer’s protocol (Mouse IL- 10, Invitrogen, No: 88-
7105- 88). The color reaction was measured as OD450 units on a Bio-Rad iMark microplate reader. The
concentration of supernatant IL-10 was determined using the manufacturer’s standard curve over the range of
32-4000 pg/mL.

Flow cytometry

For differentiation of live and dead cells, we stained cells with the Zombie Violet Fixable Viability Kit according to
the manufacturer’s instructions (BioLegend). For surface marker analysis, cell suspensions were adjusted to a
density of 0.5#10¢ cells in 50 pL FACS buffer (2% FBS, 0.05% NaNs in PBS). Nonspecific binding was blocked by
incubation for 10 min at 4°C with anti- CD16/CD32 antibody (Biolegend, clone 93, 5 ng/ uL) antibody and stained
with the appropriate antibodies for 15 min at 4°C. The following antibodies were used for extracellular staining:
CD45 (clone 30 F- 11, 0.5 ng/uL), CD4 (clone RM4- 5, 0.5 ng/uL), CD11b (clone M1/70, 0.6 ng/uL), CD19 (eBiolD3,
0.6 ng/uL), B220 (clone RA3- 6B2, 0.32 ng/uL), CD3¢ (clone 145-2 C11, 2 ng/uL), CD8a (clone 53-6.7, 2 ng/uL),
and CD62L (clone MEL- 14, 0.8 ng/uL) from Thermofisher. For intracellular cytokine staining, cells were
restimulated for 4 hr with PMA (50 ng/mL, Sigma), ionomycin (1 uM, Sigma), and brefeldin A (1 pL for ~10¢
cells/mL). Cells were then stained for surface markers as detailed below, fixed, and permeabilized using Fixation
and Permeabilization Buffers from eBiosciences following the manufacturer’s instructions. Briefly, cells were fixed
for 30 min at 4°C (or RT for FoxP3), washed with permeabilization buffer, and incubated for 30 min with the
appropriate antibodies in permeabilization buffer at 4°C (or RT for FoxP3). The cells were stained with the
transcription factors FoxP3 (clone FIK-16 s, 2 ng/uL) and T- bet (clone 4B10, 2 ng/pL) or IFN-y (clone 4 S.B3, 2
ng/uL). Cells were washed with FACS buffer, resuspended in 200 uL of FACS buffer and acquired using a BD
FACSverse flow cytometer (BD Biosciences, Germany), and analyzed using Flowlo software (Treestar, USA).
Isotype controls were used to establish compensation and gating parameters.
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Nanostring analysis

The ipsilateral hemispheres were lysed in Qiazol Lysis Reagent, and total RNA was extracted using the MaXtract
High Density kit with further purification using the RNeasy Mini Kit (all Qiagen). 70 ng of total RNA per sample
was then hybridized with reporter and capture probes for nCounter Gene Expression code sets (Mouse
Neuroinflammation codeset) according to the manufacturer’s instructions (NanoString Technologies). Samples
(6/condition) were injected into NanoString cartridge, and measurement run was performed according to
nCounter SPRINT protocol. Background (negative control) was quantified by code set intrinsic molecular color-
coded barcodes lacking the RNA linkage. As a positive control code set, intrinsic control RNAs were used at
increasing concentrations. Genes below the maximal values of the negative controls were excluded from the
analysis. All gene counts were normalized (by median) and scaled (mean- centered and divided by SD of each
variable). Heatmaps were performed using the MetaboAnalystR package on normalized expression values. The
regulated genes in microglia treated with Tu: or Tres in comparison to vehicle treated microglia (CT) are
represented in the volcano plots; genes with a p<0.05 were color-coded. The significantly up- reg ulated genes in
microglia (FC>1.5 and p<0.05) were further used for pathway analysis using Cytoscape ClueGO (Bindea et al.,
2009): Tw/CT, 19 up-regulated genes ( Axl, Cd74, Cryba4, Cxcl9, Ezh1, Fgl2, Gbp2, Kirk1, Irf7, Kirk1, Lag3,
Map1llc3a, Nkg7, Pld2, Setd7, Siglec1, Stat1, Tnfsf10, Ttr, and Zbp1) and Tres/CT, 8 up- regulated genes (Ccl2, Ccl7,
Cd69, Clcf1, Cxcl10, Irf7, Nkg7, and Siglec1).

Microglia cell isolation for RNA sequencing

Mice were perfused transcardially with ice- cold saline containing Heparin (2 U/mL). Brains were placed in HBSS
(w/ divalent cations Ca?* and Mg?*) supplemented with actinomycin D (1:1000, 1 mg/mL, Sigma, #A1410), and
microglia was isolated with the Papain- based Neural Tissue Dissociation Kit (P) (# 130-092- 628, Miltenyi Biotec
B.V. & Co. KG) according to the manufacturer’s instructions. Cell suspension was enriched using 30% isotonic
Percoll gradient. 1#103-1.5#103 live microglia cells from 3 mice per condition were sorted according to their
surface marker CD45+CD11b+7-AAD negative (SH800S Cell Sorter, Sony Biotechnology) and proceed for 10#
Genomics according to the manufacturer’s instructions (ChromiumTM Single Cell 3’ Reagent kits v2).

Single-cell data analysis

The CellRanger software (v2.0.0, 10# Genomics) was used for demultiplexing of binary base call files, read
alignment, and filtering and counting of barcodes and unique molecular identifiers (UMls). Reads were mapped
to the mouse genome assembly reference from Ensembl (mm10/GRCm38). Downstream data analyses were
performed using the Scanpy API (scanpy v = 1.4 with python3 v > 3.5; Wolf et al., 2018). Details on analyses,
selected thresholds, and package versions are provided in available source scripts (See Code and Data
availability). Outlier and low-quality cells were filtered if the fraction of mitochondria- encoded counts was
greater than 10%, or the total number of counts was greater than 48,000. Thresholds were selected upon visual
inspection of distributions as recommended (Luecken and Theis, 2019). Genes expressed in less than 10 cells
were excluded. Furthermore, doublet cells as identified by the Scrublet algorithm (v0.2.1; Wolock et al., 2019)
were excluded. Doublet scores and thresholds were determined for each sample separately. Raw counts of a cell
were normalized by total counts neglecting highly expressed genes which constitute more than 5% of total counts
in that cell. Then, counts were log-transformed (log[count+1]). These processed and normalized count matrices
were used as input for all further analyses.

For the full data set and the microglia subset, first a single- cell nearest- neighbor graph was computed on the
first 50 independent principal components. Principle components were calculated using the 3000 most variable
genes of the full data set as input. The UMAP algorithm (Becht et al., 2019) as used to obtain a two- dimensional
embedding for visualization. Iterative clustering was performed with the Louvain algorithm (Blondel et al., 2008)
as implemented in louvain-igraph (v0.6.1, Traag et al., https://github.com/vtraag/louvain-igraph) with a varying
resolution parameter. Clusters were annotated using previously described marker genes and merged if expressing
the same set of marker genes. For Figure 2d and e, data were converted into a Seurat object and further analyzed
in R to identify differentially expressed genes between WT and Ragl~- samples in stroke and naive conditions
(Seurat package, version 4.2.0 Hao et al., 2021). Gene dataset associated with microglia subsets was submitted
to log- normalization, identification of high- variable genes using the mean- variance plot (MVP) method, scaling,
and regression against the number of UMIs and mitochondrial RNA content per cell. Data was further subjected
to unsupervised clustering and embedded using UMAP. Differentially expressed genes between WT and Rag1~-
samples in stroke and naive conditions were calculated using the FindMarkers function. Volcano plots were
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created using EnhancedVolcano in R (Blighe et al., 2022). To obtain the Venn diagram, the significantly regulated
genes (adjusted p- value<0.05) with a fold change of 1.5 (Log2FC = 0.6) — excluding Gm genes, mitochondrial and
ribosomal genes (Mrpl, Mrps, Rpl, and Rps) — were included in the analysis. The differentially expressed genes
that were regulated after stroke in comparison to naive condition WT or Rag1~-included 84 genes and 187 genes,
respectively.

Trajectories from homeostatic to reactive microglia were inferred with PAGA (Wolf et al., 2018) and diffusion
pseudotime (DPT; Haghverdi et al., 2016) algorithms. First, clusters were grouped into two paths connecting the
root and end cell cluster based on the computed cluster connectivities (PAGA), then cells were ordered along
these paths based on the random- walk- based cell- to- cell distance (DPT). To capture processes specific to the
path 2 trajectory in stroke-associated microglia, data was first subset to cells of path 2 and end cells clusters of
stroke samples and gene expressed in less than 20 cells of the subset excluded. Then, gene sets were computed
by clustering the 500 most varying genes using their pairwise- Pearson correlation values as input and Ward’s
hierarchical clustering method with Euclidean distance (scipy python package v.1.5.4; Virtanen et al., 2020). One
gene set with average correlation <0.05 was excluded. Finally, to obtain an activation score per cell for a given
gene set, cell scores were computed as described by Satija et al., 2015 and implemented in Scanpy in the
tl.score_genes functionality. Differential activation of gene sets between WT and Rag1~- samples was determined
by a Wilcoxon rank sum test. To identify genes differentially regulated along the inferred cellular trajectory, a
differential gene expression test (Welch t- test with overestimated variance) between the root and end cell cluster
was performed for WT and Ragl”- samples separately. Non- overlapping, significantly changing genes (p-
value<0.05 corrected for multiple testing with the Benjamin-Hochberg method) were considered as regulated
specifically in WT and Rag1~- samples, respectively. Pathway enrichment of gene sets and differentially regulated
genes was performed with the gseapy package (https://github.com/zgfang/GSEApy/) functionality of EnrichR
(Xie et al., 2021).

Code availability

Jupyter notebooks with custom python scripts for scRNA- seq analysis is available in a github repository
(https://github.com/Lieszlab/Benakis-et-al.-2022-eLife.git), copy archived at
swh:1:rev:04f5dead312f071a4c760607d68f94047444bbaa (Benakis et al., 2022).

Statistical analysis

Data are expressed as mean + SD or median with interquartile range and were analyzed by unpaired Student’s t-
test (two- tailed) or one- or two-way ANOVA and post- hoc tests as indicated in the figure legends. Exclusion
criteria are described in the individual method sections. The data for microglia morphology are shown as median
+ interquartile range, and statistical significance was tested using the Wilcoxon rank sum test with continuity
correction and Bonferroni post- hoc correction for multiple testing in R (version 4.0.3).
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Suppl. Fig. 1: Transcritpomic analysis of microglia isolated from WT and Rag1-/- in naive and stroke
conditions. (A) Clustering analysis based on known CD45+CD11b+ myeloid cell gene expression. (B) Sub-
clustering gene expression of microglia. (C) Correlation matrix of microglia genes in stroke condition. Genes
are ordered by hierarchical clustering to reveal 11 gene modules (G1 to G11) of highly correlated and/or anti-
correlated genes. Asterics (*) indicate significant difference between genotype in stroke condition. (B)
Microglia single cell trajectory inference analysis (pseudotime) identifies the evolution of microglia activation
from naive to stroke condition (root-to-end path). There is a higher proportion of regulated genes in ‘Rag1”-
microglia’ than in ‘wild-type-microglia’ in stroke mice (end path), corresponding to mitochondrial function.
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Suppl. Fig. 2: Smart-seq of microglia isolated from WT and Rag1-/- in naive and stroke conditions. (A)
Differentially expressed genes between condition, independently of the genotype. (B) Cluster analysis of
microglia cells. (C) Pathway analysis of the gene clusters identified in B.
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3.2 Enhancing Microglial Cholesterol Export Promotes Oligodendrocyte
Regeneration

and Functional Recovery After Stroke

3.2.1 Summary

Stroke induces long-lasting neuroinflammation, with microglia, the brain’s primary
immune cells, playing a crucial role in secondary neurodegeneration and repair.
However, chronic changes in microglial function post-stroke remain poorly
understood. Therefore, we aimed to characterize chronic changes in microglia to
determine a potential therapeutic target of chronic neuroinflammation and assess
its impact on stroke recovery. Using an experimental stroke mouse model, we
identified by PET imaging, persistent microglial activation up to six months after
stroke, while altered microglial morphology lasted at least three months.
Phagocytic function and stroke recovery were also impaired at least one month
after stroke. Interestingly, single-cell RNA sequencing revealed a unique chronic
subpopulation of microglia associated with lipid metabolism and intracellular lipid
accumulation. In our model and human autopsy samples, we confirmed microglia
chronically accumulate lipid droplets and unexpectedly, also cholesterol crystals.
Notably, cholesterol crystals are known triggers of inflammasome activation and
IL-1B8 production, and our findings confirm that this mechanism persists
chronically after stroke. To target this lipid dysregulation, we administered
GW3965, a liver X receptor agonist targeting cholesterol efflux, resulting in a
significant reduction in lipid and crystal buildup, a restoration of phagocytic
function and mitigation of inflammasome activation. It also gave rise to a novel
microglia population, which we have term repair-associated microglia (RAM).
These changes were accompanied by improved behavioral deficits and neuronal
functional connectivity in mice. Furthermore, oligodendrocytes showed a robust
expression of Apoe receptors, suggesting a high capacity for lipid uptake. In
addition, we observed an expansion and progression along the oligodendrocyte
lineage. Overall, indicating that oligodendrocytes serve as key acceptors of

microglial-derived cholesterol.

Collectively, these findings corroborate that lipid accumulation is an essential
driver of chronic microglial dysfunction and neuroinflammation post-stroke,
ultimately impairing functional recovery. Furthermore, this study highlights
cholesterol efflux as a promising therapeutic target for enhancing post-stroke

recovery, particularly by supporting the microglia-oligodendrocyte axis.
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Summary
Recovery after brain injury is often incomplete, and no specific pharmacological strategies exist to

enhance repair in the chronic phase. This limitation reflects an incomplete understanding of the
multicellular interactions that coordinate brain regeneration, particularly the role of glial cell states and
their communication. Here, we identify a distinct population of microglia that emerges during the
chronic phase after stroke, defined by a unique transcriptional and metabolic profile. These microglia
accumulate cholesterol crystals—a previously unrecognized phenotype associated with impaired
microglial function and disrupted glial metabolic crosstalk. Using spatial transcriptomics, lipid tracing,
and in vivo imaging, we show that enhancing cholesterol efflux from microglia reduces crystal burden
and neuroinflammation and promotes lipid transfer to oligodendrocytes. This, in turn, supports
remyelination that reestablishes long-range neuronal connectivity. Our findings define a metabolically
regulated axis of glial communication and suggest a new class of therapeutic strategies with direct

clinical potential to promote functional brain repair.

Introduction

Brain function relies on highly organized, compartmentalized networks of neurons and glia that operate
in tight spatial and metabolic coordination'”. Beyond their structural roles, glial cells—including
astrocytes, oligodendrocytes, and microglia—form dynamic communication networks that maintain
synaptic activity, regulate metabolic support, and shape circuit plasticity*’. Disruption of these
networks by acute injuries such as ischemic stroke or traumatic brain injury leads to breakdown in brain
tissue homeostasis™*’. While spontaneous recovery of function after brain injury can occur, it is
typically limited and incomplete, often resulting in long-term motor, cognitive, or sensory deficits. This
is particularly evident in the chronic phase—weeks to months after injury—when endogenous repair
processes plateau and functional gains become marginal'®''. Currently, no pharmacological therapies
exist that specifically promote structural and functional brain repair in the chronic phase following

injury'2.

Injured brain regions induce remarkable neuronal plasticity during the recovery phase, involving
dendritic sprouting, remyelination, and synaptic remodeling'*'®. These regenerative processes require
equally adaptive responses from glial cells, including microglia, which orchestrate circuit rewiring
through clearance of debris, modulation of synapses, and support of neurovascular remodeling'>"".
Astrocytes and oligodendrocyte lineage cells similarly adopt region- and context-dependent phenotypes

that can either promote or impede repair'®?*!

. Importantly, the coordination of these regenerative
functions depends on tightly regulated interactions among diverse glial subtypes. These cells form
spatially organized networks that enable localized responses to injury and facilitate the re-establishment

of functional tissue architecture. While previous studies have mainly focused on the (patho-)biology of



single cell populations, a better understanding of these context-specific interactions within

heterogenous cellular networks is critical to uncover how cellular cross-talk governs brain repair.

Among all tissue-resident macrophages, microglia stand out, exhibiting highly specialized functions
shaped by the distinct environment. Unlike cardiac, hepatic, or pulmonary macrophages, microglia
operate within a tightly regulated, immune-privileged environment that demands a uniquely restrained
and context-sensitive response to perturbation of tissue homeostasis’**. In homeostasis, microglia
constantly survey the brain parenchyma, modulate synaptic connectivity, and maintain neuronal
viability through the release of neurotrophic factors*. They also engage in dynamic, bidirectional
communication with neurons, astrocytes, and oligodendrocytes, shaped by neurotransmitter and
cytokine signaling unique to the CNS*?*, Upon injury, microglia respond rapidly but locally, balancing
inflammatory activity with mechanisms that support tissue integrity*>°. This contrasts with the often
systemically amplified and fibrosis-prone responses of macrophages in other organs such as the heart
or liver’”’. Moreover, microglia also differ from peripheral macrophages in their handling of lipids:
individual studies suggest that they express lower levels of cholesterol efflux transporters such as
ABCA1 and ABCGI, therefore making them more prone to lipid accumulation under stress
conditions**>'. However, systematic comparisons across tissue-resident macrophages under uniform
conditions—particularly in the context of brain injury and the chronic recovery phase—are not yet

available.

These distinct features equip microglia to preserve neural networks but also render the brain vulnerable
to chronic dysfunction when microglial responses become dysregulated. Moreover, because
neurodegeneration and peripheral organ injury pose very different pathological challenges than acute
brain injury, mechanistic insights derived from those contexts are not applicable to the context of brain
repair after injury. Unlike neurodegeneration, stroke and TBI induce rapid and widespread disruption
of cellular networks, massive neuronal loss, and high volumes of cellular debris. How microglia respond
to this environment—particularly in the chronic recovery phase—remains poorly understood and
cannot be inferred from studies in other tissues or disease models. Emerging evidence suggests that
chronic inflammation interferes with the reparative processes in the recovering brain by locking glia
into maladaptive states that limit plasticity®>>*. In both stroke and TBI, persistent activation of microglia
and astrocytes can inhibit synapse formation, oligodendrocyte maturation, and axonal regrowth'’**37,
While microglia—astrocyte crosstalk has been implicated in shaping inflammatory tone, the interaction
between microglia and other glial cells including oligodendrocyte lineage cells during recovery remains
poorly defined; likewise, the mechanisms driving sustained inflammation after acute brain injury are

also not yet defined and remains a major open question in brain research.

In this study, we identify a distinct microglial state emerging in the subacute-to-chronic phase after

stroke, defined by a unique transcriptional and functional profile. We show that this regeneration-



associated microglial cell populations is dysfunctional yet important for functional recovery and
characterized by formation of intracellular cholesterol crystals due to impaired lipid export.
Surprisingly, therapeutic induction of cholesterol export from microglia facilitated the lipid transfer to
oligodendrocytes, promoting remyelination and restoring long-range network connectivity. Enhancing
this glia—glia communication axis via targeted modulation of cholesterol efflux provides a potential
therapeutic strategy to boost regenerative capacity in the injured brain.

Results

Microglia remain chronically reactive but are necessary to chronic post-stroke recovery.

To assess long-term microglial responses after stroke, we performed TSPO-PET/MR imaging®** and
morphometric of microglia for up to 12 weeks post-stroke®. These revealed persistently altered
microglial morphology and sustained TSPO tracer uptake, indicating chronic reactivity (Fig. 1A-G and
Suppl. Fig. 1A, B). To study the functional state of these chronically reactive microglia, we assessed
phagocytosis and dynamic process motility. 28 days post-stroke, perilesional microglia exhibited a
marked reduction in phagocytic uptake of zymosan particles in vivo*' (Fig. 1H-J), but an increased
process extension speed following laser-induced microlesions** (Fig. 1K—M; Suppl. Vid. 1), indicating

a functionally divergent cell state.

To determine the relevance of microglia to post-stroke recovery, we chronically depleted microglia
using CSFIR inhibition (PLX5622) starting after infarct maturation (Suppl. Fig. 1C). Despite their
altered state, microglial depletion impaired sensorimotor recovery over 6 weeks (Fig. 1N-S) and
disrupted interhemispheric cortical connectivity in perilesional sensory areas, as measured by
longitudinal in vivo widefield calcium imaging® (Fig. IN-S; Suppl. Fig. 1D). Spine density of
perilesional neurons was also reduced in PLX-treated animals (Suppl. Fig. 1E), suggesting impaired

structural plasticity.

These findings indicate that chronically reactive microglia are functionally altered but nonetheless
essential for recovery. Given recent efforts to reprogram dysfunctional microglia in chronic
neurodegeneration and demyelinating conditions using agonistic TREM2-targeting antibodies*, we
tested whether TREM2 agonism might enhance post-stroke recovery. However, unlike in models of
demyelination or neurodegeneration45’46, TREM2 stimulation failed to improve behavioral, structural,
or network-level recovery after brain injury (Suppl. Fig. 1F-H). These results suggest that the role and
responsiveness of microglia in post-stroke repair are fundamentally distinct from other chronic CNS
pathologies, underscoring the need to define their specific function in the subacute-to-chronic phase of

recovery.
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Figure 1. Microglia remain chronically reactive but necessary for chronic post-stroke recovery. (A) Experimental
scheme for chronic assessment of microglial activation state. (B) Representative images of longitudinal PET/MRI after PT
using GE180 tracer in lesion and perilesional area until 84 days after stroke. Upper row: coronal view, lower row: sagittal
view. (C) SUVR of GE180 uptake normalized to cerebellum until 84 days after PT. (Linear-mixed model, group-by-time
interaction, p<0.001, »=6 /group). (D) Scheme of confocal microscopy imaging positions for analysis of microglia
morphology. (E) Representative confocal images of microglia in the perilesional area 300 pm distant to lesion border.
(Scalebar = 50 pm). (F) 3D reconstructions of naive microglia and at days 7, 28 and 84 after PT. (G) Microglia sphericity
score until 84 days post stroke. Points represent individual cells, color coded for individual mice. (Pairwise Wilcoxon test
and Bonferroni correction, n=5-6 /time point). (H) Experimental scheme of time point and injection area for vivo
phagocytosis assay. (I) Representative confocal images of zymosan uptake by P2ry12* microglia in naive mice and 28 days
after PT. (J) Quantification of zymosan uptake in the peri-infarct area at 28 days. (Mean + SD, T test, n=7 /group). (K)
Experimental scheme for timepoint, laser-burn area, and acquisition area of microglia process reaction 28 days after PT.
(L) Representative 2-photon images of Tmem119-eGFP labeled microglia process accumulation around laser burn injury
90 min after injury induction. (M) Speed of process extension at 28 days after PT within the reaction zone. (Mean + SD, T
test, n=4/5 /group). (N) Experimental scheme for widefield calcium imaging and behavioral assessment during the treatment
period of 42 days with PLX5622 or Ctrl in Thyl-GCaMP6s animals. (O) Lesion size based on autofluorescence after PT
of individual animals superimposed to depict the lesion throughout the observation period of 42 days. The color code
indicates the sum of overlapping pixels in lesion area of individual mice per acquisition time point. (P) Quantification of
lesion size as sum of autofluorescent pixels seen in calcium imaging of individual animals (Linear-mixed model, group-by-
time interaction, post-hoc Kruskal-Wallis test with Benjamini-Hochberg correction for multiple comparisons, n=11/13
/group. (Q) Scheme for acquisition of multi-parameter neuroscore. (R) Evaluation of neurological impairment by focal
neuroscore. (Median + SE, linear-mixed model, »=11/13 /group). (S) Time course of interhemispheric functional
connectivity in the sensory frontal limb cortical area in widefield calcium imaging (linear mixed models, post-hoc Kruskal-
Wallis test, n=11/13 /group).



Repair-associated microglia (RAM) are a distinct microglial cell state that shape the chronic
lesion microenvironment.

We characterized the transcriptional identity of chronically reactive microglia using scRNA-seq at
multiple post-stroke time points (Fig. 2A). Clustering identified 16 total immune clusters, eight of
which corresponded to microglia (Suppl. Fig. 2A-D). UMAP analysis of microglia revealed seven
subclusters (0-6), each enriched at distinct time points (Fig. 2B and Suppl. Fig. 2E), indicating dynamic
transcriptional changes over time. Notably, a unique cluster (cluster 5) emerged specifically at 28 days
post-stroke (Fig. 2B, Suppl. Fig. 2E), which we termed repair-associated microglia (RAM). Other
clusters matched known states: homeostatic (clusters 0,1), disease-associated (DAM; clusters 3,4,6),
and an intermediate microglia state (cluster 2). Pseudotime analysis indicated a trajectory from
homeostatic microglia to the RAM state (Fig. 2C). Notably, RAM are transcriptionally distinct from
previously described DAM, interferon-responsive (IRM), and lipid-associated (LAM) microglial
phenotypes (Suppl. Fig. 2F)*"

To determine their spatial distribution, we derived a RAM-specific gene set score based on the top 20
cluster-specific genes and projected this onto spatial transcriptomic datasets from 10X Visium and
single-cell-resolved MERFISH (Fig. 2D-G and Suppl. Fig. 2G, H). RAM were localized
predominantly to the perilesional cortex at 28 days post-stroke, with a decreasing gradient away from
the lesion and absence in uninjured areas. Gene set enrichment analysis of RAM revealed upregulation
of lipid metabolism and immune signaling pathways, and downregulation of genes involved in neuronal
interactions (Suppl. Fig. 2I). Indeed, cell-cell interaction analysis using CellChat identified substantial
changes in the microglial interactome (Fig. 2H). Interestingly, we identified Tenascin as the most
affected signaling axis, a pathway critical for oligodendrocyte precursor cell (OPC) maturation, which
was markedly downregulated in the chronic phase relative to naive or acutely injured tissue (Fig. 21—
J)—indicating a potential effect of RAM on OPC function or maturation.

We next asked whether RAM also actively contribute to the altered extracellular environment in the
chronic phase or rather represent a senescent cell state. Therefore, we performed longitudinal in vivo
microperfusion of the perilesional tissue®’, followed by proteomic analysis of the extracellular
compartment perfusate (Fig. 2K). Unsupervised clustering identified a module of secreted proteins
(cluster 2) that increased progressively over time(Fig. 2L). To assign cell-of-origin, we applied the
DESP algorithm to deconvolute proteomic signatures using matched single-cell transcriptomic data
(Fig. 2M). This analysis confirmed microglia as the principal contributors to the persistently altered
secretome, particularly at the chronic recovery phase after stroke (Fig. 2N). These findings support a
role for RAM as a previously unrecognized microglial cell state that actively modulate the chronic

lesion microenvironment.
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Figure 2. Repair-associated microglia (RAM) are a distinct microglial state that shapes the chronic lesion
microenvironment. (A) Experimental scheme for timepoints and location of collected brain tissue for scRNA sequencing.
(B) UMAP of microglia subset showing representative clusters for each individual time point. (C) Trajectory representing
microglia states along pseudotime. (D) Single cell spatial transcriptomics (MerScope) of individual cell types in ipsilateral
hemisphere at 28 days after stroke. (E) Microglia subclusters projected into spatial transcriptomic dimensions in lesion area
(F) RAM score (cluster 5) in microglia within the lesion area and (G) 300 pm from lesion border. (H) Differential number
of cell-cell interactions between 28 days after PT and naive condition. (I) Euclidean distance of top differentially regulated
cell-cell interaction pathways between 28d after PT and naive condition. (J) Cell-cell interaction network for Tenascin
signaling between 28 days after PT and naive. (K) Schematic illustration of longitudinal microperfusion sampling of
ipsilateral brain until 28 days post stroke. (L) Unsupervised clustering of microperfusate protein expression shows
consistently increasing levels of cluster 2 proteins (n=7-8 /time point). (M) Schematic illustration of demixing procedure
from bulk protein expression to individual cell types (gene expression by scRNA-seq) using DESP algorithm. (N) Scaled
protein expression of cluster 2 proteins per demixed cell type within the Il-1B-regulated network at baseline, 7 days and 28
days after stroke.



Microglial cholesterol crystallization impairs neuronal recovery after stroke.

Building on transcriptomic evidence of altered lipid metabolism in RAM, we examined microglial lipid
storage during the chronic phase post-stroke. Histological staining with the neutral lipid dye BODIPY
revealed marked lipid accumulation in microglia within the perilesional cortex at 28 days, which was
absent in control brains (Fig. 3A). This phenotype was consistent across three different stroke models
and confirmed by flow cytometry using the lipid droplet marker Perilipin-2 (Plin2), which showed
progressive accumulation over time (Fig. 3B, Suppl. Fig. 3A, B). Given prior evidence that excess
cholesterol can precipitate as cholesterol crystals in macrophages™, we assessed for crystal formation
using reflection microscopy. This revealed a progressive accumulation of birefringent structures in the
perilesional cortex (Fig. 3C). Spatial lipidomics by MALDI-MSI further confirmed a localized
enrichment of free cholesterol (m/z 339.351) specifically in the ipsilateral lesion area at 28 days (Fig.
3D). Enzymatic quantification of free and esterified cholesterol revealed a substantial post-stroke
increase, with a predominance of esterified cholesterol, the biochemical precursor of crystalline
deposits (Fig. 3E, Suppl. Fig. 3C). Ultrastructural analysis by electron microscopy provided definitive
evidence of intracellular crystalline structures and lipid droplets within perilesional microglia at 28 days
(Fig. 3F). Reflective microscopy on postmortem human chronic stroke tissue (124 days after stroke)
confirmed the accumulation of lipid droplets as well as crystal deposits in perilesional regions compared
to histologically normal cortex in humans (Fig. 3G). Together, these findings demonstrate chronic lipid
and cholesterol crystal accumulation in RAM after stroke, with validation in human tissue supporting

its clinical relevance to chronic brain injury.

To counteract cholesterol crystallization in microglia after stroke, we pharmacologically activated liver
X receptors (LXRs), key nuclear regulators of cholesterol export, using the small molecule agonist
GW3965%5, Given their role in promoting cholesterol efflux by induction of lipoprotein transporters
including ABCA1 and ABCG1°%, we hypothesized that LXR activation would reduce intracellular
cholesterol burden and lipid droplet accumulation. Indeed, GW3965-treated mice showed significantly
reduced lipid droplet and cholesterol crystal accumulation in the perilesional cortex (Fig. 3H) and a
more ramified microglial morphology (Suppl. Fig. 3D). To assess broader transcriptional effects, we
performed scRNA-seq on mixed cortical cells 28 days after stroke in GW3965- and vehicle-treated
mice (Suppl. Fig. 3E, F). Microglia were the most abundantly regulated cell population in response to
treatment (Fig. 31 and Suppl. Fig. 3F, G). GW3965 increased Abcal and Abcgl expression and
upregulated genes associated to lipid handling and chromatin remodeling (e.g., Rbfox1, Hist4h4d, Nik),
while downregulating inflammation-associated genes (Cd47, Abcg2, Ighm, Sicla3) (Suppl. Fig. 3H, I).
UMAP projection of the microglia subset onto our previously defined microglial subclusters (see Fig.
2) with consecutive fate mapping analysis identified a shift in microglia of GW3965-treated mice
towards an intermediate activation state which was associated with enhanced lipid transport and

attenuated stress responses (Fig. 3J, K and Suppl. Fig. 3J).



To evaluate whether LXR-driven changes in microglia translated into functional recovery, we assessed
large-scale cortical network dynamics using longitudinal widefield calcium imaging in Thy1-GCaMP6s
mice. Functional connectivity analysis revealed that GW3965 treatment significantly enhanced
interhemispheric correlations, particularly within the perilesional forelimb sensory and motor cortices
(Fig. 3L, M; Suppl. Fig. 3L, M). These data indicate that pharmacological activation of cholesterol
efflux restores long-range neuronal network integrity—a physiological correlate of behavioral recovery.
To further test the therapeutic relevance of targeting microglial cholesterol crystals, we evaluated a
second compound, 2-Hydroxypropyl-B-cyclodextrin (HBCD), which has been shown to enhance
cholesterol solubilization and efflux in atherosclerosis models™~**. H3CD administration during the
subacute phase significantly reduced microglial cholesterol crystal accumulation and improved
neurological performance in the modified Neurological Severity Score (mNSS) test Fig. 3N, O).
Together, these findings demonstrate that microglial cholesterol crystallization is a modifiable barrier

to recovery and identify cholesterol efflux as a therapeutic axis to enhance repair after stroke.
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Figure 3. Microglial cholesterol crystallization impairs neuronal functional recovery after stroke. (A) Representative
image and quantification of BODIPY*(lipid particles) Ibal™ (microglia) particles/ total BODIPY™ particles 28 days after
stroke (scale bar 10 pm; Mann-Whitney U test, n= 5-6 /group). (B) Microglia cells from brains of naive mice and 28 days
after stroke were analyzed by flow cytometry. Representation of Plin2 intensity graph in microglia (CD45™ CD11b") and
quantification of Plin2"ih (lipid droplets) microglia out of total microglia (T test, n=7/5 /group). (C) Representative image
of crystals from the peri-infarct cortex of mouse brain tissue 28 days after stroke and quantification of crystal coverage at
naive and 28 days after stroke. Arrows indicate crystals (scale bar 20 um; Kruskal-Wallis test, n= 6 /group). (D)
Representative image of MALDI-MSI cholesterol distribution (339.3514 m/z) in the ipsilateral and contralateral
hemisphere of mouse brain tissue 28 days after stroke. (E) Quantification of cholesterol esters from contralateral and
ipsilateral mouse brain cortical tissue 28 days after stroke (T test, n=6 /group). (F) Representative electron microscopy
images of ipsilateral mouse brain tissue 28 days after stroke. Infarct and peri-lesion area outlined in blue and purple,
respectively (left; scale bar 50 um), microglia in the peri-infarct (yellow) loaded with lipids and crystals (middle; scale bar
2 um), zoomed in image (right) of microglia loaded with lipid droplets (blue) and crystals (red). (G) Representative image
of H&E human stroke brain tissue (left). Dashed line delineates lesion and boxes correspond to image locations of non-
lesion area and 300 pm from the lesion border. Representative confocal images (center) and) quantification (right) of Plin2
immunofluorescence and reflection microscopy of crystals at non-lesion area and 300 um from lesion border (scale bar 20
um; T test, n= 9 /group). (H) Representative image in control and GW3965 peri-infarct cortex of Plin2 immunofluorescence
and reflection microscopy of crystals 28 days after stroke. (Figure legend continued on next page)



White arrows indicate crystal localization (scale bar 5 pm; Mann-Whitney U test, n= 10/13 /group). (I) Number of
differentially expressed genes in scRNA sequencing for mixed cell populations of the perilesional cortex 28 days after
stroke in Ctrl and GW3965 treated animals. (J) Transition matrix from single-cell fate mapping analysis of microglia for
Ctrl and GW3965 treated animals. (K) UMAP projection of microglia with a probability >95% to be in intermediate state.
(L) Experimental scheme for assessment of neuronal connectivity via widefield calcium imaging in Thy1-GCaMP6s mice
treated with GW3965 or Ctrl diet. (M) Longitudinal assessment of interhemispheric functional connectivity of frontlimb
sensory cortex area in widefield calcium imaging (Median + SE, linear-mixed model, post-hoc Kruskal-Wallis test, n= 10-
15 /group /time). (N) Representative image and quantification of Ibal™ crystal® cells in the cortex of control or HBCD
treated mice (U test, n=5/5). (O) Evaluation of neurological function by the modified Neurological Severity Score (mNSS)
(U test n=10/10).

Cholesterol crystals chronically activate the microglial inflammasome

Previous studies, particularly in atherosclerosis models, have linked intracellular cholesterol crystals to
IL-1B production through activation of the NLRP3 inflammasome™. In the post-stroke brain, we
similarly observed not only an early peak in IL-1f levels but also a previously unrecognized sustained
elevation of IL-1p throughout the chronic recovery phase (Suppl. Fig. 4A). Consistently, pathway
enrichment analysis of single-cell transcriptomic data at 28 days post-stroke highlighted the IL-1§
signaling axis as a central inflammatory node, with multiple pathways converging on IL-1f regulation
(Fig. 4A, B). Supporting clinical relevance, histological analysis of chronic human stroke autopsy tissue
(1 month to 5 years post-stroke) revealed persistent IL-1B expression in microglia (Fig. 4C). We
assessed the relationship between lipid droplet content (Plin2) and caspase-1 activity using the
fluorescent probe FLICA660, revealing a significant correlation (Fig. 4D). ASC-Citrine reporter mice
further demonstrated increased ASC-speck formation in perilesional microglia 28 days post-stroke,
supporting chronic inflammasome activation (Fig. 4E). In vitro, cholesterol crystals induced ASC-
speck formation in BMDMs (Suppl. Fig. 4B-D), confirming their catalytic effect. Elevated Galectin-3
levels—indicative of lysosomal damage from internalized crystals—reinforced the link between

cholesterol accumulation, lysosomal stress, and inflammasome activation (Suppl. Fig. 4E).

Inflammasome activation is not the cause of impaired post-stroke recovery

Given the strong association between cholesterol crystals and IL-1p production, we tested whether
pharmacologically-induced cholesterol export (GW3965 treatment — see Fig. 3) could suppress
inflammasome activation. Indeed, we found reduced caspase-1 activity in perilesional microglia and
significantly lower IL-1f levels in brain tissue at 28 days in GW3965-treated mice compared to controls
(Fig. 4F, G). To directly test the role of inflammasome activity in post-stroke recovery, we assessed
behavioral outcomes in caspase-1 knockout mice. Surprisingly, genetic deficiency of caspase-1 did not
improve recovery across multiple domains, including coordination (rotarod test), sensorimotor
integration (adhesive removal test), and general neurological function (neurological deficit score) but
even further impaired neurological recovery (Fig. 4H, I and Suppl. Fig. 4F). These results indicate that

while cholesterol crystal-induced inflammasome activation persists during the chronic phase, it is not



the key mechanism limiting functional recovery, suggesting that other pathways must account for the

beneficial effects of the GW3965 treatment seen in our experiments.
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Figure 4. Cholesterol crystals induce chronic neuroinflammation. (A) Ingenuity Pathway Analysis (IPA) network of
proteins in cluster 2 shows I1-1f as central regulator protein in the chronic lesion microenvironment (Fig. 2). (B) Protein
expression regulated by main upstream regulator I1-1f3. (C) Representative image and quantification of immunofluorescent
staining of IBA1 (microglia) and IL-1f in contralateral and ipsilateral stroke human post-mortem brain tissue (test, n=4
/group) and patient characteristics table.(D) Representative flow cytometry gating strategy of microglia from ipsilateral
cortical tissue of mice 28 days after stroke showing the mean fluorescent intensity and correlation of single cells between
Plin2* (lipid droplets) and Flica660™ microglia (active caspase enzymes) (Pearson’s Correlation, n=8).(E) Representative
image of ASC-Citrine speck formation in cortex from sham and 28 days after stroke with quantification (scale bar 100 um,
T test, n=3/4 /group). (F) Representative images of control and GW3965 in the peri-infarct cortex of Caspase-1
(inflammasome activation) and Ibal (microglia) immunofluorescence 28 days after stroke (scale bar 20 pm) and
quantification of Caspase-1 in Ibal™ cells (T test, n= 8 /group). (G) II-1B levels in brain homogenate from peri-infarct
cortical tissue of control and GW3965 mice 28 days after stroke (Mann-Whitney U test, n= 9/13 /group). (H) Chronic
assessment of sensorimotor function using the adhesive removal test and quantifying time-to-remove with right front paw
in WT or Caspase-1 KO mice after stroke (Two-way ANOVA, mixed effects model, Bonferroni, »= 10/18 /group). (I)
Evaluation of neurological impairment by composite neuroscore in WT or Caspase-1 KO mice after stroke (Mean + SEM,
linear-mixed model, n=20/14 /group).



Pharmacological cholesterol efflux promotes microglia-to-oligodendrocyte lipid transfer
and restores oligodendrocyte maturation

To determine the fate of cholesterol exported by pharmacologically activated microglia, we first
quantified lipid concentrations in cerebrospinal fluid (CSF) from mice treated with the LXR agonist
GW3965 or vehicle for 28 days post-stroke (Fig. SA). Unexpectedly, lipidomic analysis revealed no
significant changes for any of the lipid species between treatment groups (Fig. 5B), including no
detectable difference in CSF cholesterol levels (Suppl. Fig. SA). These findings suggest that exported

cholesterol is not drained via CSF but may instead be locally recycled within the brain parenchyma.

To identify potential recipient cells for microglial lipid export, we analyzed lipoprotein receptor
expression across major brain cell types using our integrated single-cell transcriptomic dataset. This
revealed oligodendrocytes as the predominant expressers of the ApoE receptors Sortilin-1 (Sort1)*° and
the very low-density lipoprotein receptor (VIdir) (Fig. 5C), suggesting a capacity for active cholesterol
uptake from the microenvironment particularly by oligodendrocyte lineage cells. We next assessed
transcriptional signatures of oligodendrocytes in perilesional tissue using spatial MERFISH data (see
Fig. 2). Chronic stroke induced marked transcriptional changes in oligodendrocytes, including
upregulation of C4b, Serpina3n, Klk6, Socs3, and Gfap—genes associated with cellular stress, injury
responses, and a reactive, pro-inflammatory phenotype (Fig. SD-E; Suppl. Fig. 5B—C)*"*. In line with
these findings, cell—cell interaction analysis revealed dysregulation of Tenascin C signaling (cp. Fig.
2], a pathway critical for oligodendrocyte maturation and myelination®**. Notably, GW3965 treatment
attenuated these maladaptive transcriptional programs. Oligodendrocytes from treated mice exhibited
significant downregulation of stress-associated genes such as C4b, Serpina3n, and Klk6 (Fig. SF),
indicating a partial restoration of homeostatic function. Immunohistochemical analyses further
confirmed that GW3965 significantly increased the number of mature, myelinating oligodendrocytes

and oligodendrocyte precursor cells in the perilesional cortex (Fig. SG—H).

To test whether LXR-induced cholesterol efflux facilitates microglia-to-oligodendrocyte lipid transfer,
we developed a humanized iPSC-based transwell co-culture system (Fig. SK). Human microglia were
first loaded with fluorescently labeled cholesterol (TMR-cholesterol) for 2 hours and then co-cultured
with human oligodendrocytes. Following treatment with GW3965 or vehicle, microglia were removed
after 24 hours and TMR-cholesterol uptake by oligodendrocytes was quantified. This assay
demonstrated a substantial increase in lipid transfer from GW3965-treated microglia, whereas
cholesterol shuttling under control conditions was minimal (Fig. SL). Importantly, this enhanced lipid
transfer correlated with a significant increase in cortical myelination within the perilesional tissue at 28
days post-stroke (Fig. S5I-J), a key prerequisite for efficient cortical network reorganization and

functional recovery after CNS injury®®’

. Taken together, these findings identify microglia-to-
oligodendrocyte lipid recycling as a critical cellular mechanism underlying the pro-regenerative effects

of LXR activation. By enabling local redistribution of cholesterol from reactive microglia to



oligodendrocytes, pharmacological LXR activation restores cellular homeostasis in the chronic lesion
environment, thereby facilitating remyelination and network repair. This represents a mechanistically

novel therapeutic strategy to enhance endogenous recovery processes in the chronic post-stroke phase.
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Figure 5. Enhancing cholesterol efflux improves chronic microglia function and post-stroke recovery.

(A) Experimental scheme for CSF collection 28 days after PT from GW3965 and Ctrl mice. (B) Heat map showing lipid
species (z scores) detected in CSF collected 28 days after PT from GW3965 and Ctrl mice showing no significant different
between groups (p=<0.05) (U tests with Benjamini-Hochberg correction, n= 5/4 /group). (C) Expression level of Ldlr,
Lrpl, Vidlr, Lrpp8, and Sortl in neurons, astrocytes, microglia, and oligodendrocytes 28 days post stroke. Dot size
represents fraction of cells in cell group (%), color code represents mean expression level in each cell group. (D) Indication
of lesion area (red), peri-lesional area (blue) and non-lesioned area (grey) in representative MERFSIH spatial
transcriptomics section. (E) Differentially expressed genes of oligodendrocytes located in the perilesional vs non-lesioned
area. (F) Single-cell gene expression levels of C4b, Serpina3n, and Klk6 in oligodendrocytes from Ctrl and GW3965 treated
animals. Dot size represents fraction of cells in cell group (%) expressing the gene, color code represents mean expression
level in each cell group. (G) Representative immunostaining images and quantification of Olig2 and CAII (myelinating
oligodendrocytes) in the peri-infarct cortex of control and GW3965 treated mice 28 days after stroke (scale bar 20 pm; T
test, n= 8-9 /group). (H) Representative images and quantification of NG2* oligodendrocyte progenitor cells (OPC’s) in
the peri-infarct cortex 28 days after stroke (scale bar 20 pm; T test, #=5 /group). (I) Scheme of confocal microscopy imaging
positions for (J) analysis of myelin basic protein (Mbp) coverage in the perilesional cortex between indicated treatment
groups. (K) Schematic representation for co-culture experiment of human iMG and iOPCs, where iMG were first loaded
with TMR-cholesterol and then treated with either control or GW3965. (L) Quantification of cholesterol uptake (i.c.area of
TMR-cholesterol) in iOPCs (scale bar 20 um; n=3 /group, T test), indicating substantial increase in cholesterol uptake of
cholesterol from GW3965-treated iMG.



Discussion

In this study, we identify a previously unrecognized mechanism by which impaired cholesterol handling
in microglia limits structural and functional recovery after stroke. We show that microglia adopt a
distinct RAM state during the chronic phase, characterized by intracellular cholesterol crystal
accumulation due to insufficient lipid export. This crystalline burden chronically activates the
inflammasome, yet unexpectedly, inflammasome signaling does not mediate the impaired recovery
phenotype. Instead, we uncover a novel mechanism of microglia-to-oligodendrocyte lipid recycling that
promotes remyelination and cortical network repair. By pharmacologically restoring microglial
cholesterol efflux, we not only reverse maladaptive microglial states but also enhance intercellular lipid
transfer and support oligodendrocyte maturation, ultimately driving functional recovery. These findings

define cholesterol redistribution as a key axis in the multicellular coordination of brain repair.

Our data expand current concepts of microglial activation states by identifying RAM as a distinct
population emerging in the chronic post-stroke brain. Unlike homeostatic, DAM, or LAM phenotypes
described in aging and neurodegeneration®*****54° R AM are characterized by both persistent reactivity
and impaired clearance capacity. This transcriptional and functional divergence reflects the unique
demands of post-ischemic repair, where microglia must reconcile inflammatory signaling with tissue
remodeling. The spatial enrichment of RAM in perilesional zones and their dominant contribution to
the chronic secretome emphasize their central role in shaping the local repair milieu. Despite their
dysfunctional features—such as reduced phagocytic activity and dysregulated lipid handling—RAM
appear essential for recovery, as their depletion impaired functional outcomes and pharmacological
reprogramming using TREM2 agonism failed to enhance repair. These findings underscore the need to
study microglial heterogeneity in injury-specific contexts rather than extrapolating from

neurodegenerative models.

A key mechanistic insight from our study is the link between defective cholesterol efflux and microglial
dysfunction. RAM fail to resolve intracellular lipid stores, leading to the formation of cholesterol
crystals. These findings align with recent reports suggesting reduced expression of ABC transporters in

microglia compared to peripheral macrophages®™”!

, making them particularly susceptible to lipid
overload. The persistence of cholesterol crystals into the chronic phase suggests a failure of endogenous
resolution mechanisms, with implications for long-term microglial impairment and synaptic
dysfunction. Importantly, pharmacological activation of LXRs—nuclear receptors that regulate
cholesterol efflux—restored microglial lipid homeostasis, reduced crystal formation, and shifted
microglia toward a more pro-regenerative state. These effects position LXR agonism as a promising
strategy to counteract microglial metabolic failure in the injured brain. Notably, the increased lipid

export induced by LXR activation did not result in elevated cholesterol concentrations in the CSF,

arguing against glymphatic clearance as the principal route of disposal’®. Instead, our data support a



model in which excess lipids are redistributed locally within the perilesional tissue microenvironment,

emphasizing the importance of cellular lipid exchange over bulk drainage in chronic brain repair.

Although cholesterol crystals are well-established activators of the NLRP3 inflammasome™?, our data
reveal that inflammasome activation, while persistently elevated, does not critically limit post-stroke
recovery. Genetic deletion of caspase-1 failed to improve behavioral outcomes, indicating that chronic
inflammation alone is not the primary driver of impaired repair. Instead, our findings highlight a
previously underappreciated axis of glial interaction: lipid recycling from microglia to
oligodendrocytes. Pharmacological enhancement of cholesterol export via LXR activation promoted
oligodendrocyte maturation and increased cortical myelination—both essential for restoring network
connectivity®”-”*. In vitro assays confirmed that this lipid transfer is an inducible, regulated process
rather than passive diffusion. These results suggest that microglia, beyond their classical roles in
surveillance and inflammation, can provide metabolic support to other glial cells in the form of lipid
cargo. Strengthening this glia—glia communication axis offers a mechanistically distinct and potentially

more effective strategy to promote recovery after CNS injury.

The clinical relevance of our findings is supported by multiple lines of translational validation. In human
autopsy tissue from chronic stroke patients, we observed perilesional microglial accumulation of lipid
droplets and cholesterol crystals, as well as sustained IL-1B expression—mirroring the murine
phenotype. In vitro, the ability of human iPSC-derived microglia to transfer cholesterol to human iPSC-
derived oligodendrocytes confirms the existence of this mechanism in the human system. While
prospective clinical imaging studies (e.g., using MR spectroscopy) are needed to validate cholesterol
accumulation or clearance non-invasively, our data offer a strong rationale to explore cholesterol

handling as a biomarker and potential therapeutic target in chronic brain injury.

In contrast to existing lipid-lowering therapies such as statins, which primarily target plasma
lipoproteins via HMG-CoA reductase inhibition™, our approach targets a distinct biological process:
the redistribution of cholesterol between brain-resident cells via increased expression of cholesterol
transporters. This distinction is clinically relevant. Statins reduce systemic lipid levels but have shown
mixed results in neurorepair, potentially due to their inability to modulate glial lipid metabolism””®,
By enhancing intracellular cholesterol efflux in microglia, we enable redistribution to

oligodendrocytes—an effect that directly supports remyelination and network re-integration.

Limitations of the study

While our findings highlight LXR agonism as a promising strategy for brain repair, the specific
compound used here, GW3965, is not currently suitable for clinical application due to previously
reported adverse events in systemic administration including effects on immune function and hepatic

lipogenesis’®. However, this limitation could potentially be overcome through strategies such as brain-



targeted delivery (e.g., transferrin receptor-mediated brain shuttle systems)® or the development of
next-generation LXR modulators with improved pharmacokinetic and safety profiles. Additionally,
while we demonstrate improved functional and network recovery in mice, validation of these effects in
other preclinical models including large animal models and ultimately in clinical trials will be

necessary.
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TRANSCRIPTOMIC DATA AND CODE AVAILABILITY

Accession numbers are also listed in the key resources table. Custom written scripts for bioinformatic analysis will be made
available in a github repository upon publication (https://github.com/Lieszlab). Transcriptomic data have been submitted to GEO
and will be made available upon publication. Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANTS DETAILS
Animal experiments

All experiments in this study were conducted in accordance with the national guidelines for animal experiments and approved by
the German governmental committees (Regierungprésidium Oberbayern, Munich, Germany). For single cell RNA sequencing and
immunohistochemical analyses, the animals were 8 to 12 weeks old male C57BL/6J mice (Charles River Laboratories). For in
vivo widefield calcium imaging and dendritic Golgi spine analysis the animals were 12-15 weeks old male and female C57BL/6J-
Tg(Thy1-GCaMP6s)GP4.12Dkim/J (here termed: Thy1-GCamp6s) (Dana et al., 2014) heterozygous mice, bred at the Institute
for Stroke and Dementia Research, Munich (> 12 generations backcrossed on C57B16/J WT mice). For two-photon imaging the
animals were 8-10 weeks old male CS57BL/6-Tmem119°m*ECFPGfg/] animals (here termed: Tmeml19-EGFP) (Stock
No: 031823 | Tmem119-2A-EGFP, Jackson Laboratory). For Caspase-1 mouse experiments, 8-10 weeks old Caspase-1 cKO male
animals were used that were bred at the institute for Stroke and Dementia Research, Munich (> 12 generations backcrossed on
C57Bl16/J WT mice). For inflammasome activation experiments through ASC-speck formation, 8-10 weeks old ASC-Citrine
animals were used that were bred at the institute for Stroke and Dementia Research, Munich (> 12 generations backcrossed on
C57BI16/J WT mice). The animals were housed under controlled temperature (22 = 2 °C) with a 12-hour light-dark cycle and access
to food and water ad libitum. All animal experiments were performed and reported in accordance with the ARRIVE guidelines

(Kilkenny et al., 2010).
METHOD DETAILS
Photothrombotic stroke model

For photothrombotic stroke (PT) induction, mice were anaesthetized with isoflurane, delivered in a mixture of 30% Oz and 70%
N20. Mice were placed into a stereotactic frame, and body temperature was maintained at 37 °C with a mouse warming pad.
Dexpanthenol eye ointment was applied to both eyes. Animals received 10 pl/g body weight of 1% Rose Bengal (Sigma, 198250-
5g) in saline intraperitoneally (i.p.) 5 minutes prior to the induction of anesthesia (5% isoflurane). A skin incision was used to
expose the skull. Bregma was located and the lesion location was marked in the left hemisphere (1.5 mm lateral and 1.0 mm rostral
to bregma). For in vivo widefield calcium imaging experiments, PT was induced as previously described !. In brief, an independent
vector analysis (IVA) was performed based on baseline resting state imaging, which allowed to define cortical functional regions
as independent components. The independent component in the primary motor cortex was then used to individually define the
lesion location for every mouse. Shielding was placed on the skull allowing a 2.0 mm diameter circular light exposure over the
lesion area. Ten minutes after Rose Bengal injection the laser (25 mV output) was applied to the lesion area for 17 minutes. Cobolt
Jive 50, 561 nm Power at 25 mV. Fiber Collimation Package: 543 nm f=7.66 mm, FC/APC (beam diameter d = (4)(0.000561

mm)[7.86 mm / (pi * 0.004 mm)] = 1.4 mm). Sham procedure was performed analogous, but without laser illumination.
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Permanent distal cerebral artery occlusion model

Permanent occlusion of the distal MCA (dMCAo) was performed as previously described 2. Briefly, mice were anaesthetized with
isoflurane delivered in 100% Oz and placed in lateral position. After a skin incision between eye and ear, the temporal muscle was
removed and the MCA identified. Then, a burr hole was drilled over the MCA and the dura mater was removed. The MCA was
permanently occluded using bipolar electrocoagulation forceps. Permanent occlusion of the MCA was visually verified before
suturing the wound. After recovery, the mice were kept in their home cage with facilitated access to water and food. Body
temperature was maintained at 37 °C throughout surgery using a feedback-controlled heating pad. Exclusion criteria: Artery

broken during surgery and/or major bleeding artery and remaining blood between the brain and skull.
Transient proximal cerebral artery occlusion model

Transient intraluminal occlusion of the middle cerebral artery (MCA) (fMCAo0) was performed as previously described. Briefly,
mice were anaesthetized with isoflurane delivered in 100% Oz 3. A midline neck incision was made and the common carotid artery
and left external carotid artery were isolated and ligated; a 2 mm silicon-coated filament was introduced via a small incision in the
external carotid artery and advanced towards the internal carotid artery, therefore occluding the MCA. MCA was occluded for 60
min for the transient MCAo stroke model. After occlusion, the animals were re-anesthetized, and the filament was removed. MCA
occlusion and reperfusion were confirmed by the corresponding decrease or increase in the blood flow, respectively, measured by
a laser Doppler probe affixed to the skull above the MCA territory (decrease in the laser Doppler flow signal > 80% of baseline
value and increase in the laser Doppler flow signal > 80% of baseline value before reperfusion). After recovery, the mice were
kept in their home cage with facilitated access to water and food. Body temperature was maintained at 37 °C throughout surgery
using a feedback-controlled heating pad. The overall mortality rate of stroke mice was approximately 30%. Exclusion criteria: 1.
Insufficient MCA occlusion (a reduction in blood flow to > 20% of the baseline value); 2. Insufficient MCA reperfusion (an

increase in blood flow of > 80% of the baseline value before removing the filament); 3. Death during the surgery.
Organ and tissue collection

Mice were terminally anesthetized with ketamine (120 mg/kg) and xylazine (16 mg/kg). Immediately after cardiac puncture, mice
were transcardially perfused with 0.9% NaCl containing Heparin (2U/mL) and the brain were carefully excised and processed

according to the specific endpoint.
CSF Collection

Mice were anesthetized and positioned in a stereotaxic frame with the head slightly tilted to form a 120° angle relative to the body.
A small incision was made in the neck region between the ears to expose the underlying muscles, which were separated along the
midline to access the cisterna magna (CM). Cerebrospinal fluid (CSF) was collected using a custom-made cannula consisting of
a glass capillary (inner diameter: 0.67 mm; outer diameter: 1.20 mm) attached to polyethylene tubing (inner diameter: 0.86 mm;
outer diameter: 1.52 mm). The glass capillaries were sharpened using a flaming micropipette puller and mounted on the

micromanipulator arm of the stereotaxic frame. Approximately 10 pL of CSF was collected per mouse.
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Drug administrations
GW3965

Considering an average mouse weight of 32 g and a food consumption of 4 g/day, the dose of the treatment was 20 mg GW3965/(kg
(body weight) x day). Diet containing GW3965 was supplied from 2 days prior to stroke induction and for the duration of the

experiment.
4D9 antibody

Isotype and 4D9 antibody materials were produced, characterized, and assessed for quality performed at Denali Therapeutics as
previously reported®. Mice were intraperitoneally administered a dose of 50 mg/kg (body weight) of isotype control antibody or

4D9 antibody cloned into a mouse backbone at 7, 14, 21, 28 and 35 days after stroke induction.
PLX5622

Microglia depletion was performed as previously described * and mice were treated with the CSFIR inhibitor, PLX5622 (1,200
mg PLX5622 in 1 kg chow; Plexxikon Inc.) supplied via the chow diet or with control diet for 2 weeks before PT induction until

42 days after stroke. Body weight was monitored throughout the treatment time.
Neuroscore

The multiparameter neuroscore was assessed as previously described 6. Briefly, the score is composed of the assessment of several
subtests of both global and focal deficits. Assessment of global deficits included grooming, status of ears and eyes, posture,
spontaneous activity and epileptic behavior. Focal deficits were evaluated by gait, grip, forelimb-asymmetry during tail
suspension, circling behavior of both entire body or only forelimb, body symmetry and whisker response. Total score ranges from
0 to 54 points (26 point for general and 28 for focal deficits), higher score indicating worse neurological deficits. Data was acquired

once before stroke (baseline) and on day 3, 7, 14, 21, 28 and 42 after stroke.
Rotarod test

The rotarod test was performed as previously described’. Mice were trained daily for 3 days before baseline acquisition and surgical
procedure (transient MCA occlusion or sham). Baseline performance was acquired using the following strategy: the rod
accelerated continuously from 8 to 40 rpm over 240 s. Per mouse and time point three consecutive trials were acquired. The latency
to fall off the rod was recorded, and postsurgical performance was calculated by dividing the mean of the postsurgical performance

with the individual animal’s baseline performance.
Adhesive removal test (ART)

The adhesive removal test was performed as previously described and used to evaluate sensory and motor deficits’. A round (4
mm-diameter) adhesive sticker (Neolab) was placed on the palmar side of the forepaw; same pressure was applied for each
adhesive application. 2 days before baseline acquisition mice were habituated to the test cage and the adhesive placement. Baseline
and (postsurgical time points) were acquired as three consecutive trials per mouse. The latency to first contact paw with adhesive
and the latency to remove the adhesive completely were recorded. Motor performance was expressed as the difference between

the latency to contact the paw and the latency to remove the adhesive.
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Modified Neurologic Severity Score (mNSS)

The mNSS assessment, which consists of motor, reflex, and balance tests, to continuously evaluate the neurological deficits on
days 0, 1, 3, 7 days after reperfusion. The mNSS scores range from 0 to 14 points, and higher scores indicate more neurological

severe impairment &,
In vivo positron emission tomography (PET) and magnetic resonance (MR) imaging

In vivo PET and MR imaging was performed as previously described °. Briefly, mice were scanned at 7, 28, and 84 days after PT
induction using a 3T Mediso nanoScan PET/MR scanner (Mediso Ltd, Hungary) with a single-mouse imaging chamber. The mice
received an intravenous injection of 18.0 + 2.1 MBq [18F]GE-180 through the tail vein. For static PET imaging, the list-mode
data were acquired at 60-90 min p.i.. A 15-min anatomical T1 MR scan was performed at 30 min after [I8F]GE-180 injection
(head receive coil, matrix size 96 x 96 x 30, voxel size 0.21 x 0.24 x 0.65 mm?, repetition time 677 ms, echo time 28.56 ms, flip
angle 90°). The T1 image was then used to create a body-air material map for the attenuation correction of the PET data. PET list-
mode data were reconstructed within a 400-600 keV energy window using a 3D iterative algorithm (Tera-Tomo 3D, Mediso Ltd,
Hungary) with the following parameters: matrix size 55 x 62 x 187 mm’, voxel size 0.3 x 0.3 x 0.3 mm?, 8 iterations, 6 subsets.

Decay and random correction were applied.
PET Image Data Processing

Image processing was performed using PMOD View and Fuse It tools (version 4.005, PMOD Technologies, Zurich, Switzerland).
The T1 MR images were deformably registered to a high-resolution (0.2 x 0.2 x 0.2 mm?) built-in MRI template using the SPM5

procedure, and the Ma-Benveniste-Mirrione atlas !

was applied to the image to obtain the cerebellum and the cortex volume
of interest (VOI). Within the cerebellum VOI, we defined an elliptical volume that represented the cerebellar white matter
(CBWM). The elastic transformation was applied to the corresponding PET image. Then, a predefined individual VOI in the PT
area was manually segmented using the 7-day T1 MR image. This VOI was dilated by 1 mm at all borders, for including microglia
located in the perilesional area. Finally, this VOI was cropped by the cortex VOI and defined as the PT VOI in each animal. The
standardized uptake value ratios (SUVR) in the PT VOI were calculated by normalizing the PT VOI mean uptake by the CBWM

VOI mean uptake.
In vivo widefield neuronal calcium imaging

To assess calcium dynamics in cortical layer 2/3 excitatory neurons, Thyl-GCaMP6s heterozygous mice (C57BL/6J-Tg(Thy!l-
GCaMP6s)GP4.12Dkim/J,'2) were used as previously described'. A cranial imaging window was surgically prepared at least three
days prior to the first imaging session. Animals were anesthetized with inhaled isoflurane (5% induction, 2% maintenance) in a
gas mixture of 70% nitrous oxide (NO) and 30% oxygen (O2) and positioned prone in a stereotaxic frame (Stoelting, Europe,
#51501). The skin and underlying connective tissue covering the skull were carefully removed, and the exposed skull surface was
cleaned. Transparent dental cement (Quick Base S398, L-Powder clear S399, Universal Catalyst S371, Parkell C&B metabond,
USA) was gently applied to the intact skull, and a custom-sized glass coverslip (Menzel-Gléser, 24x60 mm, thickness #1.5) was
secured in place. Animals remained anesthetized until the cement fully hardened and were allowed to recover at least 72 hours

before imaging.
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In vivo widefield imaging acquisition was performed as previously described !. For resting state in vivo imaging sessions, mice
received medetomidine (0.05 mg/kg body weight, intraperitoneally) five minutes before anesthesia induction with 5% isoflurane
in 70% NO and 30% O2. Once anesthetized and fixed in the stereotaxic frame, anesthesia was gradually reduced—initially to 1.5%
for 140 seconds, then to 0.75% for two additional minutes to achieve stable anesthesia. Resting state in vivo imaging was performed
in mild anesthesia (0.5mg/kg body weight of Medetomidin with 0.75% isoflurane inhalation). For Fig. 1 and Suppl. Fig. 1D
widefield calcium imaging was conducted using a previously described customized macroscopic imaging set-up !. Briefly, mice
were placed in a stereotactic frame and mouse cortex was illuminated with 450 nm blue LED light. Resting state calcium activity
was recorded for 4 minutes (6x1000 frames) with a high precision 2/3” Interline CCD camera (Adimec-1000m/D, Adimec, pixel
size 7.4x7.4 pm, Netherlands, acquisition at 20-22 °C) at 25 Hz frame rate using longDaq software (Optical Imaging Ltd, Israel).
For Suppl. Fig 1H and Fig. 3 the widefield imaging setup was further modified to include a custom-built mesoscale imaging
system. This setup included a high-speed sSCMOS camera (Andor Zyla 5.5, Oxford Instruments) and a 475 nm LED illumination
source equipped with a laser line filter and collimating lens (Thorlabs). The system allowed visualization of cortical regions across
both hemispheres through the intact skull, providing a 10x10 mm field of view with a resolution of 512x512 pixels. Imaging
sessions lasted 4 minutes with a 50 Hz acquisition rate, capturing fluorescent and non-illuminated background control signals
sequentially, under controlled conditions without ambient illumination. Each mouse underwent imaging sessions for baseline one
day prior to stroke induction, followed by sessions on days 3, 7, 14, 21, 28, and 42 (Fig. 1 and Suppl. Fig 1) post-stroke. A
photothrombotic stroke lesion was formed over the left motor cortex. After each imaging session, anesthesia was reversed using
atipamezole (0.1 mg/kg, intraperitoneal injection). Body temperature was continuously maintained using a feedback-controlled

heating system during all procedures, and mice recovered fully in a heated chamber post-imaging.
In vivo widefield calcium imaging analysis

Data preprocessing and functional connectivity analyses were performed as previously described', with additional analytical
methods developed specifically for this study. All analyses were executed using custom-written MATLAB scripts (Mathworks,
R2016Db).

For Suppl. Fig 1H and Fig. 3, imaging data was first motion corrected by rigid geometric transformations aligning each frame to
an averaged reference frame. Background subtraction was performed by subtracting the corresponding non-illuminated control
frame from each fluorescent image. Fluorescence intensity was then normalized relative to the mean signal across the recording
period for each pixel (AF/F). Subsequently, a mild Gaussian 2D noise filter was applied to reduce minor imaging artifacts, followed
by temporal filtering using a Chebyshev bandpass filter between 0.005 and 2 Hz, corresponding to the expected firing rates and
GCaMPé6s fluorescence kinetics of Thy1 cortical neurons. Seed-to-seed functional connectivity was computed by determining
Pearson correlation coefficients between predefined bilateral homotopic seed regions of interest (ROIs) associated with hindlimb
and forelimb sensory cortices. Correlation coefficients were Fisher’s z-transformed, and connectivity changes were longitudinally
assessed across imaging sessions. For sensory homotopic connectivity, the mean of the Fisher’s z transformed Pearson’s
correlation coefficient of the connection between the seeds located in the ipsi and contralateral sensory cortex was calculated. The
hindlimb sensory and frontlimb sensory connectivity was calculated as the Fisher’s z transformed Pearson’s correlation
coefficients of the homotopic connection between the hindlimb sensory or frontlimb sensory seeds in both hemispheres,
respectively. The time course of homotopic connectivity was displayed from baseline and weekly until day after stroke, ensuring

the visibility of all seeds after exclusion of the PT lesion area. Fisher’s z transformed Pearson’s correlation was calculated using
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MATLAB® (Mathworks R2016b with Optimization Toolbox, Statistics and Machine Learning Toolbox, Signal Processing

Toolbox and Image Processing Toolbox).
Longitudinal lesion involution quantification

Lesion size was determined by autofluorescence of the ischemic tissue in Thyl-GCaMP6s animals used for in vivo widefield
calcium imaging for every timepoint of imaging acquisition. The area of autofluorescent pixels was previously defined by
thresholding and converted into a mask to exclude autofluorescent tissue from the connectivity analysis. The lesion was determined

as the size of the exclusion mask by quantification of all pixels within the mask.
Brain processing for histology
Mouse

Mice were deeply anesthetized and euthanized as described previously. Brains were carefully excised and immersed in 4%
paraformaldehyde overnight. Brains were embedded in 4% agarose (Avantor) and coronally sectioned into 100 um thick free-
floating sections by vibratome (Lieca) stored in PBS at 4 °C. For NG2 (Millipore) immunoflourescent staining, brains were

coronally cut into 20 pm thick sections by cryostat (Lieca) and mounted onto slides and stored at -80 °C.
Human

Human brain tissue was obtained from adult subjects with ischemic stroke. Perfused human tissue blocks were embedded into 4%

agarose and 60 pm thick free floating sections were cut by vibratome (VT1200S, Leica) and stored in PBS at 4 °C.
Immunofluorescence staining
Mouse tissue

Perfused mouse tissue sections were incubated with blocking solution containing 2% serum (Thermo Fisher/ abcam), 1% BSA
(Sigma), 0.1% cold fish skin gelatin (Sigma), 0.1% Triton X-100 (Sigma), 0.05% Tween 20 (Roth) in PBS for 1 h at RT. If BODIPY
or Plin2 were used, the sections were incubated with 0.1% Triton X-100 briefly prior to primary antibody incubated and Triton X-
100 and Tween20 were omitted from the blocking solution. Sections were then incubated in primary solution containing 1% BSA
(Sigma), 0.1% cold fish skin (Sigma) and 0.1% Triton-X 100 (Sigma) with the primary antibodies in against Ibal (1:200, Fuiji),
P2y12 (1:200; AnaSpec), NG2 (1:500), CAII (1:200, R&D), Mbp (1:200; Millipore), Olig2 (1:200), Plin2 (1:200; Novus), Gal3
(1:200), Caspase-1 (1:200) overnight at 4 °C. If BODIPY or Plin2 were used, Triton X-100 was omitted in the primary antibody
solution. Next, sections were washed in PBS and incubated with Alexa Flour antibodies (1:200) in PBS and 0.05% Tween 20 in
the dark for 2 h at RT. If BODIPY or Plin2 were used, Tween 20 was omitted. After washing with PBS, sections were stained with
DAPI (1:4000) for 2 min (Thermo Fisher) and mounted with Fluoromount™ Aqueous Mounting medium (Sigma). If BODIPY
was used, sections were incubated for 15 min at RT (1:5000) prior to DAPI staining. Sections also imaged for crystals were done
in reflection mode. Images were acquired in a confocal microscope at 40x or 60x magnification (LSM 880, LSM 980; Carl Zeiss,
Germany). Cholesterol crystals in the peri-infarct areas were visualized with standard polarized light microscopy using an

Olympus microscope!?.
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Human tissue

Perfused human tissue sections were washed in 0.1 M PB for 5 minutes. Sections for Plin2 staining were photobleached using the
MERSCOPE™ Photobleacher (Vizgen) overnight. Then sections were washed with Trish-buffered saline (TBS). This was
followed by blocking for 1 hour in 1% HAS and 0.1% Triton X-100 dissolved in TBS. For Plin2 staining sections, Triton X-100
was omitted from blocking buffer and samples were briefly permeabilized prior to blocking with 0.1% Triton X-100 for 3 min.
After this, slices were incubated in mixtures of primary antibodies against IBA1 (1:500; Synaptic Systems) and IL-1p (1:500;
R&D Systems) or Plin2 (1:500; Novus) for 48 hours at 4 °C and washed in TBS, then incubated in mixtures of secondary antibodies
diluted in TBS at 4 °C overnight. Secondary incubation was followed by TBS washes and DAPI (1:4000, Invitrogen) was incubated
for 2 min at RT and washed in TBS for the Plin2 staining. Next, sections were mounted on glass slides, and coverslipped with
Aqua-Poly/Mount (Polysciences). Immunofluorescence was analyzed using a Nikon Eclipse Ti-E inverted microscope, with a CFI

Plan Apochromat VC 60X oil immersion objective (numerical aperture: 1.4) and an A1R laser confocal system.

Supplementary Table 2: Patient characteristics

Patient # Age Sex Time between stroke and death
1 84 Female 26 days

2 &5 Female 2 months

3 78 Male 2 months

4 67 Male 5 years

Immunofluorescence staining and confocal microscopy for microglia morphology analysis

Microglia morphology analysis was performed on brain coronal sections as previously described 4. Briefly, mice were perfused
with 4% paraformaldehyde (PFA) and brains were post-fixed over-night and placed in sucrose for dehydration. Then, free floating
100 um coronal sections were stained for microglia with 1:200 anti-Ibal (rabbit, Wako, #019-19741) and goat anti-rabbit
secondary antibody (Alexa-Fluor 594, #A11012, Invitrogen). Nuclei were stained using 4',6-Diamidin-2-phenylindol (DAPI,
Invitrogen, #D3571) and images were acquired at a distance of 300 um from the border of the lesion in cortical layer 1/2
(ipsilateral) and the homotypic contralateral region using a Zeiss LSM 880 confocal microscope with 40x magnification (objective:
EC Plan-Neofluar 40x/1.30 Oil DIC M27) with an image size of 1024 x 1024 pixel, a pixel scaling of 0.2 x 0.2 um and a depth of
8 bit. Confocal-images were collected in Z-stacks with a slice-distance of 0.4 um. Morphological features of microglia were

acquired using a fully automated analysis as previously described.
Scanning Electron Microscopy (SEM)

Brains were perfusion fixed (4% PFA and 2.5% glutaraldehyde in 0.1 M sodium cacodylate buffer, pH 7.4; Science Services) and

vibratome sections immersion fixed for 24h. We applied a standard rOTO en bloc staining protocol ' including post-fixation in
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2% osmium tetroxide (EMS), 1.5% potassium ferricyanide (Sigma) in 0.1 M sodium cacodylate (Science Services) buffer (pH
7.4). The staining was enhanced by reaction with 1% thiocarbohydrazide (Sigma) for 45 min at 40°C. The sections were washed
in water and incubated in 2% aqueous osmium tetroxide, washed and then further contrasted by overnight incubation in 1%
aqueous uranyl acetate at 4°C and 2h at 50°C. Samples were dehydrated in an ascending ethanol series and infiltrated with LX112
(LADD). Blocks were cured for 48 hours, trimmed (TRIM2, Leica) and sectioned at 100 nm thickness using a 35°C ultra-diamond
knife (Diatome) on an ultramicrotome (UC7, Leica). Sections were collected onto ~1 x 0.5 cm carbon coated Kapton tape strips
(kindly provided by Richard Schalek and Jeff Lichtman, Harvard). The samples on tape were attached to adhesive carbon tape
(Science Services) on 4-inch silicon wafers (Siegert Wafer) and grounded by adhesive carbon tape strips (Science Services).
Scanning EM (SEM) micrographs were acquired on a Crossbeam Gemini 340 SEM (Zeiss) with a four-quadrant backscatter
detector at 8 kV using ATLASS Array Tomography (Fibics). Medium lateral resolution images allowed the identification of lesion

areas that were in turn imaged at 4-10 nm lateral resolution. Image analysis was performed in ImagelJ '°.
Flow cytometry

The primary conjugated anti-mouse antibodies (CD11b and CD45; Thermo Fisher) were used for surface marker staining of
microglia. All samples were stained with Zombie NIR Fixable Viability Kit (1:1000; Biolegend) for 10 min at 4°C and then with
the specific surface markers diluted in Brilliant Stain Buffer, according to the manufacturer’s protocols, for 30 min at 4 °C. For
the FLICA™ 660 caspase-1 assay (Enzo), prior to surface antibody staining, cell suspensions were incubated with FLICA™ 660
caspase-1(1:20) for 30 min at 37 °C, following manufacturer's instructions. For the Plin2 staining, after surface antibody and
viability staining, cell suspensions were fixed, permeabilized and incubated with Plin2 (1:20, Novus) for 30 min at 4 °C. All flow
cytometric data was acquired using a Cytek Northern lights™ flow cytometer (Cytek Biosciences) and analyzed using FlowJo

software.
Single-cell RNA sequencing

For single-cell RNA-seq of microglial cells mice were perfused transcardially with ice-cold saline containing Heparin (2U/mL).
Brains were placed in HBSS (w/ divalent cations Ca?* and Mg?") supplemented with actinomycin (1:1000, 1 mg/mL, #A1410-
SMG, Sigma), and tissue was digested using the Papain-based Neural Tissue Dissociation Kit (P) (# 130-092-628, Miltenyi Biotec
B.V. & Co. KG) according to the manufacturer's instructions. Cell suspension was enriched using 30% isotonic Percoll gradient,
incubated with anti-CD16/CD32 antibody to block nonspecific binding, stained with CD45-eFluor450 (1:200, clone 30-F11;
eBioscience), CD11b-PE/Cy7 (1:200, clone M1/70; eBioscience) and cells from individual mice were also stained with unique
hashtag antibodies (1:50, TotalSeq-B0301, -B0303, and -B0304, Biolegend) for 30 min at 4 °C. Cell suspensions from 3 individual
mice were then pooled and live cells (7-AAD negative) were sorted according to their surface marker CD45+CD11b+7-AAD
negative (SH800S Cell Sorter, Sony Biotechnology). Sorted single live were then processed according to the respective

experimental procedures.

For single-cell RNA-seq of mixed neuronal cell populations mice were perfused transcardially with ice-cold saline, brains were
carefully removed and placed in EBSS. Tissue dissociation was performed using the papain dissociation system (PDS —
LK003150, Worthington Biochemical Corporation). A 3 mm thick slice of the cortex containing the lesion was dissected and the
tissue slice was transferred to papain solution containing DNase and actinomycin (1:1000, 1 mg/mL, #A1410-5MG, Sigma).

Tissue from 3 mice per group was pooled and incubated for 15 min at 37 °C in papain solution. Dead cells were removed from

59



the resulting single cell suspension using the dead cell removal kit (# 130-090-101, Miltenyi) and live cells were sorted as PI" cells
using a FACSArialll cell sorter.

Sorted cells were centrifuged and resuspended to a final concentration of 1000 cells/ul. SCRNA-seq and cell surface libraries were
generated using the 10x Chromium Single Cell 3’ Solution with feature barcoding technology for cell surface proteins (Chromium
Next GEM Single Cell 3" GEM, Library & Gel Bead Kit v3.1, PN-1000269, Chromium 3’ Feature Barcode Kit, PN-1000262, 10x
Genomics) or Next GEM Chip (PN 2000127, 10x Genomics) and Chromium Next GEM Single Cell 3’ Reagent kits v3.1 (Dual
Index) (PN 1000215) according to the manufacturer’s protocols. Quality control and quantifying concentration of cDNA libraries
was performed using the high sensitivity DNA kit (#5067-4626, Agilent Technologies) and a Bioanalyzer 2100 (Agilent
Technologies). Gene expression libraries were sequenced on an I[llumina NextSeq 1000 or 2000 using 20,000 reads per cell. Cell-

surface protein expression libraries were sequenced aiming for 5,000 reads per cell.
Single-cell RNA-seq data analysis

Cell Ranger software (version 5.0.0 and 7.1.0, 10x Genomics) was used for sample demultiplexing, raw data processing, alignment
to the mouse mm10 reference genome and summary of unique molecular identifier (UMI) counts. Barcodes with UMI counts, that
did not pass the threshold for cell detection were excluded. Cell Ranger output files were used as input for further analysis using
Seurat (Version 4.3.0 and 5.1.0) in R and scanpy (version 1.9.4) in python (version 3.11.4). As initial quality control for microglia
single-cell RNA-seq data and mixed neuronal cell populations, cells with no or more than one hashtag oligo (doublets), cells with
a number of detected genes <200 or >6000 and cells with >5 % of mitochondrial gene count were excluded from the analysis.
Raw gene counts were log-normalized, scaled and regressed against the number of UMIs and mitochondrial RNA content per cell.
PCA was calculated and variable features were obtained using MeanVarPlot method. Dimensionality reduction was performed
using Uniform Manifold Approximation and Projection (UMAP) and clustering was generated using Louvain clustering. Non-
microglial cells were excluded from downstream analysis and the data subset was pre-processed again as described above.
Differentially expressed genes between conditions were calculated using the FindMarkers function in Seurat and Gene set
enrichment analysis was performed using ClusterProfiler 7. Pseudotime analysis was performed using Monocle 3 '8, Microglia
subtype scores were generated using the AddModuleScore() function in Seurat using the following gene sets as described
previously '°: Homeostatic microglia: Lrrc3, Pmepal, Salll, Selplg, Grf2h2, Cx3crl, Mfap3, P2ryl3, Cdl64, P2ryl2, CcrS,
Tmeml119, Lrba, Rab3, Medi21. Disease associated microglia (DAM): ltgax, Mamdc2, Cst7, Fam20c, Csfl, Lpl, Ank, Cox6a2,
Sppl, Axl, Igfl, Gpnmb, Sti4, Etl4, Capg, Lyz2, Apoe, Ncehl, Ch25h, Gotl, Asb10, Cd83, Apbb2, Cadml, St8sia6, Sulf2, Cclé,
Kenj2, Lgals3bp, Cd34, Crif2, Cd9, Ctsb, Serpine2, Ctsz, Tyrobp, Hifla, Ctsl, Cd68, Soatl. Lipid associated microglia (LAM):
Gpnmb, Lgals3, Apoe, Hpse, Ftll, Cst7, Cybb, Sppl, Fthl, Cd63, Igfi, Ctsb, Lyz2, Cripl, Anxa5, Fabp5, Fam20c, Plin2, Capg,
Atp6v0d?2, Soatl, Tpil, Pld3, Pld3, Tmeml06a, Mif, Apocl, Csfl, Anxa4, Ctsd, Rps26, P2rx4, Gpil, Anxa2, Cd48, Nhp2, Vim,
Lck, Gapdh, Tecprl, Rtcb, Timp2, Corolc, Ahnak2, Pla2g7, Aprt, Rfinl, Prelidl, Rrpl2, Tubb5, Plbd2, Tmem205, Rab3d, Akr7a5,
Xrccl. Interferon responsive microglia (IRM): Uspl8, Statl, Ifitl, ligpl, Ifitm3, Ifit2, Gm4951, Phflla, Phfllb, Tgtp2, Ifi209,
Oasll, Ifit3b, Ifit3, Phflld, Ifi2712a, Rip4, Sp100, Trim30a, Herc6, Irgml, Ccll2, Rnf213, Ifi204, Isg20, Xafl, MxI, Parpi2,
Rsad2, Tor3a, Stat2, Slamf8, Pik3apl, Susd6, Pml, Enkdl, Etnkl, Apobec3, Fcgrl, Grn, Igtp, Lta4h, Mgatl. For the repair
associated microglia (RAM) score, the differentially regulated genes from microglia subclusters 5 vs clusters 0 and 1 was
calculated and the top 20 genes were used: Apoe, Apocl, Lpl, Cybb, Ccl4, Apoc4, Lyz2, Fthi, Cd52, Cripl, Cxcll6, Itgax, Cd63,
Ccl3, Cdl14, AxI, 1d2, Ms4a7, 111b, Cd74.
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For datasets from mixed cell populations of GW3965 and Ctrl treated mice, correction for ambient RNA was performed using
SoupX (version 1.6.2), doublet prediction was performed using scvi-tools and doublets were removed from the dataset. Data were
filtered for mitochondrial, ribosomal and red blood cell genes and correction of outliers was performed by percentage of
mitochondrial genes (< 7%), percentage of ribosomal genes (< 15%) and cells where the number of counts was exceeding the 98th
percentile. Normalization was applied to 10,000 UMIs and integration of data from GW3965 and Ctrl treated mice were integrated
by modeling using scvi-tools. Clustering was performed using the leiden-method clustering with a resolution of 0.5. Cell types
were annotated by specific marker expression based on the database PanglaoDB (https://panglaodb.se/). Background genes
(Gm8566, Cmss1, Xist, Gm42418, Gm424181, Malatl, Ay036118 and Gm26917) were removed from downstream analysis. For
quantification of differentially expressed genes per celltype, data was subsetted to the respective cell type and differentially
expressed genes were calculated using the FindMarkers function in Seurat (version 5.0.1) in R version 4.3.1. For microglia, the
data subset was integrated with the pre-existing clustering from the first scRNA-sequencing experiment (Fig. 2) using the
FindIntegrationAnchors, IntegrateData, FindTransferAnchors, and MAPQuery function functions in Seurat (version 5.0.1).
Pseudotime trajectory was generated using Monocle 3 (version 1.3.4). Single cell fate mapping analysis was performed using

cellrank (version 2.0.2). Analysis of cell-cell communication was performed using CellChat (version 1.6.1).
Spatial transcriptomics (10x Genomics Visium)

Mice were perfused 28 days after stroke induction. Brains were dissected, gently frozen using isopentane and liquid nitrogen, and
stored at -80 °C until further processing. Before starting the spatial transcriptomics protocol, sufficient RNA integrity (RIN>8.5)
of all samples was validated using a Bioanalyzer RNA 6000 Pico Kit (Agilent, 5067-1513). Next, 10 um cryosections in the infarct
region were prepared (Thermo Scientific, CryoStar NX70) and positioned on a Visium spatial gene expression slide (10x
Genomics, Visium Spatial Gene Expression Reagent Kit,4 rxns PN-1000189). Brain sections were fixed with for 30 minutes in
ice-cold methanol followed by H&E staining. In short, sections were incubated in isopropanol for 1 minute and afterwards dried
at room temperature. Next, Haematoxylin solution (Dako, S3309) was added, and samples were incubated for 7 minutes, followed
by washing in water and 2 minutes incubation in blueing buffer (Dako, CS702). Sections were washed and EosinY solution (10%
EosinY Sigma-Aldrich, HT110216 in Tris Acetic Acid Buffer (pH 6.0, 0.45 M)) was added for 1 minute followed by another
washing step and drying at 37 °C. Mosaic scans (Zeiss, Axio Imager.M2) of all brain sections were prepared for spatial alignment
of the sequencing data. Next, brain tissues were permeabilized for 20 minutes followed by reverse transcription into cDNA and
second strand synthesis on the slide following the manufacturer’s instructions (10x Genomics, PN-1000189). Afterwards, the
c¢DNA product was eluted from the slide, amplified and cleaned using SPRIselect reagent (Beckman Coulter, B23318) cleanup.
For library preparation the Library Construction Kit (10x Genomics, PN-1000196) was used. cDNA samples were first fragmented
followed by end repair and double-sided size selection using SPRIselect reagent (Beckman Coulter, B23318). Next, adapter oligos
were ligated, the products were cleaned (SPRIselect Beckman Coulter, B23318) and samples were indexed using Dual Index Plate
TT Set A (10x Genomics, PN-1000215). Finally, a last double-sided cleanup was performed, and product quality was checked
with a Bioanalyzer High Sensitivity chip (Agilent, 5067-4626). Sequencing was performed using a P2 flowcell (~65000 reads per
spot) on an Illumina NextSeq2000 machine. Fastq sequencing files were processed using SpaceRanger count (v2.0.0, 10x
Genomics). The function aligned sequencing reads to the mouse reference transcriptome (GENCODE vM23/Ensembl98/mm10-
2020-A) using STAR Z, extracted and filtered spatial barcodes and unique molecular identifiers (UMIs), and quantified gene

expression per spatial barcode to generate a gene expression matrix. H&E-stained tissue images were registered to the spatial
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barcode spots using manually curated alignment .json files generated in Loupe Browser (10x Genomics). Data pre-processing was
performed for each sample individually using Seurat (version 5.1.0) using default settings. Briefly, data was normalized using
SCTransform, linear dimensionality was reduced using RunPCA, clustering was performed using FindClusters (Louvain
algorithm), and non-linear dimensionality reduction was performed using RunUMAP. The RAM score was calculated using the
function AddModuleScore and the top ranked genes for scRNAseq microglia subcluster 5: Apoe, Apocl, Lpl, Cybb, Ccl4, Apoc4,
Lyz2, Fthi, Cd52, Cripl, Cxcll6, Itgax, Cd63, Ccl3, Cdi4, Axl, 1d2, Ms4a7, 111b, Cd74.

MERFISH workflow and data analysis

Brain hemispheres were sectioned into 10-pum-thick coronal slices and mounted onto glass slides provided by Vizgen
(MERSCOPE Standard FF Slide Box, Cat no. 10500125). The gene panel (Vizgen, MERSCOPE 500 Gene Panel, Cat no.
10400003) employed in this study comprised 500 protein-coding genes, supplemented by 50 blank probes (see Supplementary
Table 3). This panel included a diverse set of transcripts representing established markers for neural, glial, and immune cell types,
selected based on prior literature. Post-sectioning, tissues were fixed with 4% paraformaldehyde (PFA) in PBS for 15 minutes at
room temperature, followed by three washes with PBS. Sections were then incubated in an autofluorescence photobleacher
(Vizgen) for 3 hours. To facilitate hybridization, the samples were permeabilized overnight at 4 °C with 70% ethanol. For
hybridization, tissues were washed with a sample preparation buffer (Vizgen, MERSCOPE Sample Prep Kit, Cat no. 10400012)
and incubated in hybridization buffer containing formamide (Vizgen, MERSCOPE Sample Prep Kit, Cat no. 10400012) at 37 °C
for 30 minutes. Subsequently, 50 uL of the gene panel mixture was applied onto the tissue, which was then hybridized at 37 °C
for 36-48 hours. The sections were washed, embedded into a polyacrylamide gel, and cleared with a Proteinase K-containing
premix (Vizgen, MERSCOPE Sample Prep Kit, Cat no. 10400012), followed by washing and staining with DAPI and polyT
reagent (Vizgen, MERSCOPE 500 Gene Imaging Kit, Cat no. 10400006) for 15 minutes at room temperature. After additional
washing, hybridization and imaging buffers (Vizgen, MERSCOPE 500 Gene Imaging Kit, Cat no. 10400006) were loaded onto
the MERSCOPE system (Vizgen). Initial low-resolution mosaic images were captured using a 10x objective, from which regions
of interest were selected for high-resolution imaging with a 60% lens. During high-resolution imaging, the focus was stabilized

using fiducial fluorescent beads on the coverslip. Seven z-planes, each 1.5 um thick, were imaged for each field of view.

Raw images were decoded into RNA spot locations and gene identities using Merlin software (Vizgen). Cell segmentation was
performed with Cellpose, utilizing DAPI nuclear and polyT RNA staining channels. The resulting single-cell gene expression
matrices were further analyzed with the Seurat v5.0 package in R. Quality control steps involved excluding cells with fewer than
20 detected genes, more than 400 transcripts, or cell volumes smaller than 90 um?. Data normalization was conducted using
SCTransform, and PCA was performed across all 500 genes. UMAP embedding was computed from the top 30 principal
components with the RunUMARP function. A shared nearest neighbor graph was constructed based on these PCs (FindNeighbors),
and clustering was performed using the Louvain algorithm across various resolution parameters. Cell identities were annotated
into major classes based on canonical marker genes and regional expression patterns. RAM score was calculated using the function
AddModuleScore and the top ranked genes for scRNAseq microglia subcluster 5: Apoe, Apocl, Lpl, Cybb, Ccl4, Apoc4, Lyz2,
Fthi, Cd52, Cripl, Cxcllo, Itgax, Cd63, Ccl3, Cdi4, Axl, 1d2, Ms4a7, 1l1b, Cd74. Projection of microglia subclusters from
scRNAseq data (Fig. 1) was projected using the Seurat functions FindTransferAnchors and TransferData. Differential gene

expression analysis was performed using the function FindMarkers to compare gene expression of oligodendrocytes within the
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peri-lesional and non-lesioned area after sub-sampling for equal oligodendrocyte number in these regions, or between 28 days

post stroke to control in the same cells.
In vivo phagocytosis assay

Mice were anaesthetized with isoflurane, delivered in a mixture of 30% Oz and 70% N20. Mice were placed into a stereotactic
frame and body temperature was maintained at 37°C with a mouse warming pad. Dexpanthenol eye ointment was applied to both
eyes. The skin covering the skull was opened and a small craniotomy was made using a dental drill 0.5 mm rostral and caudal
from the photothrombotic lesion border as well as the contralateral hemisphere. Per position 1 pl of zymosan solution (pHrodo™
Green zymosan Bioparticles™, Thermo Fisher, #P35365, 2.5 pg/uL in saline) was injected in a cortical depth of 600 um. For
naive control animals zymosan was injected in the same cortical areas. The animals were perfused 24 h after the zymosan injection
with 4°C cold saline and 4% PFA. Brains were removed from the skull and post-fixed over night at 4 °C and cut into 50 um thick
free-floating sections using a vibratome. Microglia were stained using 1:200 anti-P2Y 12 (rabbit, #AS-55043 A, AnaSpec) and goat
anti-rabbit secondary antibody (Alexa-Fluor 594, #A11012, Invitrogen). Confocal-images were acquired as Z-stacks with a slice-

distance of 0.4 pm. Zymosan uptake per microglial cells was counted and calculated in FIJI ImageJ (Version: 2.0.0-rc-69/1.52p).
In vivo 2-photon imaging and analysis of microglial process motility

For in vivo 2-photon imaging Tmem119-EGFP animals received a photothrombotic lesion in the right somatosensory cortex (2.0
mm right, 1.0 mm caudal) with the above-described procedure. To image the microglial process outgrowth upon laser lesion in
controlled conditions, cranial windows were implanted 28 days after photothrombotic lesion induction above the somatosensory
cortex according to the methods described previously 2*?. Briefly, mice were placed on a heating blanket and the head was
stabilized in a stereotaxic frame and eye ointment was applied to protect the eyes from dehydration. The fur washed with three
alternating swabs of 70% ethanol and betadine, and ~1 cm? of skin covering the skull of both hemispheres was removed using
surgical scissors. 1% xylocaine was applied to the periosteum of the skull and exposed muscles at the lateral and caudal sides of
the wound. The periosteum was gently removed, and the skull was thinned forming a circular groove using a dental drill. Next,
the thinned skull bone was gently removed using fine forceps. The unblemished dura was covered with a circular coverglass (#1
thickness). The optical window was sealed with dental cement and a clean, and a metal bar was attached to stabilize the mouse
head for imaging. Imaging and laser lesion induction was performed acutely after successful cranial window implantation. For in
vivo imaging, mice were anaesthetized using a mixture of medetomidine, midazolam and fentanyl (MMF; 150-200 pL/kg) 30 min
prior to the start of the experiment. Laser lesions of ~150 pm length were performed 30 um below the cortical surface 600 pm
distant to the lesion border, and the microglial response was recorded every 5 min for 90 min over an area of 250,000 um? from
the cortical surface to 70 pm depth. Microglial process motility was manually analyzed using FIJI ImageJ (Version: 2.0.0-rc-
69/1.52p) using the plugin Simple Neurite Tracer and StackReg. Calculation of process extension speed and statistical analysis
was performed using R (Version R 4.0.3) and R Studio (Version 1.3.1073). Briefly, the center slice of each 2-photon Z-stack was
identified and the 2 slices before and after the center were combined in a maximum intensity projection of the resulting 5 sections.
Afterwards, maximum intensity projection images were automatically registered for maximum overlap using the plugin StackReg.
Microglia processes were labeled slice-by-slice in every 2-photon time-lapse image using Simple Neurite Tracer. The resulting
coordinates were collected and the distance from first to last coordinate for each microglia process was calculated and divided by

the time duration to calculate the speed of process extension.
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Cerebral open flow microperfusion (cOFM)

Cortical interstitial fluid was repeatedly collected in vivo from mouse brains before and at multiple time points following
photothrombotic stroke induction using cerebral Open Flow Microperfusion (¢cOFM; Joanneum Research, Austria) as previously
described.

For implantation of the cOFM guide cannula, mice were anesthetized and securely fixed in a stereotaxic frame (51615T, Stoelting
Europe, Ireland). Body temperature was maintained at 37 °C using a feedback-controlled heating pad, and dexpanthenol eye
ointment (Bepanthen®) was applied bilaterally to prevent irritation or dryness. A skin incision (~15 mm) was made to expose the
skull surface, followed by careful drilling of a 1.0 mm diameter hole at coordinates -0.5 mm caudal and 3.0 mm lateral relative to
Bregma, exposing the underlying dura mater. Under sterile artificial cerebrospinal fluid (aCSF), the dura mater was gently removed
to reveal the cortical surface. Subsequently, the guide cannula equipped with a healing dummy (cOFM-P-1-1, Joanneum Research,
Austria) was inserted into the cortex at a controlled speed of 10 pm/s using an ultraprecise manipulator arm (51604U, Stoelting
Europe, Ireland), until reaching a depth of 1 mm. Any bleeding was managed carefully, and backflow was monitored closely. The
animal was allowed a brief resting period to ensure stability before the cannula was sealed. The probe was securely fixed onto the
skull using biocompatible dental cement (Quick Base S398, L-Powder clear S399, Universal Catalyst S371; Parkell C&B
Metabond, USA), with special care taken under an operating microscope to avoid the formation of air bubbles. Following surgery,
mice recovered in a heated chamber for approximately 30 minutes and were closely monitored daily, with the healing dummy kept
in place within the cannula for 14 days post-surgery. The use of transparent dental cement enabled direct laser illumination through
the intact skull for photothrombotic stroke induction. Prior to stroke induction, the skull surface and dental cement were darkened
with a black marker, leaving only a 2 mm diameter circular area immediately adjacent to the cOFM probe transparent for precise

stroke targeting. Photothrombotic stroke was then induced following the previously described protocol.

Microperfusion sampling was prepared following the cOFM protocol guidelines (Joanneum Research, Austria). Briefly, the OFM
perfusate bag (10 mL, OFM-BAG, Joanneum Research, Austria) was loaded with freshly prepared and sterile-filtered aCSF,
composed of NaCl (148.18 mM), MgCl: (0.8 mM, CaCl: (1.4 mM), KCI (3 mM), NaH-POs (0.19 mM), Na:HPO= (1.2 mM),
glucose (3.7 mM), and urea (Carbamide, 6.7 mM), as detailed by Alzet (https://www.alzet.com/guide-to-use/preparation-of-
artificial-csf/). The microperfusion pump (MPP102 PC, Joanneum Research, Austria) equipped with push-pull tubing (OFM-PP2-
100-LB, Joanneum Research, Austria) was then connected to the perfusate bag with uD-Connectors (MD-1510, Joanneum

Research, Austria), and the system was flushed thoroughly at a flow rate of 10 uL/min for 15 minutes prior to sample collection.

For sample collection, mice were briefly anesthetized with isoflurane (1.5%) administered in a gas mixture of 30% Oz and 70%
N20. During this brief anesthesia, the healing dummy within the guide cannula was replaced with the sampling insert (cOFM-P-
1-1, Joanneum Research, Austria) connected to the inlet and outlet push-pull tubes. To assist awake sampling, mice were fitted
with a small mouse collar (MD-1365, BASi Research, USA) and gently attached to a self-rotating Raturn sampling cage system
(MD-1409, BASi Research, USA). This cage system counter-rotated to prevent tube entanglement. Following attachment, mice
were allowed to fully awaken and freely move within the cage, with ad libitum access to food and water. Once mice regained
consciousness, interstitial fluid samples were collected at a flow rate of 0.8 uL/min for 1 hour, and samples were immediately

placed on ice and stored in -80 °C until further process.
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After collection, mice were briefly anesthetized again with isoflurane to remove the sampling probe, replace the healing dummy
insert, and were then placed in a recovery chamber before returning to their home cage. Perfusates were collected at baseline (14

days after probe insertion) and subsequently on days 3, 7, 14, 21, and 28 post-photothrombotic stroke induction.
Proteomics analysis of cOFM

The collected cOFM samples were carefully selected following a quality control by a multiplex bead assay (ProcartaPlex Mouse
Immunoassay, Cat#: PPX-29, Assay ID: MX323KH). Around 20 pL of perfusate was collected with an estimated range of protein
content of 0.1-1.5 ug per sample. 40 pL of mouse brain microperfusates were prepared according to the single-pot solid-phase-
enhanced sample preparation (SP3) protocol with some adaptations. In brief, samples were mixed 1:1 with lysis buffer containing
10% SDS (Roth, #CN30.3) in PBS (Thermo Fisher Scientific, # 14190250) pH 8.5, 100mM Tris (2-carboxyethyl) phosphine
(Thermo Fisher Scientific, #77720), and 30 mM 2-chloroacetamide (Thermo Fisher Scientific, #A15238.30). Proteins were
denatured, reduced, and alkylated by incubating samples at 70 °C, 800 rpm on a shaker (Eppendorf, #5382000015) for 10 min.
We added 2 pl of prepared magnetic bead mixtures (Sera-Mag Magnetic carboxylate modified particles, Merck,
#GE44152105050250 & # GE24152105050250) to each sample and mixed them 1:1 with 100% acetonitrile (ACN, Honeywell,
#34967-1L). Samples were incubated for 8 min at RT and 800 rpm on a shaker. Following, samples were transferred on a magnet
(Thermo Fisher Scientific, #12321D) and magnetic beads with bound proteins were washed two times with 200 pl 70% ethanol
(VWR, #153385E) and once with 100% ACN while keeping the samples the whole time on the magnet. For enzymatic digestion,
the magnetic beads were resuspended in 10 pl digestion buffer containing 0.1 pg trypsin /Lys-C mixture (Promega, #V5072) in
50 mM ammonium bicarbonate buffer pH 8.0 and digestion at 37 °C, 400 rpm overnight. On the next day, samples were mixed
with 380 pL 100% ACN and incubated for 8 min at room temperature. After transfer on a magnet, beads were washed with 200
pL 100% ACN and beads air-dried. Peptides were eluted from magnetic beads by resuspending the same in 9ul of 5% ACN in
LC-MS-grade water (Thermo Fisher Scientific, #85189). We determined peptide concentrations (NanoDrop One, Thermo Fisher
Scientific, #ND-ONE-W) and used 250 ng peptides per sample for each LC-MS run.

LC-MS/MS analysis

Samples were measured by liquid chromatography-tandem mass spectrometry using an EASY-nLC 1200 chromatographic system
(Thermo Fisher Scientific, #L.C140) and the Exploris 480 mass spectrometer (Thermo Fisher Scientific, #BRE725533). Peptides
were separated by 90 min chromatographic gradients using a binary buffer system with buffer A (0.1% formic acid in LC-MS-
grade water, VWR, #B2832-84867.290) and buffer B (80% ACN, 0.1% formic acid in LC-MS-grade water, VWR, #B2832-
1.59002.4000). We used an in-house packed analytical column with a length of 50 cm and filled with 1.9 pm ReproSil-Pur 120
C18-AQ material (Dr. Maisch, #r119.aq.0005). To separate peptides the amount of buffer B was linearly increased from 4% to
25% over 70 min with a constant flow rate of 300 nL /min. Following, buffer B was increased to 55% over 8 min and a sharp

increase to 95% buffer B over 2 min. The analytical column was washed at 95% for 10 min.

Eluting peptides were ionized by nano-electrospray ionization at a constant spray voltage of 2.5 kV. We measured the samples in
data-independent acquisition (DIA) mode. In brief, full MS were recorded at a resolution of 60,000 with an AGC target of 300%
and a maximum injection time of 55 ms. The scan range was set to m/z 340 — 1,080. DIA MS/MS scans were recorded at a
resolution of 15,000, an AGC target of 1,000%, and a maximum injection time of 22 ms. The DIA window m/z range was set from

m/z 400 — 1,000 separated into 50 isolation windows with a size of m/z 12 per window. We used a staggered window approach
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with isolation windows shifted by m/z 6 every second scan cycle. Fragment ions were generated with an HCD collision energy of
27%. We measured pooled samples for the generation of a gas phase fractioned (GPF) spectral library. Similar LC-MS methods
were applied, only the DIA scan ranges were limited to m/z 100, covering the overall m/z range from m/z 400 — 1,000 in six

consecutive runs and staggered DIA windows with a size of m/z 4.
Statistical analysis of proteomics data

Staggered windows were deconvoluted with the MSConvert tool of the ProteoWizard software suit (v. 3.0.21321,
https://www.nature.com/articles/nbt.2377). Spectral library generation and peptide identification/quantification from LC-MS raw
data was performed with the DIA-NN software suit (v. 1.8,%%). We used the SWISS-PROT Mus musculus fasta database
downloaded from UniProt (v. 2021-11-18) to make a spectral library using the six GPF measurements from pooled samples.
Trypsin was set as the digestion enzyme with a maximum of one miss-cleavage and cysteine carbamidomethylation was set as a
fixed modification. The scan window radius was set to 10, mass accuracies were fixed to 2e-05 (MS2) and 7.5e-06 (MS1),
respectively. Precursor peptides were filtered at an FDR <1%. Label-free normalization of protein groups was performed in R

using the MaxLFQ algorithm and proteotypic peptides only.

Statistical analysis of the data was performed with the Perseus software suite (v. 1.6.15, *°). In brief, we log2 transformed protein
LFQ intensities and filtered proteins for data completeness in at least one time point. Missing values were replaced sample-wise
by random drawing of numbers from 1.8 standard deviations downshifted, and 0.3 standard deviations broad normal distributions.
Quantile normalization was performed with an R Perseus-plugin as well as a batch correction with ComBat R Perseus-plugin
(batch = animal). Significantly regulated proteins were identified by ANOVA multiple sample testing (SO = 0.1, permutation-based
FDR = 0.05, 250 randomizations). ANOVA-significant proteins were further Z-score normalized and used for hierarchical
clustering using Euclidean distances. We searched systematically for enriched processes in identified clusters using Fisher*s exact
testing (Benjamini-Hochberg FDR = 0.02). Data output was filtered for ANOVA-significant proteins for downstream clustering

analysis.
Clustering analysis of Proteomics data analysis

Time-series clustering was performed using an unsupervised, nonparametric model-based method, the Dirichlet process Gaussian
process mixture model (DPGP) *!. In brief, two important considerations in this problem are (1) selecting the "correct" or "optimal”
number of clusters and (2) modeling the trajectory and time-dependency of protein expression. A Dirichlet process can determine
the number of clusters in a nonparametric manner, while a Gaussian process can model the trajectory and time-dependency of

protein expression in a nonparametric manner. Optimal clustering was selected using the ‘maximum a posteriori’ (MAP) criterion.

Detected clusters were analyzed with the use of QIAGEN IPA (QIAGEN Inc., https://digitalinsights.qiagen.com/IPA) and their

network and upstream regulator modules with standard parameters *2.
Proteomics demultiplexing DESP algorithm

For demixing cOFM bulk proteomics data into underlying cell state omic’s profiles, we combined the output from the proteomics
clustering analysis (“cluster 2”’) and IPA analysis (“II-1B network™) with single-cell RNA sequencing data from mixed cell
populations derived from mouse brains in naive state, 7 days and 28 days after stroke (see above). Proteomics raw data were

filtered by sample and protein names using Python (version 3.13.2) using the packages pandas (version 2.2.3), anndata (version
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0.11.3, scanpy (version 1.10.4), numpy (version 2.1.3), and seaborn (version 0.13.2). Single-cell RNA seq data were imported
using R (version 4.3.1) and imported to python using rpy2 (version 3.5.17). To demix the bulk secretome profiles into individual
cell types we used DESP (v1.0) *. Briefly, the DESP algorithm models bulk omics data as a product of cell proportions and cell
state / type omics profiles. Using cell state proportions estimated via single-cell RNAseq data, this model enables the estimation
of cell state / type specific profiles. Here, we leverage scRNAseq data at baseline (naive state), 7 days, and 28 days after stroke to
estimate expected cell type proportions using leiden clustering and manual annotation of clusters into 14 cell types (see above).
Although the scRNAseq data was acquired in different specimen than the cOFM bulk proteomics data, both data measure cells in
and around the lesion, to match the previously defined area of interest, and we expect that cell type proportions are representative
of the underlying cell type proportions in the cOFM bulk proteomics data. Cell type proportions were calculated for each timepoint
for input to DESP. As additional input to DESP, cell type similarities were calculated from the scRNAseq data by Pearson
correlation of the mean expression profile per cell type. DESP was run for each timepoint, using un-logged data as input, and the
resulting cell type specific secretome predictions were re-logged before further analysis. Outputs included deconvolved protein

expression matrices per cell type and time point visualized as heatmap.
Golgi-Cox staining and dendritic spine analysis

Following saline perfusion, mice were perfused 42 days after PT with aldehyde fixative solution (003780, Bioenno). Brains were
then carefully removed and placed in fixative solution at 4 °C overnight. Brains were then sliced at 100 um using a vibratome and
collected in 0.1 M PBS. Slices were placed in impregnation solution using the sliceGolgi Kit (003760, Bioenno) for 5 days in the
dark. Staining and post-staining was performed as described by the manufacturer (Bioenno). Images of dendrites were obtained
within 500 um around the lesion area in cortical layer 2/3. In total, per animal 25 dendrites (5 dendrites from 5 neurons) in both
hemispheres were recorded using an Axio Imager.M2 and a 100x objective (EC Plan-Neofluar, NA=1.3, immersion: oil,
acquisition at 18-20 °C) using the AxioCam MRc and AxioVision 4.8.2 software. Dendrites from the images were then 3D-

reconstructed and the spine density evaluated on the reconstructed 3D surface using Imaris x64 (8.4.0, Bitplane).
MALDI-MSI targeted for cholesterol

Sections of 10-um thickness were sectioned on a cryostat (Leica) and mounted on ITO slides (Bruker). The ITO slides were then
vacuum freeze-dried for 15 min. First, 18 layers of a 500 pg/mL solution of cholesterol-ds (Avanti) internal standard in 100%
ethanol were applied using a SunCollect sprayer (SunChrom) with the following settings: 20 pL/min flow rate for all layers, speed
x: medium 1, speed y: medium 1, z position: 30. Lastly, 48 mg of 2,5-dihydroxybenzoic acid (DHB) matrix (Sigma) in 4 mL of
100% acetone was sublimated onto the ITO slide. MALDI-2-MSI measurements were performed on a MALDI2-timsTOF flex
instrument (Bruker). Positive ion mode spectra were acquired in a mass range of m/z 150-500 with a pixel size of 8 x 8§ pum.
Spectra were obtained with 20 shots per pixel, at a speed of 1 kHz, and with a trigger delay of 5 ps. Prior to data acquisition, the
instrument was calibrated using red phosphorus. Data acquisition was performed using timsControl (Version 5.0.9, Bruker

Daltonics) and flexImaging 7.3 (Bruker Daltonics). The samples were measured in random order.
MALDI-MSI untargeted negative mode
Sample Preparation

Sections of 10-um thickness were sectioned on a cryostat (Lieca) and mounted on glass ITO slides (Bruker). The ITO slides were

then vacuum freeze-dried for 15 min. Finally, 20 layers of a 7 mg/mL solution of N-(1-naphthyl) ethylenediamine dihydrochloride
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(Sigma-Aldrich) (NEDC) matrix in a mixture of methanol/acetonitrile/water (70:25:5, %v/v/v) were applied using an HTX M3+
sprayer (HTX Technologies, LLC) with the following parameters: 60°C nozzle temperature, 80 pL/min flow rate, 2000 mm/min

velocity, 3-mm track spacing, CC pattern, and 30-sec drying time.

MALDI-MSI Measurement

For high spatial resolution, MALDI-TOF-MSI measurements were performed on a RapifleX MALDI-TOF/TOF system (Bruker
Daltonics). Negative ion mode spectra were acquired in a mass range of m/z 60—1000 in reflector mode, with a pixel size of 5 x 5
pum. Spectra were obtained with 90% laser power, 25 shots per pixel, at a speed of 10 kHz. Prior to data acquisition, the instrument
was calibrated using red phosphorus. Data acquisition was performed using flexControl (Version 4.0, Bruker Daltonics) and

flexImaging 5.0 (Bruker Daltonics). The samples were measured in random order.

For high mass resolution, MSI analysis was performed on a 12T solariX FTICR mass spectrometer (Bruker Daltonics, Germany).
Negative ion mode spectra were acquired in a mass range of m/z 300—1050 with a pixel size of 30 x 30 pm. Spectra were obtained
with 35% laser power, 15 shots per pixel, at a speed of 60 kHz. The spectra were recorded with a 1M data point transient. Prior to
data acquisition, the instrument was calibrated using red phosphorus. Data acquisition was performed using ftmsControl (Version

2.1.0, Bruker Daltonics, Germany) and flexImaging 5.0 (Bruker Daltonics, Germany).
CSF-Sample Preparation

Twenty microliters of CSF were diluted with 200 puL of a BHT solution (butylated hydroxytoluene, 5 mg/mL in ethanol) and 800
pL internal standard solution (each 1.25 pg/mL of cholesterol-d7 and desmosterol-ds in ethyl acetate). Next, the samples were
homogenized for 10 minutes on a tube shaker at 3200 rpm. Afterwards, 400 uL of 25% aqueous potassium chloride (solved in 0.2
M hydrochloric acid) and 400 pL ethyl acetate were added. After homogenization for approximately one minute the samples were
centrifuged at 12,000 g for 5 minutes at room temperature. Subsequently, the organic phase was transferred to a GC-Vial and
evaporated to dryness under a gentle stream of nitrogen. Then, 1000 pL ethyl acetate were added to the aqueous phase, shaken
and again centrifuged for12,000 g for 5 minutes at room temperature. The second organic phase was also transferred to the same
GC-Vial and evaporated again to dryness. The extraction was performed a third time with another 1000 pL ethyl acetate. All
neutral sterols were measured as trimethylsilyl ethers (TMS ethers) by adding 50 pL of MSTFA (N-methyl-N-trimethylsilyl-
trifluoroacetamide): TSIM (N-trimethylsilyl-imidazole; 10:1) and the samples were kept for 30 minutes at room temperature.
Finally, 150 pL of 1.33 pg/mL cholestane in methyl zert-butyl ether (M/BE) were added and transferred into a micro insert and
were ready for GC-MS/MS analysis.

GC-MS/MS Analysis

The analysis by gas chromatography triple quadrupole MS (GC-MS/MS) was performed on an Agilent Technologies 7890B gas
chromatograph with an Agilent Technologies multimode inlet (MMI) coupled to a 7010B triple quadruple with high efficiency
source (HES) and a PAL RSI85 autosampler from CTC Analytics (Zwingen, Switzerland). Data analysis and instrument control
were carried out with Agilent MassHunter Workstation Software package B.08.00 (Santa Clara, CA, USA). Two connected
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capillary columns (15 m Agilent J&W HP-5 ms ultra inert) with 0.250 mm inner diameter and 0.25 um film thickness were used.
Flow rate of the first column was set to 1.1 mL/min and 1.3 mL/min on the second column. Carrier gas was helium 99.9990%
from Air Liquide (Diisseldorf, Germany). The triple quadrupole (MS/MS) was operated with electron ionization (EI) at 70 eV
with collision gas argon 99.995% from Air Liquide (Diisseldorf, Germany) with a flow rate of 0.9 mL/min. The temperature for
the MS transfer line was set to 300 °C, MS source to 230 °C, and MS quadrupole to 150 °C.

For the quantification of targeted analytes, a dynamic multiple reaction monitoring (AIMRM) method was used. The cycle time of
the method was 28.0 minutes, 20 minutes run time, 4.0 minutes post-run with backflush and requiring an additional 4.0 minutes
to cool down to the starting conditions. The solvent delay was set to 8.0 minutes, and the temperature of the GC oven was set to
50 °C for 1.0 minute and a heat rate of 50 °C/min to 250 °C. Then, the heat rate was decreased to 5 °C/min until 310 °C, and was
hold for 3.0 minutes. The injection volume was 10 pL. The injection was performed in a solvent vent mode at an injector
temperature of 70 °C, which increased to 310 °C after 0.02 minutes. The multiplier operated with a gain factor of 10. The detector
was only active for the respective transitions within the determined time windows of each analyte (one minute before and after
the defined retention time). The transitions and collision energies were optimized using authentic standards and Agilent’s

MassHunter MRM optimizations software. For detailed information about the dIMRM setting (see Supplementary Table 4).
Demixing of lipidomics signal using MERFISH and MALDI Data

Briefly, we first spatially integrated spatial transcriptomics (MERFISH) data with spatial lipidomics (MALDI) data, and then used
this spatial integration in the second step to form batches of spatially corresponding cells and lipidomics spots which we used to

demix a cell-specific lipidomics signal.

The spatial integration of MERFISH and MALDI data was done using moscot (version 0.4.2)**. First, uni-modal MERFISH and
MALDI slides were spatially integrated by leveraging Fused Gromov-Wasserstein (FGW) optimal transport (named
AlignmentProblem in moscot) with the features (genes / lipids) as shared features, and spatial coordinates as unique features. For
MERFISH, gene expression was aggregated into spots with radius 30um, before using it as shared features for integrating samples
dao3r2 and dao8r2 (alpha = 0.5, tau_a = 0.9999, tau b = 1). For MALDI data lesional hemispheres for Ctrll and Ctrl2 were
manually selected, a cluster of xxx tissue removed, and then integrated (alpha = 0.7, tau_a =1, tau_b = 1). Then, MERFISH and
MALDI data was integrated using coarse region annotations as shared features, and spatial coordinates from the uni-modal
integration as unique features. Brain regions cortex, fibertract, lesion, subcortical were annotated on both modalities and used
together with the distance from the lesion as shared features (1-hot-encoded) between the modalities to improve the spatial
alignment. The spatial integration (alpha = 0.8, epsilon = 0.01) resulted in a common coordinate system for all MERFISH and
MALDI slides.

This common coordinate system was used to bin the data into 22 rectangular bins, where each bin contained spatially
corresponding cells from MERFISH and lipidomics spots from MALDI. For each bin cell type counts were estimated using the
MERFISH data and an annotation done on a single cell reference as described for the scRNA-sequencing for mixed cell
populations (Fig. 2), and a bulk lipidomics profile was estimated by summing the raw lipidomics signal of each spot in the bin.
Cell type similarity was estimated by Pearson correlation of the mean expression profiles. This data then served as input for DESP

33, which demixed the lipidomics signal and resulted in a cell-type specific lipidomics profile.
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BMDM isolation and differentiation

Bone marrow derived macrophage (BMDM) cells were generated from both mouse tibia and femur. After cells were flushed out
from both femurs and tibias, bone marrow cells were filtered through 40um cell strainers to obtain single cell suspensions. Cells
were then resuspended in DMEM (Gibco), supplemented with 10% fetal bovine serum (FBS) (Gibco), 1% Gentamycin (Thermo
Fisher) and 20% 1.929 cell-conditioned medium (LCM) to promote differentiation into macrophages. A total of 5x10° cells were
seeded per dish and cultured for 7 days at 37 °C with 5% COa.

Human iPSC-derived cell cultures
1PSC maintenance

All iPSCs experiments were performed according to all relevant local guidelines and regulations. Work with microglia was
performed with the female iPSC line A18945 (ThermoFisher, Cat# A18945, hPSCreg name TMOIi001-A, RRID:CVCL _RM?92)
and work with oligodendroglia with the male line 7889SA (NYSCEF repository, NYSCFi003-A, RRID:CVCL_B5I1Z). iPSCs were
maintained on vitronectin-coated culture plates (ThermoFisher, Cat# A14700 diluted 1:100 in PBS, 1h at room temperature) and
Essential 8 Flex Medium (E8F) (ThermoFisher Cat#A2858501) at 37°C with 5% CO: until they reached 80% confluency. Cells
were passaged using PBS with 500nM EDTA (ThermoFisher, Cat# 15575020) for Smin and plated again in ESF.

iPSC-derived Oligodendrocytes

iPSCs were differentiated into oligodendroglia using a slightly modified protocol as previously published . Briefly, iPSC colonies
from 6 wells of a 6-well plate were lifted with collagenase (2mg/mL; Life Technologies) and dispase (1mg/ml; Life Technologies),
washed in PBS and resuspended in phase 1 neuralization medium. Phase 1 medium: chemically defined medium (CDM: 50% F12
(Invitrogen), 50% Iscove’s modified Dulbecco’s medium (Invitrogen), 1% chemically defined Lipid 100 (Invitrogen), BSA
(5 mg/mL; Sigma), monothioglycerol (450 uM; Sigma), 1% Antibiotic Antimycotic Solution (Sigma), insulin (7 ng/mL, Roche),
transferrin (15 ng/ml; Merck), supplemented with activin inhibitor SB 431542 (10 uM; Sigma), N-acetyl cysteine (1 mM; Sigma)
and LDN193189 (0.1 uM; Absource). Resuspended colonies were transferred into a 10cm dish and placed on an orbital shaker.
After 24 hours, embryoid bodies have formed, medium was changed every other day. After 7 days, the spheres were caudalized
by switching the medium to CDM supplemented with N-acetyl cysteine (1 mM; Sigma), retinoic acid (0.1 uM; Sigma Aldrich),
basic fibroblast growth factor (FGF-basic) (5 ng/ml; PeproTech), and heparin (5 pg/ml; Sigma) for additional 7 days. Afterwards,
successful neural conversion was assessed by cell morphology, after spheres have been plated on laminin-coated plates (10 pg/ml;
Sigma) overnight. Neuralized spheres were collected and transferred into advanced DMEM (Invitrogen), supplemented with 0.5%
GlutaMAX (Invitrogen), 0.5% N2 (Invitrogen), 1% B27 (Invitrogen), purmorphamine (1 uM; Sigma), retinoic acid (1 uM; Sigma),
FGF-basic (5 ng/ml; PeproTech), heparin (5 pg/ml; Sigma), and 1% Antibiotic Antimycotic Solution (Sigma) for 1 week. FGF-
basic and heparin were then withdrawn from the medium and spheres were cultured for 2 more weeks. Spheres were then chopped
with a razor blade and transferred into oligodendrocyte proliferation medium consisting of advanced DMEM/F12 (Invitrogen),
supplemented with 1% GlutaMAX (Invitrogen), 1% N2 (Invitrogen), 1% B27 (Invitrogen), heparin (5 pg/ml; Sigma),
purmorphamine (1 uM; Sigma), FGF-basic (10 ng/ml; PeproTech), T3 (60 ng/ml; Sigma), PDGF-AA (20 ng/ml; PeproTech), SAG
(1 uM; Calbiochem), IGF-1 (10 ng/ml; PeproTech), and 1% Antibiotic Antimycotic Solution (Sigma) to promote oligodendrocyte

progenitor cell proliferation. After 2 weeks, spheres were chopped and plated on coverslips coated with poly-ornithine (1:100;
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Sigma) and laminin (10 pg/ml; Sigma Aldrich) in proliferation medium. After 24 hours the medium was changed to
oligodendrocyte differentiating medium containing advanced DMEM (Invitrogen), supplemented with 1% GlutaMAX
(Invitrogen), 1% N2 (Invitrogen), 1% B27 (Invitrogen), heparin (5 pg/ml; Sigma), 1% Antibiotic Antimycotic Solution (Sigma),
IGF-1 (10 ng/ml; R&D Systems), T3 (60 ng/ml; Sigma), and Insulin-transferrin-sodium selenite (ITS) (1:100; Sigma). Cells were

cultured for 7 days before they went into co-culture with microglia.

iPSC-derived Microglia

Differentiation of iPSC to microglia was performed following our recently published protocol®¢. Briefly, 80-90% confluent iPSC
colonies were split 1:150-1:200 using PBS with EDTA, and hematopoiesis was induced for 12 days using the STEMDiff
Hematopoietic Kit (STEMCELL Technologies, Cat#05310) following the manufacturer’s instructions. Floating hematopoietic
precursor cells were collected and frozen in Bambanker (FujiFilm Wako, Cat#302-14681). After thawing, hematopoietic precursor
cells were differentiated into microglia for 12 days in DMEM/F12 supplemented with 2x Insulin-Transferrin-Selen (ITS-G,
Thermo Fisher, Cat#41400-045), 2x B27 supplement, 0.5x N2 supplement, 1x GlutaMAX, 1x NEAA, 5 pg/ml Insulin, 1x
Penicillin/Streptomycin, and 400 pM monothioglycerol (Sigma-Aldrich, Cat#M1753), 100 ng/ml IL34 (Peprotech, Cat#200-34),
50 ng/ml TGF-B1 (Peprotech, Cat#100-21), and 25 ng/ml M-CSF (Peprotech, Cat#300-25). Microglia were used for experiments
on day 24 of differentiation.

Western blotting analysis

For cells, samples were suspended in lysis/extraction buffer RIPA buffer (Thermo Fisher) containing protease and phosphatase
inhibitors and incubated on ice for 5 min and briefly sonicated. All samples were centrifuged at 12,000g for 7 min at 4°C and
supernatant was collected. For mouse brain tissue, the lesion and perilesional cortex was isolated and placed into a lysis tube A
(Innuscreen) containing lysis/extraction buffer RIPA with added protease and phosphatase inhibitors. Samples were homogenized
using homogenizor (Qiagen) at 40 oscillations/s for 30 sec, then centrifuged at 12,000 g for 7 min at 4 °C and supernatant was
collected. For cell supernatant were processed as previously described*’. Total protein was quantified using the Pierce BCA protein
assay kit (Thermo Fisher Scientific). Whole cell and tissue lysates were fractionated by SDS-PAGE using Bis-Tris gels (Thermo
Fisher) and transferred onto a polyvinylidene difluoride membrane (PVDF) (BioRad). Membranes were blacked for 1h in TBS-T
(TBS with 0.1 % Tween 20; pH 8.0; Roth) containing 5% BSA (Sigma Aldrich), the membrane was then incubated with the
primary antibodies against following antibodies: mouse Casper-1/ p20 (1:1000; Cell signaling), rabbit Galectin3 (1:1,000; R&D
Systems) rabbit anti-actin (1:5000; Sigma Aldrich) diluted in TBS-T with 5% BSA. Membranes were washed three times with
TBS-T and incubated for 1 hour with HRP-conjugated anti-rabbit or anti-mouse secondary antibodies (1:5000; Agilent
Technologies) at RT. Membranes were developed using ECL substrate (Millipore) and acquired via the Vilber Fusion Fx7 imaging

system. Protein quantification was quantified using ImagelJ and all antibodies were normalized to actin.
Enzyme linked immunosorbent assay

Total mouse I1-1B and human IL-1B were measured in brain and cell protein lysis and supernatant according to manufacturer’s
instructions (R&D Systems). Lesion and perilesional cortical tissue were isolated and placed into lysis A-tubes (Innuscreen) with
cell lysis buffer (R&D) containing protease and phosphatase inhibitors. Samples were homogenized using a Tissue Lyser LT

(Qiagen) with a speed of 40 oscillations/s for 30 sec. Samples were centrifuged at 12,000 g for 7 min at 4 °C and supernatant was
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collected. For cell supernatant, samples were collected and centrifuged at 3,000 g for 7 min at 4 °C and supernatant was collected.

All samples were run in triplicate.
Assay for cholesterol uptake into human iPSC-derived cells

iPSC-derived Microglia (iMG) were plated on a 24-well transwell (Corning) (#cells/well) and treated with TMR-cholesterol (1
uM; Avanti) for 2 h. Cells were then washed wish PBS to remove excess TMR-cholesterol and fresh medium was added and iMG
transwells were transferred on top of a 24-well with plated iPSC-derived oligodendrocytes (iOligos) at the bottom. Wells were
subjected to GW3965 (Selleck) for 24 h and iOligos were observed for TMR-cholesterol uptake by confocal microscopy (Zeiss)

after immunofluorescent staining using anti-Olig2 (Sigma Aldrich) as previously described.
BMDM Cholesterol crystal treatment

WT and ASC-Citrine BMDMSs were isolated and differentiated as described previously. Then cells were cultured on 6-well plates
(3x10° cells/well) and primed for 4h with LPS from E.coli (Adipogen). Cells were washed with PBS and then subjected to
cholesterol crystals in serum-free culture medium ranging from 3-72 h. Cholesterol crystals were made as previously described*.
WT cell supernatant was collected for western blot analysis and ASC-Citrine cells were collected for flow cytometry analysis of

ASC-speck formation.

Cholesterol assay

Brain tissue was processed to measure total, free and esterified cholesterol according to manufacturer’s instructions (abcam).
ASC-Speck analysis in mouse brain tissue

ASC-Citrine sham and stroke mice were perfused and brains were collected and processed as previously described. ASC-specks

were quantified in the ipsilateral hemisphere using the particle analysis tool in (Image J Fiji).
QUANTIFICATION AND STATISTICAL ANALYSIS

Data were analyzed using GraphPad Prism version 9.0 and 10. All summary data are expressed as the mean + standard deviation
(s.d.), unless indicated otherwise. Normality was assessed in all datasets using the Shapiro-Wilk normality test. Normally-
distributed data were analyzed using a two-way Student’s t test (for 2 groups) or ANOVA (for > 2 groups). Non-normally
distributed data were analyzed using the Mann-Whitney U test (unpaired data) or Wilcoxon rank sum test (paired data) (for 2
groups), or Kruskal-Wallis test (H test, for > 2 groups). Multiple comparison adjusted p values were computed using Bonferroni
correction or Dunn’s multiple comparison tests. Statistical analysis for longitudinal data was performed using linear-mixed models

with group-by-time interaction in R (Version 4.3.1). For all analyses a p value < 0.05 was considered statistically significant.
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Figure S1. Microglia remain chronically reactive but are necessary for post-stroke recovery. (A) Numbers of branch nodes in
perilesional microglia 300 um away from lesion border until 84 days post stroke. Points represent individual cells, color coded for
individual mice (Pairwise Wilcoxon test and Bonferroni correction, n=5-6 /group) (B) Sphericity score and numbers of branch nodes
from microglia in the contralateral cortex until 84 days after stroke. Points represent individual cells, color coded for individual mice
(Pairwise Wilcoxon test and Bonferroni correction, n=5-6 /group). (C) Representative confocal images and quantification of Ibal*
microglia in naive mice after 14 days of treatment with PLX5622 for microglia depletion or control diet for evaluation of depletion
efficacy in cortex (n=4 /group, T test). (D) Time course of interhemispheric functional connectivity of sensory hind limb cortex and
homotopic sensory areas in widefield calcium imaging. (Median + SE, linear-mixed model, n= 11/13 group). (E) Representative image
pyramidal neuron stained by Golgi-Cox staining (Scale bar=30 pm) and quantification of dendritic spine density 42 days after stroke
within 500 pm from lesion border and contralateral cortex. (Kruskal-Wallis test, Bonferroni correction for multiple comparisons, n=6/7
/group). (F) Schematic of experimental outline for 4D9 or 4D5 isotype ctrl 0.05mg/g treatment. (G) Evaluation of composite neuroscore
(Median + SE, linear-mixed model, n=6 /group). (H) Time course of interhemispheric functional connectivity of sensory hindlimb cortex
in widefield calcium imaging (Median + SE, linear-mixed model, post-hoc Kruskal-Wallis test, n=8 /group).
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Figure S2. Repair-associated microglia (RAM) are a distinct microglial cell state that shape the chronic lesion microenvironment.
(A) Sorted population of myeloid cells isolated from perilesional cortex for sScRNA sequencing. (B) Dimensionality reduction using
Uniform Manifold Approximation and Projection (UMAP), showing transcriptomic clusters of myeloid cells using a resolution of 1.2
(left) and pseudo-colored for timepoint (right). Microglia clusters are highlighted by dashed line. (C) Marker gene expression per cluster.
Color code indicates average expression. Size of dots represents percentage of cells expressing the gene. (D) Marker gene expression of
microglia and monocytes/macrophages illustrated in UMAP. (E) Illustration of cell number per microglia subcluster in scRNA
sequencing data after creating microglia subset. (F) Expression of microglia subtype scores in UMAP of previously described microglia
functional states: homeostatic microglia (Hom. score), Disease associated microglia (DAM score), Lipid associated microglia (LAM
score), and Interferon responsive microglia (IRM score). (G) Expression of RAM score in spatial transcriptomics (10x Genomics Visium)
28 days after stroke in 4 individual animals. (H) Contribution of genes to RAM microglia score calculated by mean gene expression in
top 25% of cells expressing the RAM module score. (I) Gene set enrichment analysis of up- and down regulated pathways in RAM
cluster 5 compared to homeostatic clusters 0 and 1.
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Figure S3. Microglial cholesterol crystallization impairs neuronal recovery after stroke. (A) Representative images and quantification of
BODIPY (lipid particles) staining peri-infarct cortex across three experimental stroke models (AMCAo, fMCAo and photothrombosis) 28 days after
stroke (scale bar 20 pm; Mann-Whitney U test, n=4/6 /group). (B) Microglia cells isolated from the brain of naive, 7 and 14 days after stroke were
analyzed by flow cytometry. Representative graph of Plin2 intensity in microglia (CD45™ CD11b") and quantification of Plin2"¢" (lipid droplets)
microglia out of total microglia (T test, n=3-7 /group). (C) Cholesterol levels (esters, free and total) were measured and quantified from ipsilateral
and contralateral cortical mouse tissue 28 days after stroke (T test, n=9 /group). (D) Representative images of microglia (Ibal) in control and
GW3965 in the peri-infarct cortex 28 days after stroke immunofluorescence (scale bar 20 pm). Quantification of microglia sphericity score. Points
represent individual cells (Pairwise Wilcoxon test and Bonferroni correction n=7-10 /group). (E) UMAP and cell type annotation of scRNA
sequencing of mixed cell types isolated from peri-lesional cortex 28 days after stroke, n=3 animals /group. (F) Number of cells per cell type in Ctrl
and GW3965 treated groups. (G) UMAP of microglia subset from scRNA sequencing with projected microglia sub-clusters 0-6 from previous
scRNA sequencing dataset (Fig. 2) and representation of cell number per sub-cluster. (H) Differentially expressed genes in microglia subset from
GW3965 vs. Ctrl. Vertical dashed lines indicate log2FC * |2|, horizontal line indicates adjusted logio(p-value) * logi0(0.05). (I) Expression level of
Abcal and Abcgl for Ctrl and GW3965 treated animals. Wilcoxon test. (J) Microglia from Ctrl and GW3965 treated groups projected in UMAP
space of microglia subset UMAP (shown in Fig. 2) and trajectory representing microglia states along pseudotime. (K) Differential expression of
detected driver genes for intermediate state in microglia from GW3965 vs. Ctrl. Vertical dashed lines (figure legend continued on next page) indicate
log2FC * |2/, horizontal line indicates adjusted logio(p-value) * logio(0.05). (L) Longitudinal in vivo widefield calcium imaging of Thyl-GCaMP6s
animals assessing sensory FC (Median + SE, linear-mixed models, group-by-time interaction, n= 10-15 /group). (M) Longitudinal in vivo widefield
calcium imaging of Thyl-GCaMP6s animals assessing motoric FC (Median + SE, linear-mixed models, group-by-time interaction, n= 10-15
/group).
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Figure S4. Cholesterol crystals induce chronic inflammation. (A) Brain tissue homogenate Il-1b levels in sham, contralateral
and ipsilateral hemispheres 24 hours, 7 days, 14 days and 28 days after stroke (independent samples / time, Kruskal-Wallis test,
Dunn’s test, n=12-13 / group). (B) Schematic illustration of experimental set-up for flow cytometry analysis of inflammasome
kinetics from ASC-Citrine bone marrow-derived macrophages treated with cholesterol crystals (ChC). (C) Representative gating
strategy for ASC-Citrine bone marrow-derived macrophages treated with ChC. (D) Quantification of longitudinal ASC-speck
formation in bone barrow derived macrophages treated with ChC (dashed line indicates LPS control levels) (Shapiro-Wilk test,
Multiple T tests, post hoc Bonferroni correction, n=3-10 /group). (E) Western blot time-course from supernatant of bone marrow-
derived macrophages primed with LPS for 4h and treated with or without ChC. The (+) symbol indicates the samples treated with
ChC. Dynamics of inflammasome activation with pro-caspase-1 and cleaved caspase-1 (p10) expression over time when cells
were challenged with ChC. (F) Longitudinal assessment of motor coordination using the rotarod test in WT or Caspase-1 KO
mice after stroke (Mean = SEM, linear-mixed model, n= 7/15 /group).
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Figure S5. Enhancing cholesterol efflux improves chronic microglia function and post-stroke recovery. (A) Total cholesterol
detected in CSF from GW3965 or Ctrl mice (Multiple Mann-Whitney U tests and Benjamini Hochberg correction, n= 5/4 /group).
(B) Representative images and quantification of Ctrl and GW3965 peri-infarct cortex of Gal3 (lysosomal damage) and Ibal
(microglia) immunofluorescence 7 days after stroke (scale bar 20 pm; Mann-Whitney U test n= 8/9 /group). (C) Representative
images and quantification of Ctrl and GW3965 peri-infarct cortex of Gal3 (lysosomal damage) and Ibal (microglia)
immunofluorescence 28 days after stroke (scale bar 20 pm; Mann-Whitney U test n= 9/11 /group).
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4 DISCUSSION

4.1 T cell-mediated modulation of microglia after stroke

This study demonstrates that lymphocytes, specifically T cells, play a crucial role in influencing
microglial morphology and transcriptional responses acutely after stroke. Using the distal
model occlusion (AMCAOQ) experimental stroke mouse model and Rag17/~ mice, which lack B
and T lymphocytes, we show that the absence of adaptive immune cells results in significantly
altered microglial behavior. In particular, microglia in Rag1/ mice exhibit a less reactive
morphology, characterized by their extended ramifications and reduction in sphericity. This
underscores the dependence microglia activation has on lymphocyte infiltration. Notably,
microglial depletion in Rag1/ mice also leads to an exacerbation of infarct size, which is not
observed in wild-type animals, which suggests there is a compensatory or protective role of

microglia when lymphocyte infiltration is lacking.

Single-cell RNA sequencing analysis brought to light that stroke alone is a strong driver of
microglial transcriptional changes. However, in the context of lymphocyte deficiency, we found
a distinct transcriptional signature in microglia, both before and after stroke. Rag17/ after stroke
also displayed enrichment of genes that are linked with disease-associated microglia (DAM),
such as Apoe, Cd74, Lyz2 and Lgals3. These genes are typically associated with a reactive
and neurodegenerative microglia phenotype, therefore implying that microglia reactivity is not
abrogated but altered in the absence in the absence of lymphocytes. This dataset also revealed
with trajectory analysis of microglia states that lymphocyte deficiency impacts microglia
transitioning from a homeostatic to an active phenotype. This was characterized by a
significant reduction of phagocytosis and activation markers along with an enhancement of
chemokine and cytokine-related genes such as Ccl, Tnf and IL-1B. Overall, suggesting a push
toward a dysfunctional, pro-inflammatory phenotype in microglia. Using flow cytometry, it
became evident that T cells in comparison to other infiltrating cells, are likely the dominant
modulators of microglia acutely after stroke given, they are about 14 times more abundant.
Overall, even in relatively low numbers compared to resident cells, T cells seem to exert great
influence by targeting microglia to amplify their signals to shape widespread

neuroinflammation.

Overall, these findings indicate a cross-talk between T cells and microglia that is critical for

dictating the neuroimmune response post-stroke. The absence of T cells results in microglia
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failure to transition into a reparative phenotype. Thus, potentially exacerbating brain injury
when microglia are also depleted. Importantly, our study also gives further rational for

immunomodulatory therapies that target T cell-microglia interaction.

4.2 Transcriptional reprogramming of microglia by T cells

As indicated by other studies, CD4 T cell subsets, such as Th1, Th17 and Treg cells are known
to elicit diverse effects on post-stroke neuroinflammation [6, 42]. We then wanted to understand
how different CD4 T cell subsets with varying functions, effect the microglial response. We
injected two opposing subpopulations, Th1 and Treg, which have proinflammatory and anti-
inflammatory features, respectively into the cisterna magna (CM) in Rag /'mice after stroke.
Our findings show that T helper cells can reprogram microglia toward functionally different

states.

Microglia injected with Th1 cells exhibited a unique transcriptional profile compared to vehicle
or Treg cells. They even show a significant increase in genes differentially expressed versus in
response to Th1. When we performed gene ontology analysis, pathways related to antigen
retrieval processing and presentation, cytokine signaling and type | interferon responses where
upregulated. In addition, immunocompetent related and pro-inflammatory microglial phenotype
related genes were upregulated, such as cd74, Lag3, Irf7 and Stat1. A transcriptional profile
similar to reactive microglia seen in chronic neurodegeneration [105]. Overall, these findings
suggest that Th1 cells may amplify inflammatory responses after stroke by influencing

microglia toward an antigen-presenting and interferon-responsive state.

In contrast, microglia that were exposed to Treg cells displayed a restrained transcriptional
shift, with a limited number of differentially expressed genes versus control. The genes
upregulated were associated with chemotaxis, with no indication of genes related to
inflammatory or antigen presentation pathways. This modest transcriptional profile is also
consistent with the known immunoregulatory role of Tres cells and further supports that idea

that they may be promoters of homeostatic or even a reparative microglial state after injury.

Collectively, this validates the strong influence of CD4 T cell polarization on microglia function
and supports the hypothesis that adaptive immune cells are not just activating microglia but
also compose the quality and functional outcome of this activation. Therefore, targeting
specific T cell subpopulations to direct microglia function could be a promising strategy to

promote a neuroprotective environment after stroke.
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4.3 Therapeutic potential of engineered T cells

To explore the therapeutic potential of modulating T cell-microglia interactions, we sought to
engineer T cells to overexpress the anti-inflammatory cytokine IL-10 (eTc-IL10). We designed
this approach to leverage the clear immunoregulatory capacity of Treg cells through IL-10
signaling with the goal to influence the inflammatory environment after stroke through targeting
microglial activation. We injected these eTc-IL10 cells via the cisterna magna and observed no
marked differences between eTc-IL10 animals or controls. This is also in alignment with the
knowledge that the ischemic lesion size is dictated within the first hours after stroke onset and
is found to be unaffected by delayed immune modulation [43]. However, more importantly, we
saw a significant improvement in functional recovery, which was evident by reduced forelimb
asymmetry. This observed improvement in neurological function indicates that T cell-derived
IL-10 may play a role in the subacute phase after stroke by modifying neuroinflammatory
processes or pathways that have an influence on synaptic function, plasticity and neuronal

repair.

The transcriptional profile of the stroke affected hemisphere from mice with eTc-IL10 treatment,
revealed a downregulation of genes associated with a DAM phenotype. These genes include
cd68, Apoe, Trem2 and Cst7 and are linked to microglial phagocytic function and synaptic
pruning. Further suggesting that t cell-derived IL-10 can regulate microglia from a reactive and
potentially toxic phenotype toward a less inflammatory state. Further support of this anti-
inflammatory shift is that sorted microglia showed an mRNA profile with a marked decrease in
Trem2 levels after eTc-IL10 injections. Gene ontology analysis displayed that microglia show
a decrease in effector functions such as complement activation and phagocytosis, meanwhile
also increasing their chemokine response. These findings align with a previous transcriptional
observations observed in lymphocyte deficient mice injected with Trec cells. Thereby
reinforcing the crucial role IL-10 plays in microglia reprogramming in a post-stroke environment
[62, 98]

Our experiments included whole brain tissue for transcriptomic assessment, therefore this may
include signals from other infiltrating immune cells, such as myeloid cells. However, we did sort
microglia cells and confirm the microglia-specific effects of T cell-derived IL-10, which strongly
supports that microglia are indeed key responders to this eTc-IL10 therapy. We also confirmed
the microglia-specific downregulation of synaptic pruning and neuroimmune interaction,
therefore highlighting the role of IL-10 in reducing neuroinflammation and potential to promote

neural network recovery.
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Our findings reveal that administration of engineered T cells secreting IL-10 acutely after stroke
can reprogram microglia in a beneficial manner and ultimately enhance functional outcomes.
This therapeutic approach supports immune modulation through cytokine delivery through T
cells, as a potentially powerful tool to enhance recovery in human stroke patients who currently

have a limited time window and treatment options.

4.4 A unique microglia transcriptomic profile chronically after stroke

Unresolved neuroinflammation after ischemic stroke has received increasing attention in
neuroinflammation research involving both, brain infiltrating and resident immune cells [37, 40]
Without inflammatory resolution, this puts the brain in a vulnerable position to be at an even
greater risk of experiencing a secondary brain injury to further impair functional recover [84].
Microglia, the brain’s first responders to injury after brain injuries, such as ischemic stroke, play
a central role in the necessary acute immune process. Including peripheral immune cell
recruitment and neuroprotection through cytokine and neurotrophin secretion, and maybe their

most well described role, phagocytosis [65, 75].

However, microglia function in the chronic phase after stroke remains to be thoroughly
explored. In this study, we describe a chronically altered microglial phenotype in an
experimental ischemic stroke mouse model, which we refer to as “repair associated microglia”
(RAM). Their unique transcriptional signature comprises of upregulation of Apoe, Lyz2, Spp1,
Lgal3, Fabp5, Lpl, and Apoc1 as well as downregulation of homeostatic markers P2ry12,
Selplg, Siglech, and Tmem119. Although many transcriptionally unique microglia phenotypes
have been described such as, damage-associated microglia (DAMs) [51], white matter
associated microglia (WAM) [88] interferon responsive microglia (IRM) (Sala Frigerio et al.,
2019), lipid-associated microglia (LAM) [3], lipid droplet accumulating microglia (LDAM) [117].
RAM show a distinct transcriptional profile and only partially overlap with stroke associated
myeloid cells (SAMC) [9]. RAM prove to play a significant role in regeneration and functional

repair after stroke, which is seemingly hindered due to lipid dysregulation.

4.5 Chronic microglial activation is a central feature of post-stroke neuroinflammation

Our study shows evidence for chronic microglial activation until 3 months after experimental
stroke in mice, shown by increased uptake of GE-180 tracer (TSPO-derivate) in the lesion and
perilesional area, as well as increased microglia sphericity score, a morphological marker for
microglial activation [36]. These findings are in line with the outputs of clinical PET-MRI studies

showing TSPO uptake until 30 days post stroke, indicating chronic microglial activation and
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the clinical relevance of microglia during chronic neuroinflammation [30]. Given the capacity of
microglia to remodel neuronal circuits through synaptic pruning in pathological conditions [94],
their functional is essential for post-stroke recovery. However, our data demonstrate chronic
impairment of microglial phagocytosis through an in vivo phagocytosis assay with zymosan
and excessive stimulus response when microglia in vivo were challenged with a secondary
stimulus (burn injury) after stroke and observed through 2-Photon imaging. In addition, we
observed a reduction in pyramidal neuronal spine density chronically after stroke, possibly due
to a dysfunction in microglial phagocytic capacity. Overall, our findings suggest microglia

exhibit long lasting dysfunction after stroke.

Studies have shown that persistent or dysregulated microglial activation can worsen brain
injury, promote secondary neurodegeneration and impair functional recovery. However, when
microglia are depleted and allowed to repopulate the brain, these “newborn” microglia reduce
secondary neurodegeneration and improve cognitive recovery following traumatic brain injury
(TBI) [38]. Thus, we aimed to chronically deplete microglia using a common pharmacological
CSF1-R inhibitor (PLX5622). We found that chronically depleting microglia exacerbated stroke
outcome by increasing infarct size and worsening functional recovery in mice up to 42 days
after stroke. Next instead of removing microglia from the equation, we attempted to further
increase microglial activation by using 4D9 an anti-Trem2 antibody. Although we did not
observe a worsened stroke outcome, we saw no improvement in terms of functionally recovery
in mice. Together these findings show that microglia are required in the stroke recovery
process, however, enhancing their activation state does not resolve chronic post-stroke

recovery.

4.6 Lipid dysregulation in microglia drives chronic inflammation

Lipid metabolism is taking center stage as a central orchestrator of inflammation across
demyelinating and neurodegenerative diseases [19]. Notably, the CNS harbors the highest
concentration of cholesterol in the body and microglia play a critical role in maintaining the
homeostasis of this cholesterol [71,113, 41]. During brain injury, microglia are tasked with the
overwhelming burden of clearing myelin debris through phagocytosis. Aligning with this fact,
others have reported microglia lipid metabolism becomes defective under these conditions,
impairing their ability to convert cholesterol esters derived from myelin thereby driving the

formation of intracellular cholesterol crystals [13, 7, 117].

Our findings corroborate that there is lipid dysregulation in microglia after brain injury, and it

persists into the chronic phase [64]. Markedly, this phenotype extends beyond the initial site of
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injury into the perilesional cortex. We demonstrate that microglia in the perilesional cortex are
laden with lipid droplets, as shown by BODIPY and Plin2 immunofluorescent staining, which
was further validated by Plin2 flow cytometry and electron microscopy. The extend of this lipid
overload seems to surpass the capacity of microglia processing, leading to the formation of
intracellular crystals, which we detected using both reflection and electron microscopy. We
then confirmed that these crystals were most likely composed of cholesterol, indicated by the
strong cholesterol signal detected by MALDI-MSI in the ipsilateral hemisphere compared to
the virtually absent signal in the contralateral hemisphere. Further evidence to support this was
the significant increase in cholesterol esters in the effected tissue. This phenotype was also
evident in human post-mortem stroke tissue, where we observed a significant increase in both
Plin2 expression and crystal accumulation proximal to the infarct, further supporting the strong

translational relevance of our findings.

Studies have revealed that the propagation of intracellular cholesterol crystals damages
microglial lysosomes and trigger an inflammatory cascade [13]. Insights from the
atherosclerosis field have further established that cholesterol crystals act as potent sterile
inflammatory triggers by activating the NLRP3 inflammasome [97]. Building on these findings,
we utilized a fluorescent reporter mouse line for inflammasome assembly (ASC-citrine) and
observed a significant chronic increase in ASC-speck formation following stroke, indicating a
correlation between lipid accumulation and chronic inflammasome activation in microglia. This
was further supported by increased IL-1B expression from mouse and human post-mortem
stroke tissue, as well as microperfusates longitudinally sampled from the cortex of mice.
Interestingly, through integrating our protein and sc-seq data via a demixing algorithm, we were
able to show the cell type most responsible for IL-13 production was microglia, both acutely
and even more so one month after stroke. Thus, our findings further reinforce the role of lipid
accumulation in microglia as a driving force in chronic inflammasome activation poststroke.

To directly test this mechanism, we used mouse bone marrow-derived macrophages and found
cholesterol crystals alone were sufficient to longitudinally activate the inflammasome, as
evidenced by increased ASC-speck formation. Notably, when we specifically targeted the
inflammasome via a Caspase-1 knockout (KO) mouse line, this was insufficient to restore
poststroke recovery. Overall, suggesting that cholesterol crystals and not inflammasome

activation, are a direct mechanistic driver of chronic neuroinflammation.
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4.7 Pharmacologically targeting cholesterol efflux enhances the microglial-
oligodendrocyte axis, thereby promoting post-stroke regeneration

To investigate whether therapeutically targeting lipid dysregulation could mitigate chronic lipid
accumulation and the observed neuroinflammatory features, we utilized synthetic LXR agonist
GW3965. This compound specifically targets LXRa and LXRf and in turn upregulates the
expression of cholesterol transport genes such as ABCA1 and ABCG1, thereby enhancing
cholesterol efflux. LXR agonists have been shown to successfully modulate lipid metabolism
in vivo in the context of atherosclerosis, ageing, demyelinating and collectively demonstrate
the therapeutic potential of targeting reverse cholesterol efflux has on improving outcomes in

various disease models [119, 27, 11].

After chronic treatment with GW3965 there was a significant reduction in the lipid accumulation
phenotype in post-stroke brain tissue, revealed by decreased lipid droplet and cholesterol
crystal content. While much of our understanding of LXR agonists stems from studies on
peripheral immune cells such as macrophages [47, 103], it is not surprising, that microglia are
functionally influenced by this compound. Since phagocytosis is a core function of microglia,
we challenged these cells with yeast particles and observed a significant enhancement in their

phagocytic capacity following GW3965 treatment.

Interestingly, microglia emerged as the most responsive cell type to this intervention, exhibiting
the highest differentially expressed genes based on sc-RNA sequencing analysis. Most
notably, this intervention drove a transcriptional shift in microglia towards an intermediate, less
inflammatory state, characterized by downregulation of genes associated with lysosomal
dysfunction and inflammasome activation, alongside with upregulation of lipid transport
pathways. These changes suggest enhancing reverse cholesterol transport may relieve
microglia of the metabolic and inflammatory burden that seems to drive them into a chronically
altered and self-protecting phenotype. A finding which aligns with current studies in the context
of demyelination [94, 8]. Future studies to investigate cell-type specific LXR activation or
deletion would be a great next step to further clarify the contribution of individual glial

populations to functional outcomes.

This transcriptional reprogramming in microglia was also accompanied by improved poststroke
functional recovery, as indicated by longitudinal wide-field calcium imaging of neuronal activity
[17]. This improvement suggests a meaningful restoration of circuit-level communication.
Importantly, enhancement in functional connectivity was not an attributable to differences in

infarct size, as GW3965 treatment did not alter lesion volume between groups, underscoring
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that the effect was likely due to improved tissue and cellular function rather than

neuroprotection alone.

In parallel, this treatment robustly expanded both oligodendrocyte progenitor cells (OPCs) and
mature myelinating oligodendrocytes in the perilesional cortex. This was accompanied by
upregulation of myelin at the protein level, consistent with a regenerative response.
Oligodendrocytes in this region, which show based on MERFISH analysis, an upregulation of
damage-associated markers such as C4b, Serpina3n and KIk6 following stroke, exhibited
significantly reduced expression of these markers after GW3965 treatment. This suggests that

in addition to promoting myelin repair, GW3965 mitigates oligodendrocyte stress responses.

We then hypothesized that this enhanced remyelination is likely due to improve lipid handling
within the CNS. It is well described at basal level that astrocytes are the main suppliers of
cholesterol to oligodendrocytes through ApoE containing lipoproteins [39, 1]. However, we
suspect that in our model, microglial cholesterol efflux likely supports cholesterol transfer to
OPCs to drive differentiation to mature remyelinating oligodendrocytes, which then require high
lipid availability for membrane synthesis and myelin regeneration. Supporting this, our scRNA
sequencing data shows oligodendrocytes express some of the highest levels of ApoE
receptors, including VIdIr and Sort1, signifying a facilitation of efficient cholesterol uptake.
Moreover, CSF analysis via mass spectrometry revealed that cholesterol and cholesterol
derivatives were largely undetectable in GW3965 treated animals and none were significantly
changed relative to controls, indicating that cholesterol is not excreted from the brain and most

likely recycled.

To directly test our hypothesis that cholesterol is recycled locally within the brain and
transferred to oligodendrocyte progenitor cells (OPCs), we performed a cholesterol uptake and
transfer assay using a human iPSC-derived co-culture system. In this setup, iPSC-derived
microglia were first loaded with fluorescently labeled cholesterol to stimulate lipid uptake, these
cholesterol-loaded microglia were then cultured with human iPSC-derived oligodendrocytes in
a transwell system that allowed for molecular exchange between cell types without direct cell-
to-cell contact. Under basal conditions, oligodendrocytes in co-culture with cholesterol-loaded
microglia showed minimal uptake of the fluorescent cholesterol, indicating limited passive
transfer. However, when the co-cultures were treated with GW3965, oligodendrocytes
exhibited a marked increase in cholesterol uptake, suggesting that pharmacologically

enhancing microglial cholesterol efflux enabled efficient transfer to OPCs.
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This experiment provides compelling evidence that oligodendrocytes, particularly in their
progenitor state, are highly capable of taking up cholesterol that is actively effluxed by
microglia. These findings support the hypothesis that cholesterol can be recycled between glial
populations to support repair. Given the high metabolic demand of myelination and membrane
synthesis, this mechanism likely plays a crucial role in promoting remyelination and structural
recovery after brain injury. As the in vitro system used in this study only partially recapitulates
the complexity of lipid exchange between heterogenous cell populations, further validation in

an in vivo experimental model is warranted.

These results also reframe the role of microglia in the chronic post-stroke environment. While
chronically activated microglia are often viewed as dysfunctional and pro-inflammatory, our
data demonstrate that, when relieved of their intracellular lipid burden via LXR activation, these
same microglia can re-engage in reparative functions. By enhancing cholesterol efflux,
microglia indirectly support oligodendrocyte maturation and myelin regeneration through lipid
transport, ultimately, promoting functional recovery after stroke. Thus, modulating microglial
lipid handling not only restores their homeostatic function but also generates a proregenerative
microenvironment, highlighting a previously underappreciated role for microglia as central

orchestrators of post-stroke brain repair.

We also note that GW3965 is a systemically bioavailable compound with known off-target
effects in the peripheral tissues, including the liver and immune system. The off-target effects
may influence systemic lipid metabolism and immune responses and therefore complicating
the interpretation of CNS-specific outcomes in our study. In addition, chronic activation of LXRs
in the periphery have been associated with hepatic steatosis and hypertriglyceridemia in mice.
Therefore, while our findings suggest the potential of modulating lipid metabolism in the brain,
the development of CNS-specific LXR agonists, or alternative strategies that selectively target
microglial lipid handling without peripheral activation, will be essential to advance this approach

toward clinical translational for human stroke patients.

4.8 Conclusion

These studies reveal two central regulators of microglial function after stroke: adaptive immune
modulation via T cells and metabolic reprogramming through lipid handling. We demonstrate
that CD4" T cell subsets, particularly Tv1 and Trec cells, exert effects on microglial activation
and transcriptional state in the acute phase. In the absence of T cells, microglia fail to adopt a

reparative phenotype and instead develop a dysfunctional, pro-inflammatory profile that
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exacerbates tissue damage. This underscores how the quality, not just the presence, of

immune engagement shapes microglial behavior and stroke outcomes.

Beyond acute immune interactions, we reveal that stroke induces chronic microglial
dysfunction by lipid accumulation, including lipid droplets and cholesterol crystals. This
metabolic burden triggers sustained inflammasome activation and impairs microglial
phagocytosis, contributing to prolonged neuroinflammation. However, by pharmacologically
enhancing cholesterol efflux using the LXR agonist GW3965, we were able to reprogram

microglia towards a less inflammatory, more reparative state.

Importantly, this metabolic reprogramming extended to other glial populations. We show that
improving microglial lipid handling promotes oligodendrocyte progenitor proliferation,
maturation and remyelination- critical steps for functional recovery. These findings highlight a

lipid recycling pathway from microglia to oligodendrocytes that supports regeneration.

In summary, our data position microglia as key orchestrators of both immune response and
tissue repair after stroke. We show CD4" T cells direct microglial activation acutely, while
chronic lipid dysregulation undermines their reparative potential. Targeting these axes- immune
engagement and lipid metabolism- offers a promising therapeutic strategy to resolve

neuroinflammation and promote brain regeneration after stroke.
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