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ABSTRACT 

 

Stroke is a leading cause of mortality and disability worldwide. In recent years, 

advancements in recanalization therapies have considerably improved acute stroke care, 

with the main limitation being a restricted time window in which these treatments can be 

administered. On the other hand, strategies to promote functional recovery in chronic stroke 

patients are limited to physical rehabilitation, and no pharmacological treatments are 

available. 

Neuroinflammation is a central process that occurs after a stroke and significantly impacts 

outcomes. In particular, the role of T cells in the acute phase after a stroke has been 

extensively studied, bringing to light the knowledge that these cells are mostly detrimental. 

For this reason, the efficacy of leukocyte trafficking blockers, such as Natalizumab, has been 

tested in stroke patients in two clinical trials. While these strategies were quite effective in 

preclinical studies, Natalizumab did not show any benefit in stroke patients. A mechanistic 

understanding of the discrepancy between preclinical and clinical results is currently lacking. 

Recent findings suggest that neuroinflammation does not completely resolve in the acute 

phase after a stroke and instead persists for even months after the ischemic event. In 

particular, the number of adaptive immune cells tends to increase in the chronic phase. 

However, what is the phenotype of chronic post-stroke T cells and whether they contribute to 

functional recovery is unknown. 

In our first study, we showed that T cells can proliferate locally in the brain, thus evading the 

effect of Natalizumab. We took a reverse translational approach and demonstrated that, as in 

human patients, Natalizumab does not improve functional outcomes in the chronic phase. In 

fact, while Natalizumab significantly reduces T cell numbers in the acute phase, their number 

increases in the chronic phase via local expansion within the brain tissue. Importantly, T cells 

can proliferate in the brain parenchyma both in mice and human patients. Our results stress 

how a deep mechanistic understanding of pathophysiological processes is of pivotal 

importance when translating preclinical findings to patients. Furthermore, we described local 

proliferation as a central mechanism that maintains T cells in the post-stroke brain. 

In our second study, we demonstrated that post-stroke T cells acquire a tissue-resident 

memory (TRM) phenotype. We showed that post-stroke T cells express typical TRM markers, 

and their maintenance relies on MHC class I and chemokine signaling. Finally, we 

demonstrated that lymphocytes play a crucial role in restoring functional connectivity after a 

stroke, likely via microglia-dependent mechanisms. These data offer a comprehensive 
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description of post-stroke T cell immunophenotype and insights into the mechanisms of 

tissue residency. Moreover, we showed that lymphocytes have a crucial role in functional 

recovery also during the chronic phase. 

Our studies provide a deeper understanding of T cell biology in the chronic post-stroke brain. 

Leveraging this knowledge will help overcome the limitations of T cell blockade to treat stroke 

patients. Furthermore, the molecular mechanisms that we described open up new avenues 

for immunomodulatory strategies that could provide benefits for stroke recovery. 
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1 INTRODUCTION 

1.1 STROKE: EPIDEMIOLOGY AND PATHOMECHANISMS 
 

Stroke is a neurological disorder that manifests as a severe reduction in blood flow to a 

distinct area of the central nervous system (CNS), resulting in irreversible damage. Two 

primary classifications of stroke exist: ischemic, characterized by diminished blood flow due 

to the obstruction of a blood vessel from thrombosis or embolism, and hemorrhagic, in which 

reduced blood flow results from bleeding in the brain parenchyma or the subarachnoid space 

(Donkor, 2018). Globally, ischemic and hemorrhagic strokes constitute 62.4% and 37.6% of 

cases, respectively, with a tendency for a higher prevalence of ischemic strokes in high-

income countries (Donkor, 2018; Feigin et al., 2021). 

Stroke, ranked as the second leading cause of death worldwide by the World Health 

Organization, inflicts substantial long-term disability on nearly half of survivors, primarily 

affecting locomotion, cognition, and speech (Kelly-Hayes et al., 2003). Importantly, the global 

incidence of stroke is anticipated to rise in the coming years (Pu et al., 2023). 

Brain tissue relies on a continuous and abundant supply of oxygen and glucose through 

blood flow. The abrupt interruption of cerebral blood supply induces rapid brain damage, 

particularly in the ischemic core, where neurons swiftly succumb to dysfunction due to 

energy failure, leading to necrosis. At the peripheries of the ischemic territory, referred to as 

the ischemic penumbra, suboptimal blood perfusion is sustained, enabling neurons to persist 

for a longer duration. Nonetheless, they remain vulnerable and, without restoration of blood 

flow, ultimately succumb to excitotoxicity and calcium overload (Iadecola & Anrather, 2011). 

The advancement of recanalization approaches such as thrombolysis and thrombectomy has 

significantly improved acute stroke treatment. However, the critical limitation of these 

therapies lies in their narrow time window for administration. Furthermore, not all patients 

qualify for such interventions, and their execution demands highly qualified personnel. 

Conversely, interventions specifically targeting long-term disability in chronic stroke patients 

are predominantly confined to rehabilitation. A noteworthy proportion of post-stroke patients 

spontaneously recover lost functions, emphasizing the imperative to develop strategies that 

augment this natural recovery process or unlock latent recovery potential in non-responders, 

thereby alleviating post-stroke long-term disability. 
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1.2 IMMUNOLOGY OF ISCHEMIC STROKE 

1.2.1 Dynamics and Contribution of Immune Cells to Acute Stroke Outcome 
 

Following ischemic brain injury, the initiation of neuroinflammation is triggered by the 

production of reactive oxygen species (ROS) and the release of damage-associated 

molecular patterns (DAMPs). Extensive investigation into the dynamics of immune cell 

activation and infiltration in response to such injuries has been undertaken (Gelderblom et 

al., 2009). Notably, microglia, the resident macrophage-like cells of the brain, emerge as the 

first responders to the injury, undergoing proliferation and adopting an activated ameboid-like 

morphology (Morrison & Filosa, 2013). These activated microglia play a dual role in the 

inflammatory milieu, secreting proinflammatory cytokines while concurrently exhibiting a 

potential beneficial effect by regulating excitotoxicity (Szalay et al., 2016) and mitigating 

Figure 1.  Dynamics of peripheral immune cells during the acute phase after stroke. Cell counts of 
distinct immune cell populations at different time points after experimental stroke. (A) shows the main myeloid 
cell populations, while (B) corresponds to a zoom to reveal lymphoid cells. Notably, the quantification reveals 
a striking distinction, as the number of infiltrating myeloid cells surpasses that of lymphoid cells by more than 
one order of magnitude. Reproduced with publisher approval from (Gelderblom et al., 2009) 
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excessive neutrophil infiltration (Otxoa-de-Amezaga et al., 2019). 

In response to ischemia, peripheral immune cells infiltrate the brain owing to heightened 

endothelial activation and the secretion of chemoattractants (Fig. 1). Neutrophils and 

monocytes are the earliest to migrate into the ischemic brain environment. Neutrophils 

contribute to an overall detrimental effect by promoting neurotoxicity and tissue damage 

(Allen et al., 2012; Garcia-Bonilla et al., 2014). Monocytes also migrate into the brain, where 

they differentiate into macrophages(Garcia-Bonilla et al., 2016). Intriguingly, monocyte-

derived macrophages acquire a pro-reparative capacity, and the acute inhibition of monocyte 

infiltration is associated with a worsened functional outcome (Pedragosa et al., 2020; 

Wattananit et al., 2016). Subsequently, cells of the adaptive immune system, namely B and T 

cells, invade the post-stroke brain with a delayed kinetics. 

Contrary to earlier perceptions of post-stroke neuroinflammation as a transient phenomenon 

resolving within weeks (Gelderblom et al., 2009), recent data challenge this assumption. 

Instead, several indicators of chronic neuroinflammation persist even months after ischemic 

injury. Although the invasion of peripheral immune cells diminishes in the chronic phase, the 

numbers of B and T cells steadily increase during this period after stroke (Doyle et al., 2015; 

Ito et al., 2019). Intriguingly, monocyte-derived macrophages persist in the chronic infarct 

core, suggesting their long-lived and resident nature in the tissue (Werner et al., 2020). This 

underscores the importance of reevaluating the temporal dynamics of post-stroke 

neuroinflammation, acknowledging its prolonged and nuanced trajectory, with implications for 

potential therapeutic interventions. 

 

1.2.2 The Role of Lymphocytes in the Acute Phase after Stroke 
 

Despite the relatively low numbers of infiltrating T cells following a stroke, these cells play a 

pivotal role in influencing acute stroke outcomes. Initial investigations demonstrated that 

lymphocyte-deficient Rag1−/− mice exhibited diminished infarct volumes and improved 

functional outcomes (Hum et al., 2007). Notably, the protective effect was negated by the 

adoptive transfer of T cells and not B cells, underscoring the specific contribution of T cells to 

exacerbating brain damage (Kleinschnitz et al., 2010). Since T cells are characterized by a 

substantial heterogeneity, it is not surprising that distinct subtypes contribute to stroke 

outcomes through varied mechanisms. CD8+ cytotoxic T cells employ perforin/granzymes 

(Mracsko et al., 2014) and FasL (Fan et al., 2020) to exert neurotoxic functions.  
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In contrast, CD4+ T cells influence stroke outcomes by releasing pro-inflammatory cytokines 

(Gelderblom et al., 2012) and polarizing microglia toward an activated state (Benakis et al., 

2022). Additionally, γδ T cells emerge as the primary source of pro-inflammatory cytokines 

such as IL-17, contributing to neutrophil recruitment and exacerbation of stroke pathology 

(Gelderblom et al., 2012; Shichita et al., 2009) (Fig. 2). 

In the initial days post-ischemia, brain invasion by T cells occurs in an antigen-independent 

manner (Kleinschnitz et al., 2010), aligning with the requirement of a 7-10 day timeframe for 

mounting an adaptive immune response. However, in the early subacute phase, CD8+ T 

cells rely on antigen recognition for brain accumulation (Mracsko et al., 2014) and exhibit 

signs of clonal expansion (Liesz et al., 2013). Intriguingly, both CD4+ and CD8+ T cells have 

demonstrated responsiveness to neural antigens post-stroke (Ortega et al., 2015). Notably, 

brain antigens have been identified in cervical lymph nodes following ischemic stroke (Planas 

Figure 2.  Detrimental effects of T cells in the acute phase after stroke. Ischemic damage initiates the 
release of Damage-Associated Molecular Patterns (DAMPs) and prompts microglia to release 
proinflammatory cytokines. In response, T cells infiltrate the brain parenchyma, exacerbating damage through 
mechanisms such as cytotoxicity induction or the release of cytokines, including IL-17. Reproduced with 
publisher approval from (Cramer et al., 2019).  
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et al., 2012). The potential induction of an overt autoimmune response and its precise role in 

stroke outcomes remain areas for further elucidation. 

Despite the overall detrimental role of T cells in the acute phase, therapeutic interventions 

aiming to block T cell brain invasion have shown promise in preclinical models. Monoclonal 

antibodies against CD49d, an integrin crucial for leukocyte trafficking in the CNS, 

successfully inhibited T cell invasion after stroke. This intervention resulted in reduced infarct 

volumes and improved functional outcomes in numerous studies, including a multicenter 

randomized preclinical trial (Becker et al., 2001; Langhauser et al., 2014; Liesz et al., 2011; 

Llovera et al., 2015; Neumann et al., 2015; Relton et al., 2001). Similarly, the 

immunosuppressive drug Fingolimod, a sphingosine-1-phosphate receptor 1 (S1PR1) 

modulator that sequesters lymphocytes in lymph nodes, has demonstrated beneficial effects 

in various preclinical studies (Dang et al., 2021). 

While T cells, in general, contribute detrimentally in the acute phase post-ischemia, a specific 

subpopulation, regulatory T cells (Treg), has shown protective effects. Seminal work by Liesz 

et al. demonstrated that Treg depletion led to larger infarct volumes and worse outcomes. 

Treg play a crucial role in dampening inflammation by limiting the production of pro-

inflammatory cytokines such as TNF-α, IFN-γ, and IL-1β, and by reducing the infiltration of 

neutrophils. Mechanistically, Treg secrete the immunomodulatory cytokine IL-10, mediating 

the observed beneficial effects after stroke (Liesz et al., 2009). Treg are particularly 

instrumental in restraining microglia activation (Benakis et al., 2022; Xie et al., 2014). 

Subsequent studies assessing the impact of Treg depletion on stroke outcomes have yielded 

conflicting results, likely stemming from variations in stroke models and the efficiency of Treg 

depletion (Liesz & Kleinschnitz, 2016). Nonetheless, therapeutic interventions aimed at 

enhancing Treg numbers after stroke, including adoptive Treg transfer, CD28 superagonists, 

and mucosal immunization, have shown a net beneficial effect on stroke outcomes in a 

recent meta-analysis (Liesz & Kleinschnitz, 2016). 

 

1.2.3 The Role of Lymphocytes in the Chronic Phase after Stroke 
 

A plethora of studies have extensively delved into neuroinflammation during the acute phase 

post-stroke, however investigations into chronic neuroinflammation remain in their nascent 

stages. 

Numerous reports have demonstrated a significant accumulation of both B and T 

lymphocytes in the post-stroke brain during the chronic phase (Doyle et al., 2015; Stubbe et 

al., 2013; Xie et al., 2014). In contrast to their limited role in the acute phase (Kleinschnitz et 
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al., 2010), B cells have been implicated in delayed cognitive impairment, with genetic or 

pharmacological ablation of B cells mediating protection (Doyle et al., 2015). Subsequent 

studies unveiled that brain-infiltrating B cells undergo isotype switching, predominantly 

producing IgA in a T cell-independent manner (Zbesko et al., 2021). However, the specific 

contribution of B cells to post-stroke cognitive decline, particularly through antibody 

secretion, remains to be delineated. Conversely, an alternative study revealed a beneficial 

role of B cells in post-stroke recovery, as B cell-depleted mice exhibited exacerbated motor 

deficits, increased anxiety, memory deficits, and reduced neurogenesis (Ortega et al., 2020).  

Exploration of the role of T cells in the chronic phase has primarily focused on Treg (Fig. 3). 

Initial experiments by Stubbe et al. indicated elevated Treg numbers two weeks post-stroke 

induction, accompanied by heightened proliferation. However, these findings did not 

establish a clear role for Tregs in long-term outcomes (Stubbe et al., 2013). In contrast, 

subsequent research demonstrated that delayed blockade or depletion of Treg heightened 

astrogliosis. Mechanistically, this effect was mediated by Treg-secreted amphiregulin 

(AREG), which suppressed IL-6-STAT3 signaling in astrocytes and microglia. Notably, post-

stroke Treg infiltration was mediated by chemokines CCL1 and CCL20, with their 

amplification dependent on diverse signaling pathways, including IL-2, IL-33, serotonin, and 

notably TCR signaling. Additionally, Treg exhibited signs of clonal expansion in the post-

ischemic brain (Ito et al., 2019). Another study highlighted the role of Treg in white matter 

Figure 3.  Mechanisms of Treg-mediated protection after ischemic stroke. Treg can mediate 
immunosuppressive mechanisms by either soluble factors (1), cell-cell contact interactions (2) or by blocking 
brain invasion of gut-derived γδ T cells. Alternatively, Treg contribute to the tissue repair by shifting microglia 
phenotype towards a pro-reparative one (4), promoting remyelination (5), suppressing astrogliosis (6) or by 
secreting neurotrophic factors (7). Reproduced with publisher approval from (Wang et al. 2023) 
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repair, where Treg-secreted osteopontin (OPN) promoted tissue-reparative microglia and 

oligodendrogenesis, ultimately enhancing white matter integrity and functional recovery post-

stroke. Notably, expanding Treg with IL-2:IL-2-Ab complexes further improved functional 

outcomes (Shi et al., 2021). 

Regarding conventional CD4+ or CD8+ T cells in the chronic phase post-stroke, limited 

knowledge is available. Delayed depletion of CD8+ T cells resulted in reduced 

neuroinflammation and modest improvement in functional outcomes, although the underlying 

molecular mechanisms remain unexplored (Selvaraj et al., 2021). Similarly, delayed 

depletion of CD4+ T cells decreased chronic B cell accumulation and prevented cognitive 

decline (Weitbrecht et al., 2021). 

It is crucial to note that the majority of lymphocytes in the chronic post-stroke brain reside 

within the lesion core, segregated from the perilesional parenchyma by the glial scar. 

Remarkably, the glial scar acts as a permeable barrier to soluble molecules up to 70 kDa, 

suggesting that mediators secreted by lymphocytes can directly influence nearby neurons, 

potentially exerting both beneficial and detrimental effects (Zbesko et al., 2018). Moreover, 

the lesion core is populated by lipid-laden myeloid cells, central in maintaining a heightened 

inflammatory state. Alleviating their lipid overload with hydroxypropyl-β-cyclodextrin resulted 

in a significant reduction of both B and T cells (Becktel et al., 2022). 

In summary, while preliminary studies indicate that lymphocytes continue to play a role in the 

recovery process during the chronic phase, further elucidation of the molecular mechanisms 

governing brain residency and recovery modulation is imperative. 

 

1.2.4 Translation of T Cell-Targeted Therapies to Stroke Patients 
 

Building upon encouraging outcomes in preclinical investigations that targeted T cell invasion 

post-stroke, several clinical trials have sought to evaluate the efficacy of these agents in 

human stroke patients. Notably, the anti-CD49d monoclonal antibody Natalizumab, approved 

for multiple sclerosis and Crohn’s disease, underwent initial scrutiny in the phase 2 clinical 

trial ACTION. This trial revealed a positive impact on functional independence, assessed 

through the modified Rankin scale and Barthel index. However, no discernible effects on 

infarct volume or neurological outcomes at 90 days (National Institute of Health Stroke Scale, 

NIHSS) were observed (Elkins et al., 2017). A subsequent phase 2b trial, ACTION II, 

reaffirmed that Natalizumab failed to improve outcomes in ischemic stroke patients (Elkind et 

al., 2020). 
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In addition, Fingolimod has been explored in clinical trials involving acute stroke patients. A 

preliminary study involving 22 participants demonstrated that oral administration of 

Fingolimod restricted lesion enlargement at 7 days and resulted in improved functional 

outcomes (Fu et al., 2014). These findings were substantiated by subsequent proof-of-

principle studies (Bai et al., 2022). While these pilot studies suggest a potential benefit of 

Fingolimod administration in stroke patients, conclusive evidence awaits validation through a 

large-scale clinical trial encompassing diverse ethnic populations beyond the initial Chinese 

cohorts. 

 

1.3 TISSUE-RESIDENT MEMORY T CELLS 
 

 Adaptive immunity is characterized by its specificity and enhanced efficiency in addressing 

subsequent challenges, a phenomenon termed "immunological memory." This enduring 

memory is facilitated by the persistence of a subset of cells following the resolution of an 

initial infection, known as memory cells. Within the T cell subpopulation, two classic subsets 

of memory cells have been identified based on their recirculation and functional properties: 

central memory T cells (TCM) and effector memory T cells (TEM). TCM circulate between blood 

Figure 4.  Pattern of recirculation of different memory T cell subtypes. Naïve and TCM recirculate 
between the blood and the T cell zone (TCZ) of secondary lymphoid organs (SLO). TEM instead can also enter 
transiently non lymphoid tissues (NLT). TRM permanently reside within NLT. Reproduced with publisher 
approval from (Schenkel & Masopust, 2014). 
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and secondary lymphoid organs, displaying high proliferation capacity upon reinfection, while 

TEM transiently patrol non-lymphoid organs, exhibit potent effector capabilities, and are less 

proliferative (Mueller et al., 2013). 

In recent years, a third subset of memory T cells has emerged, known as tissue-resident 

memory T cells (TRM). Typically found in border tissues such as skin and mucosae, TRM 

persist long-term without recirculating, providing a crucial first line of defense against 

reinfection (Schenkel & Masopust, 2014) (Fig. 4). 

TRM, despite some tissue-specific variations, are generally characterized by the expression of 

the marker CD69. Additionally, they exhibit low levels of tissue egress molecules, including 

CD62L, S1PR1, and CCR7, while expressing a repertoire of chemokine receptors and 

integrins that facilitate tissue retention (Schenkel & Masopust, 2014). Recent studies have 

identified key transcription factors essential for the induction of a TRM program, including 

Hobit, Blimp1, Runx3, and Bhlhe40 (Li et al., 2019; Mackay et al., 2016; Milner et al., 2017). 

The establishment and maintenance of TRM depend on various signaling molecules that 

induce crucial TRM markers or promote their survival. Among these, TGF-β and IL-15 have 

been implicated in TRM formation in different organs (K. Yang & Kallies, 2021). Additionally, 

TRM undergo metabolic changes, prominently relying on fatty acid uptake and degradation for 

their sustained survival (Pan et al., 2017). 

Figure 5.  Tissue-resident memory T cell markers. TRM are characterized by upregulation of tissue 
retention molecules, such as integrins, and tissue homing mediators, such as chemokine receptors. At the 
same time, they downregulate tissue egress molecules. In addition, they overexpress molecules implicated in 
both inhibition and effector function. Adapted from (Kumar et al., 2017).  
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1.3.1 Tissue-Resident Memory T Cells in the Central Nervous System 
 

Pioneering research by Wakim et al. demonstrated the formation of tissue-resident memory 

T cells in the CNS following viral infection with vesicular stomatitis virus (VSV) (Wakim et al., 

2010). This enduring TRM population expressed the integrin CD103 and displayed longevity; 

however, it did not survive when cultured in vitro, emphasizing the critical role of the tissue 

microenvironment for their persistence (Wakim et al., 2010). Subsequent studies confirmed 

the emergence of TRM in various viral and bacterial infections of the brain, extending the 

concept to human subjects in both healthy and diseased conditions (Merkler et al., 2022; 

Smolders et al., 2018). Interestingly, in the context of acute lymphocytic choriomeningitis 

virus (LCMV) infections, CD4+ T cells were found to be dispensable for pathogen clearance 

and CD8+ TRM formation (Steinbach et al., 2016). Conversely, in cases of persistent 

polyomavirus infection, CD4+ T cell-derived IL-21 played a vital role in the development and 

functionality of CD8+ TRM (Ren et al., 2020). 

Beyond infectious models, TRM populations have been identified in various neurological 

conditions, including CNS autoimmunity and neurodegeneration. In experimental CNS 

autoimmunity, CD8+ TRM have been implicated in disease progression, with CD4+ T cells 

playing a pivotal role in their establishment and function (Frieser et al., 2022; Vincenti et al., 

2022). Furthermore, T cells exhibiting a TRM phenotype have been detected in the brain 

tissue and cerebrospinal fluid of multiple sclerosis patients, highlighting their potential 

involvement in autoimmune responses (Beltrán et al., 2019; Machado-Santos et al., 2018). In 

the context of neurodegenerative diseases, particularly Alzheimer's disease (AD), CD8+ TRM 

presence has been observed in both experimental models and humans (Altendorfer et al., 

2022; Chen et al., 2023; Su et al., 2023). Intriguingly, conflicting roles have been proposed, 

with some studies suggesting a deleterious impact on tau-mediated neurodegeneration, 

while others propose a protective role through the suppression of proinflammatory microglia. 

This context- and subtype-dependent functionality underscores the complexity of CD8+ TRM 

roles in neurodegenerative diseases.  

Chemokine receptor signaling plays a central role in TRM formation, with CXCR3 and CXCR6 

being typical TRM chemokine receptors (K. Yang & Kallies, 2021). CXCR3 is essential for 

tissue invasion in various inflammatory contexts, including brain infections (Klein et al., 2005) 

and autoimmunity (Sporici & Issekutz, 2010). Notably, the CXCR3-CXCL10 axis has been 

identified as a prominent molecular interaction in a single-cell RNA sequencing database of 

brain immune cells following ischemic stroke (Garcia-Bonilla et al., 2023). Conversely, 

CXCR6 regulates long-term maintenance in tissues such as the lung and liver (Tse et al., 

2014; Wein et al., 2019). In brain infections with West Nile virus (WNV), CXCR6 and its 
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ligand CXCL16 are crucial for TRM maintenance and the acquisition of typical TRM markers 

(Rosen et al., 2022). Similarly, CXCR6 signaling is fundamental for tissue maintenance, TRM 

program establishment, and clonal expansion in a mouse model of AD (Su et al., 2023). 
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2 AIM OF THE STUDY 

 

Natalizumab is an efficient drug that blocks leukocyte infiltration in the context of 

neuroinflammation. This approach has shown a robust benefit in a number of preclinical 

studies, but it failed to show efficacy when evaluated in clinical trials. Importantly, preclinical 

work has focused on the acute phase after a stroke, while the primary endpoints of the 

clinical trials were in the subacute/chronic phase (90 days post-stroke). First, we set out to 

address whether Natalizumab also shows a lack of efficacy during the chronic phase in a 

murine model of experimental stroke, using a combination of behavioral tests and wide-field 

calcium imaging. Furthermore, we evaluated whether the lack of Natalizumab efficacy in the 

chronic phase could be linked to "evasion mechanisms" that allow T cells to accumulate in 

the brain despite the treatment. 

The presence of T cells in the chronic post-stroke brain has been previously recognized, but 

a detailed immunophenotyping of this cell population is currently lacking. Given the vast 

heterogeneity of T cells, we performed an in-depth characterization utilizing high-parametric 

flow cytometry and single-cell mRNA sequencing. T cells rely on antigen presentation to 

recognize a specific target. Therefore, we employed inducible knock-out mouse models to 

assess whether this mechanism is involved in long-term brain residency after a stroke. In 

parallel, we also investigated the role of chemokine signaling and employed adoptive transfer 

of T cells in lymphocyte-deficient mice to determine which pathways are necessary for tissue 

residency. Finally, we evaluated the role of lymphocytes in the recovery process by 

assessing functional connectivity in lymphocyte-deficient mice. 
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3 RESEARCH ARTICLES 

3.1 CHRONIC T CELL PROLIFERATION IN BRAINS AFTER STROKE COULD 

INTERFERE WITH THE EFFICACY OF IMMUNOTHERAPIES 
 

3.1.1 Summary 
 

Neuroinflammation has emerged as a focal point in translational stroke research, with 

preclinical investigations highlighting the pivotal role played by brain-invading lymphocytes in 

post-stroke pathophysiology. The application of anti-CD49d antibodies has consistently 

demonstrated efficacy in mitigating cerebral lymphocyte invasion, thereby improving 

outcomes during the acute phase in experimental stroke models. Despite promising results in 

preclinical studies, clinical trials employing this approach failed to exhibit efficacy in stroke 

patients when assessing chronic outcomes three months post-stroke. 

In this context, we pinpoint the persistence of T cell accumulation in the brain beyond the 

acute phase—despite the application of anti-CD49d antibodies—as a potential mechanistic 

explanation for the observed disparity between preclinical and clinical studies. This 

phenomenon manifested in both murine models and human autopsy samples, spanning a 

period of over one month post-stroke. Notably, anti-CD49d treatment failed to yield functional 

benefits in the chronic phase following stroke, as assessed through calcium imaging-inferred 

functional connectivity. Upon deeper investigation, we revealed that the sustained 

accumulation of T cells in the post-ischemic brain primarily resulted from heightened local T 

cell proliferation rather than continual invasion.  

This pivotal observation prompts a re-evaluation of existing immunotherapeutic strategies 

that target circulating lymphocytes with the objective of fostering recovery after stroke. The 

focus should shift towards understanding and addressing the intricate dynamics of local T 

cell proliferation in the post-ischemic brain, providing valuable insights for the development of 

more effective therapeutic interventions. 
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Neuroinflammation is an emerging focus of translational stroke research. Preclinical studies have demonstrated a critical role
for brain-invading lymphocytes in post-stroke pathophysiology. Reducing cerebral lymphocyte invasion by anti-CD49d
antibodies consistently improves outcome in the acute phase after experimental stroke models. However, clinical trials
testing this approach failed to show efficacy in stroke patients for the chronic outcome 3 mo after stroke. Here, we identify a
potential mechanistic reason for this phenomenon by detecting chronic T cell accumulation—evading the systemic therapy—in
the post-ischemic brain. We observed a persistent accumulation of T cells in mice and human autopsy samples for more than
1 mo after stroke. Cerebral T cell accumulation in the post-ischemic brain was driven by increased local T cell proliferation
rather than by T cell invasion. This observation urges re-evaluation of current immunotherapeutic approaches, which target
circulating lymphocytes for promoting recovery after stroke.

Introduction
Stroke is one of the leading causes of death and permanent
disability worldwide (World Health Organization, 2017). Despite
the enormousmedical need, specific therapies for stroke patients
are still limited to vascular recanalization approaches within the
acute phase after stroke (Emberson et al., 2014; Fiehler and
Gerloff, 2015; Hacke et al., 2008). In the search for alternative
therapeutic strategies, post-stroke neuroinflammation has come
into focus in current translational stroke research (Iadecola and
Anrather, 2011). Neuroinflammation after stroke is a crucial
pathomechanism contributing to secondary brain injury,
neurodegeneration, and recovery (Iadecola and Anrather,
2011; Moskowitz et al., 2010). While different leukocyte cell
populations have been implicated in the neuroinflammatory
response to stroke, T cells have been consistently shown to be a
key cell population driving secondary brain injury (Chamorro
et al., 2012; Macrez et al., 2011). Consequently, several thera-
peutic strategies targeting the brain invasion of lymphocytes
have been tested using antibodies against key adhesion mole-
cules or by reducing the number of circulating lymphocytes
(Chamorro et al., 2012; Cramer et al., 2019a).

A prominent and controversial example of this translational
approach is the use of anti-CD49d antibodies (Natalizumab),

which reduces the invasion of circulating lymphocytes to the
brain by blocking a key adhesion molecule. The repurposing of
this drug used for patients with multiple sclerosis improved
outcome in the acute phase after experimental stroke in the
majority of preclinical studies (Becker et al., 2001; Langhauser
et al., 2014; Liesz et al., 2011; Neumann et al., 2015; Relton et al.,
2001), which was validated in a first-ever multicenter, ran-
domized preclinical trial (Llovera et al., 2015). In a first phase
2 clinical trial (ACTION), Natalizumab treatment significantly
improved functional outcome (modified Rankin scale) in the
subacute phase (30 d), but this effect was not evident anymore
in the chronic phase (90 d; Elkins et al., 2017). Correspondingly,
a follow-up phase 2b trial (ACTION-II) also did not report any
improvement with Natalizumab treatment in the stroke out-
come at 90 d (Elkind et al., 2020).

Failed translations from promising experimental studies to
clinical trials are commonly attributed to differences in study
design, target engagement, or lack of statistical robustness of the
preclinical findings (Endres et al., 2008; Howells et al., 2014;
Macleod et al., 2014). However, the efficacy of Natalizumab
in preclinical models has been extraordinarily well character-
ized, and clinical trials have closely mimicked the efficient
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therapeutic approaches in animal models in the design of the
treatment regimen and investigated outcome parameters, with
the exception of analyzing different time points after stroke:
Clinical trials analyzed the chronic phase after stroke as the
primary endpoint in contrast to preclinical studies, where only
the acute phase was studied. Therefore, we took a reverse trans-
lational approach and tested whether the design of the clinical
trials—analyzing chronic stroke outcome between patient groups
with similar baseline characteristics after stroke—would have
been efficacious in the murine experimental stroke model.
Confirming a lack of efficacy on chronic post-stroke recovery
also in animal models further prompted us to study the po-
tentially underlying mechanisms of the diverging effects in
acute versus chronic phases after stroke.

Results and discussion
Natalizumab treatment does not improve post-stroke
recovery and neuronal plasticity
To model the clinical study design of Natalizumab treatment for
stroke from the two clinical trials in an animal model, we used a
photothrombotic stroke (PT) model resulting in equal lesion
volumes and behavioral deficits in both treatment groups at the
acute phase, corresponding to the equal characteristics of the
study populations with Natalizumab or control treatment in
the clinical trials. Mice of mixed sex then received anti-CD49d or
an isotype control antibody i.p. 2 h after stroke, followed by
injections every second week over a period of 3 mo, based on
previous reports and the pharmacokinetic analyses of cellular
anti-CD49d saturation (Fig. S1, A–D). We used a panel of in vivo
imaging techniques for cortical plasticity, behavior tests, the
assessment of lesion size and synaptic plasticity, which were
proven to sensitively detect therapeutic effects on chronic post-
stroke recovery (Cramer et al., 2019b; Cserép et al., 2020; Sadler
et al., 2020). Anti-CD49d treatment did not improve long-term
lesion involution based on in vivo widefield imaging (Fig. 1, A
and B; and Fig. S1 D) and also had no effect on histologically
quantified lesion volumes after PT as well as in an independent
stroke model of distal middle cerebral artery occlusion (dMCAo)
used in the majority of previous reports on the effects in the
acute post-stroke phase (Fig. 1 C and Fig. S1 E). Moreover, re-
covery of behavior deficits using a well-established multipa-
rameter neuroscore (Llovera et al., 2015) and cylinder test
(Llovera et al., 2014) also did not differ between treatment
groups throughout the observation period of 3 mo after stroke
(Fig. 1 D). Additionally, we examined functional neuronal con-
nectivity using in vivo widefield calcium imaging. We observed
equal network disturbances in pairwise comparisons of func-
tional cortical areas in both treatment groups after stroke (Fig. 1
E). Moreover, we did not detect anti-CD49d-associated im-
provement in neuronal network connectivity after stroke nei-
ther within the ischemic hemisphere nor across homotopic areas
of both brain hemispheres (Fig. 1 F). Correspondingly, quanti-
fication of synaptic spine density as a marker of synaptic plas-
ticity at 3 mo after stroke did not reveal a difference between
treatment groups, which were both returned to baseline levels
(naive). These results clearly indicate a lack of efficacy for anti-

CD49d to improve functional recovery in the chronic post-stroke
phase in two preclinical stroke models, which is comparable to
the outcome of the clinical trials testing the efficacy of Natali-
zumab in stroke patients (Elkind et al., 2020; Elkins et al., 2017;
Liesz et al., 2011; Llovera et al., 2015).

Anti-CD49d only transiently reduces cerebral lymphocyte
counts after stroke
Therefore, we next aimed to analyze the biological efficacy of
anti-CD49d treatment in reducing long-term lymphocyte inva-
sion to the injured brain, which could not be studied in the
clinical trials. To this end, we performed quantitative flow cy-
tometric analyses at acute and chronic time points after stroke.
Corresponding to previous studies by us and others, anti-CD49d
significantly decreased cerebral lymphocyte invasion at the
acute phase in male and female animals (Fig. 2 A and Fig. S3 A).
In contrast, no difference in cerebral leukocyte count was de-
tectable between treatment groups at 1 mo after stroke for any of
the T cell subtypes, which we quantified in a multidimensional
flow cytometric analysis (Fig. 2, B and C). Interestingly, we
found T cells among leukocyte populations to specifically accu-
mulate in the chronic phase after stroke (Fig. S2). Next, we
performed immunofluorescence labeling of CD3+ T cells to an-
alyze the spatial distribution of T cells after stroke. Consistent
with our flow cytometric results and a previous report (Doyle
et al., 2015), we found dense T cell accumulation within the
chronic lesion but did not detect a difference in intralesional
T cell density between control or anti-CD49d–treated groups at
28 d after stroke (Fig. 2 D). We analyzed the spatial clustering of
T cells by calculating the Clark–Evans agglomeration index (R
index), which indicates cell clustering for an R < 1 (Fig. 2 E).
Interestingly, the R index ranged between 0.3 and 0.7 for both
acute (day 7) as well as for chronic (day 28) time points, re-
gardless of treatment groups. Additionally, chronic T cell accu-
mulation and their local clustering was confirmed in the dMCAo
stroke model for both treatment groups (Fig. S3 B). Thus, the
chronic accumulation of T cells in the post-ischemic brain as-
sociates with local clustering of T cells likely due to local, in-
tracerebral proliferation. This finding could potentially explain
the difference in treatment efficacy of anti-CD49d between the
acute stroke outcome (with transiently reduced cerebral T cell
invasion) and long-term recovery. Taken together, our approach
to monitor the treatment efficacy of anti-CD49d for chronic
recovery in two independent stroke models could have pre-
dicted the inefficacy of Natalizumab in clinical stroke trials.
Moreover, this first-ever analysis of long-term effects of anti-
CD49d treatment on the cerebral lymphocyte pool provides a
mechanistic rationale for the futile treatment effects in the chronic
post-stroke phase.

T cells proliferate intracerebrally after stroke
We next aimed to distinguish chronic recruitment versus local
proliferation as the potential cause of the chronic lymphocyte
accumulation in the post-stroke brain. Therefore, we adminis-
tered 5-ethynyl-29-deoxyuridine (EdU), a thymidine analogue
labeling proliferating cells, in the drinking water over a 7-d time
period, starting either the day of surgery (days 0–7) or 3 wk later
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Figure 1. Longitudinal evaluation of post-stroke recovery in mice receiving anti-CD49d treatment. (A) The lesion area based on autofluorescence after
stroke of individual animals was superimposed to depict the lesion throughout the observation period of 84 d in Thy1-GCaMP6s animals. The color code
indicates the sum of overlapping lesion pixels of individual mice per acquisition time point. Data were generated in two independent experiments. BL, baseline;
D, day. (B) Quantification of the number of autofluorescent pixels seen in calcium imaging of Thy1-GCaMP6s animals. Control (Ctrl): n = 10, anti-CD49d: n = 13,
P = 0.716. Data are shown asmean ± SD, linear-mixed-models, group-by-time interaction. Data were generated in two independent experiments. (C) The lesion
volume was quantified at 7 and 28 d after stroke and shows no difference between treatment groups. Control 7 d: n = 6, control 28 d: n = 11, anti-CD49d 7 d: n = 5,
anti-CD49d 28 d: n = 8, all WT animals. Data are shown as mean ± SD. Ordinary one-way ANOVA + Tukey’s post-hoc test. Data were generated in at least three
independent experiments per time point. (D) Evaluation of the multi-parameter neuroscore and cylinder test shows no difference between treatment groups.
Control: n = 10, anti-CD49d: n = 13, P (neuroscore) = 0.560, P (cylinder) = 0.691. Data are shown as median ± SE, linear-mixed models, group-by-time interaction.
Data were generated in two independent experiments in Thy1-GCaMP6s animals. (E) Illustrative pixelmaps show the group-wise averaged seed-based FC between
eight seeds representing functional cortical areas over an observation period of 84 d after stroke by longitudinal in vivo calcium imaging: 1, left rostral forelimb; 2,
right rostral forelimb; 3, left caudal forelimb; 4, right caudal forelimb; 5, left forelimb sensory area; 6, right forelimb sensory area; 7, left hindlimb sensory area; 8,
right hindlimb sensory area.. Gray squares indicate excluded seed autocorrelation, and white squares indicate excluded seeds due to the stroke lesion, when
excluded in more than three animals. Data are shown as Fisher z-transformed connectivity scores and were generated in two independent experiments in Thy1-
GCaMP6s animals. (F) Schematic illustration for longitudinal in vivo widefield calcium imaging acquisition; left intrahemispheric and whole cortex homotopic FC
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(days 21–28). Then, the rate of proliferating T cells was deter-
mined in blood, spleen, and the ischemic brain hemisphere after
acute (day 7) or chronic (day 28) EdU labeling in untreated mice
(Fig. 3 A). As expected for the acute inflammatory response, we
observed an increase in the proliferation rate (percentage of
EdU+ cells) for cerebral T cells in comparison to splenic and
blood T cells at 7 d after stroke. Surprisingly, the proliferation
rate in the chronic phase was still significantly (more than
twofold) increased for the cerebral T cell population compared
with peripheral organs. In contrast, using systemic antibody
labeling of circulating T cells over 3 d (days 25–28), we detected
only a small number of T cells still de novo–invading the brain in
the chronic phase after stroke (Fig. S3 C). To additionally con-
firm the local proliferation of cerebral T cells, we analyzed
histologically the expression of the direct proliferation marker
Ki67 to quantify the percentage of proliferating T cells within
the chronic stroke lesion (Fig. 3 B). We found independent of the
treatment group a substantial number of >5% Ki67+ T cells,
confirming the local intralesional proliferation of T cells 28 d
after PT (Fig. 3 C), which was also confirmed in the dMCAo
stroke model with comparable findings (Fig. S3 D). These results
suggest that—regardless of anti-CD49d treatment—sustained
and local proliferation of T cells in the post-stroke brain drives
chronic cerebral T cell accumulation after stroke.

Evidence for chronic T cell accumulation in human brain
autopsy samples
To verify chronic T cell accumulation after stroke in brains of
human stroke patients, we obtained 10 individual samples from
two brain banks (Lexington and Debrecen) of six individual
stroke patients dying during the acute and chronic phase after
confirmed cerebral ischemia and excluding other brain dis-
orders or immunological or inflammatory diseases (Table S1).
The area covering the ischemic lesion within the samples was
identified based on H&E staining for quantitative analyses. Us-
ing immunohistochemical staining, we detected CD3+ T cells in
all 10 human brain samples (Fig. 3 D). The number of detected
T cells ranged from ∼300 to >9,000 cells/cm2 of tissue section,
with an average of 80% located within the lesion area. Addi-
tionally, the spatial distribution of T cells within the stroke le-
sions was determined and showed strong local clustering, with
an R index ranging from 0.28 to 0.55 (Fig. 3 E). A Spearman
correlation analysis for T cell density and time since stroke re-
vealed a highly significant positive association. These results
clearly demonstrate that T cells accumulate chronically and
cluster locally in the ischemic lesion of human stroke patients.
We additionally performed immunofluorescence staining for
CD3+ T cells and Ki67 in the most chronically collected patient

sample (124 d after stroke) and detected double-positive cells
(Fig. 3 F), confirming that the phenomenon of local, intracere-
bral proliferation of T cells in the chronic phase after stroke also
applies to human stroke patients.

Taken together, we describe here chronic T cell accumulation
most likely due to local proliferation after ischemic stroke in
mice and human brains, constituting a previously unrecognized
potential confounder for immunotherapeutic studies after is-
chemic stroke. None of the current pharmacological approaches
block completely the cerebral invasion of T cells after stroke (in
contrast to experimental T cell–depletion approaches; Liesz
et al., 2009; Liesz et al., 2011) but rather reduce numbers of
invading T cells by various degrees (Liesz et al., 2011; Llovera
et al., 2015). Therefore, despite the therapeutic intervention,
some T cells invade the ischemic brain. Once in the cerebral
microenvironment, T cells might become autonomous from the
peripheral immune system and establish a tissue-resident pop-
ulation by local proliferation. Here, we confirm chronic T cell
accumulation and local proliferation in two independent ex-
perimental stroke models (PT and dMCAo). However, further
mechanistic studies will be required to explore the biological
function and therapeutic implications of this unexpected
phenomenon.

For this study, wemainly used the PTmodel, which induces a
pronounced cellular neuroinflammatory response and allows for
sensitive analysis of neuromodulatory effects in the chronic
recovery phase after stroke (Cotrina et al., 2017; Sadler et al.,
2020). Key findings on lesion volume, T cell accumulation, and
proliferation have additionally been confirmed in a widely used
dMCAo model with similar findings in male and female animals.
However, considering previous reports on model differences
concerning the extent and dynamics of the neuroinflammatory
response to stroke, future clinical trials need to consider not only
potentially unexpected long-term effects, as reported in this
study, but also potentially drastic differences in the role of
neuroinflammation between stroke subtypes regarding lesion
location, size, and etiology (Cotrina et al., 2017; Cramer et al.,
2019a; Zhou et al., 2013).

As such, our findings have high clinical relevance for many
ongoing or planned immunotherapeutic trials in stroke that
target circulating lymphocytes, their endothelial adhesion, or
cerebral invasion. According to the ClinicalTrials.gov registry of
clinical intervention trials, more than 40 trials are exploring
such strategies with pending outcome as of March 2021. The
therapeutic approaches in these studies cover a broad range of
potential therapies, including (autologous) cell therapies, po-
larization of T cell responses, or modulating lymphocyte mi-
gration. Several of these studies use repurposing of drugs that

of the eight previously defined functional areas. Time course of left intrahemispheric FC (intra FC; P = 0.127) and overall homotopic FC (P = 0.295). Data are
shown as median ± SE, linear-mixed models, group-by-time interaction. Data were generated in two independent experiments in Thy1-GCaMP6s animals.
(G) Representative images of a Golgi-Cox–stained pyramidal neuron layer II/III in a naive animal (scale bar = 30 µm) and 3D reconstruction of pyramidal neuron
dendrites (red) with dendritic spines (blue, scale bar = 5 µm). Dendritic spines were quantified in layer II/III in naive (untreated) animals and 84 d after stroke in
stroke ipsi- and contralateral hemispheres. Naive: n = 5, control: n = 10, anti-CD49d: n = 13. Data are shown as median ± interquartile range. Wilcoxon rank-sum
test with continuity correction and Bonferroni correction for multiple comparisons were used. Data were generated in at least two independent experiments. All
data in this figure were obtained in a mixed-sex cohort (anti-CD49d: four male, nine female; control: three male, seven female), except for C (only male mice).
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have been established and approved for multiple sclerosis, a
disease that not only differs drastically in its pathogenesis but
also has distinct neuroimmunological features. However, the
differences between acute ischemic lesions and chronic auto-
immune brain disorders have not yet been fully characterized

and may pose a threat to the success of immunotherapeutic
stroke trials.

In light of these findings, current clinical trials targeting
lymphocyte migration or brain recruitment (lymphocyte-
depleting antibodies, fingolimod, and cell therapy approaches)

Figure 2. T cells chronically accumulate in the post-ischemic brain independent of anti-CD49d treatment. (A) Flow cytometric quantification of CD4+ T
helper cells and CD8+ cytotoxic T cells per ipsilateral stroke hemisphere at 5 d after stroke. n = 5 per group. Data are shown as mean ± SD, unpaired t test with
Holm–Sidak’s post-hoc test. Data were generated in two independent experiments in WT animals. (B) Quantification of T cell subtypes by multidimensional
flow cytometry 28 d after stroke from the ipsilateral stroke hemisphere was achieved by dimensionality reduction using UMAP (Uniform Manifold Approx-
imation and Projection). The individual clusters were identified as CD3+ T cell subtypes by the MFI of CD8a, CD4, CD62L, CD44, CD69, Foxp3, γδ TCR, and
RORγt, as shown in the heatmap on the right, including activated (act.) CD4+ T helper cells (CD4+CD69+CD62L−), activated CD8+ cytotoxic T cells
(CD8+CD69+CD62L− RORγt+), double-negative T cells (CD4−CD8−), γδ T cells (TCRγδ+CD44+CD69+), naive CD4+ T helper cells (CD4+CD69−CD62L+), naive
CD8+ cytotoxic T cells (CD8+CD69−CD62L+), central memory T cells (TCM; CD8+CD69−CD62L+CD44+), and regulatory T cells (Treg; CD4+FOXP3+).
(C)Quantification of numbers of T cell subtypes per cluster in the ipsilateral stroke hemisphere shown in B. Control: n = 5, anti-CD49d: n = 7. Data are shown as
mean ± SD; unpaired t test and Holm–Sidak post-hoc test. The data were generated in three independent experiments in WT animals. (D) Representative
immunofluorescence images of CD3+ T cells in the brain 28 d after stroke of the whole section with demarcation of the lesion (upper left, scale bar = 1 mm), the
lesion area (lower left, scale bar = 500 µm), and an area within the lesion from control and anti-CD49d animals (right, scale bars = 30 µm). The T cell density
within the lesion (cells per square millimeter) showed no difference between groups. Control: n = 11, anti-CD49d: n = 8. Data are shown as mean ± SD; unpaired
t test. The data were generated in at least three independent experiments in WT animals. (E) Schematic representation of the R index for describing cell
clustering (left) and the R index for CD3+ T cells within the lesion at 7 and 28 d after stroke for both treatment groups (right). Control 7 d: n = 6, control 28 d:
n = 11, anti-CD49d 7 d: n = 5, anti-CD49d 28 d: n = 8. Data are shown as median ± interquartile range. *, P < 0.05; #, P (clustered [R < 1]) <0.0001; ordinary one-
way ANOVA + Tukey’s post-hoc test. Data were generated in at least three independent experiments per time point in WT animals.
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need to be fundamentally reconsidered. Mechanisms of chronic
neuroinflammation after stroke and the consequences for post-
stroke recovery need to be better understood for the rationale
design of efficient immunotherapies in stroke.

Materials and methods
Animals
All experiments in this studywere conducted in accordancewith
the national guidelines for animal experiments and approved
by the German governmental committees (Regierungpraesidium
Oberbayern, Munich, Germany). For flow cytometric and im-
munohistochemical analyses, the animals were 8–12-wk-oldmale
or female C57BL/6J mice (Charles River Laboratories). For in vivo

widefield calcium imaging and dendritic Golgi spine analysis,
the animals were 12–15-wk-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 back-
crossed on C57Bl6/J WT mice). The animals were housed under
controlled temperature (22 ± 2°C) with a 12-h 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).

Stroke surgery
For PT induction, mice were anaesthetized with isoflurane, de-
livered in a mixture of 30% O2 and 70% N2O. Mice were placed

Figure 3. T cells chronically proliferate in the postischemic brain in mice and stroke patients. (A) The percentage of EdU+ T cells was quantified by flow
cytometry in the spleen, blood, and ipsilateral stroke hemisphere at day 7 and day 28 after stroke (n = 5 per group). Data are shown as mean ± SD; ordinary
one-way ANOVA and Tukey’s post-hoc test. Two independent experiments per time point were performed in WT animals. (B) Representative images show
immunofluorescence staining for CD3 and Ki67 within the lesion area for the detection of intracerebral T cell proliferation 28 d after stroke in both treatment
groups (upper row, control; lower row, anti-CD49d). Arrows point to CD3 and Ki67 double-positive T cells. Scale bars = 10 µm. (C) Quantification of the
percentage of Ki67+ T cells from (B) within the lesion 28 d after stroke showed no difference between the treatment groups. control: n = 11, anti-CD49d: n = 8.
Data are shown as mean ± SD. Unpaired t test. The data were generated in at least three independent experiments in WT animals. (D) Representative images
are shown for CD3+ DAB staining on consecutive brain sections from a human sample (124 d since stroke onset). Higher magnification images are shown from
respective indicated areas. Scale bars: left, 1 mm; middle, 400 µm; right, 10 µm. (E) Cell density (cells/square centimeter) of intra- and extralesional CD3 T cells
and cell clustering by R index were quantified. P (clustered [R < 1] <0.0001) for all analyzed samples. Correlation analysis (Spearman) between T cell density
and time since stroke onset per sample. (F) Representative images of immunofluorescence staining for CD3 and Ki67 within the previously histopathologically
identified lesion area are shown for the patient samples with the highest detected T cell count (124 d since stroke onset). Arrows point to CD3 and Ki67 double-
positive T cells. Scale bar = 10 µm. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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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 µl/g body weight
of 1% Rose Bengal (198250-5g; Sigma-Aldrich) in saline i.p. 5 min
before the induction of anesthesia (5% isoflurane). A skin inci-
sion was used to expose the skull. Bregma was located, and the
lesion location was marked in the left hemisphere (1.5 mm lat-
eral and 1.0mm rostral to bregma). For in vivowidefield calcium
imaging experiments, PT was induced as previously described
(Cramer et al., 2019b). In brief, an independent vector analysis
was performed based on baseline resting-state imaging, which
allowed us 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.
10 min after Rose Bengal injection, the laser (25 mV output) was
applied to the lesion area for 17 min (Cobolt Jive 50, 561 nm
power at 25mV; Fiber Collimation Package: 543 nm, f = 7.66mm,
beam diameter [d] ≈ (4)(0.000561 mm)[7.86 mm/(pi × 0.004
mm)] = 1.4 mm). The sham procedure was performed as de-
scribed previously but without laser illumination.

dMCAo was performed as previously described (Llovera
et al., 2014). Briefly, the mouse was positioned on its side and
skin was incised between the ear and the eye. After, the tem-
poral muscle was detached from the bone and a craniotomy was
performed on top of the middle cerebral artery. The vessel was
permanently coagulated, proximal and distal to the MCA bi-
furcation, with electrocoagulation forceps. Finally, the muscle
was placed back and the wound sutured.

Anti-CD49d antibody treatment
Animals were treated with 300 µg anti-CD49d (clone PS/2,
catalog no. BE0071; Bio X Cell) or isotype control (LTF-2, catalog
no. BE0090; Bio X Cell) in 0.01 M PBS 2 h after PT induction,
followed by injection every second week until termination of
the experiment. The treatment groups were assigned after
randomization, and experimenters were blinded to group
assignment.

Neuroscore
The multiparametric neuroscore was assessed as previously
described (Orsini et al., 2012). Briefly, the score is composed of
the assessment of several subtests of both global and focal def-
icits. Assessment of global deficits included grooming, status of
ears and eyes, posture, spontaneous activity, and epileptic be-
havior. Focal deficits were evaluated by gait, grip, forelimb
asymmetry during tail suspension, circling behavior of the en-
tire body or only a forelimb, body symmetry, and whisker re-
sponse. Total score ranges from 0 to 54 points (26 points for
general and 28 for focal deficits), with a higher score indicating
worse deficits. Data were acquired once before stroke and on
days 3, 7, 14, 21, 28, 42, 56, 70, and 84 after stroke.

Cylinder test
The cylinder test was assessed as previously described (Llovera
et al., 2014). Briefly, the animals were placed in a transparent

acrylic glass cylinder (diameter, 8 cm; height, 25 cm) in front of
two mirrors, and video was recorded for 10 min. The frequency
of forelimb use during a full rear and landing with only one
forelimbwas counted. At least 20 contacts for one forelimbwere
counted using slow-motion or frame-by-frame function. The
ratio was calculated as the total number of left forelimb contacts
divided by the total number of right forelimb contacts with the
cylinder wall.

Flow cytometry
Mice were deeply anesthetized and perfused with 20 ml saline.
Both brain and spleen were dissected, and blood was collected in
EDTA tubes after cardiac puncture. For brain, both hemispheres
were carefully removed, and cells were isolated by mechanical
dissociation. Cell preparation and staining were performed as
previously described (Llovera et al., 2017). Mononuclear cells
were enriched using discontinuous Percoll gradients. Cell stain-
ings were performed using the following antibodies: CD45-eF450
(1:250, 48–0451-82, clone: 30-F11; Invitrogen), CD3-FITC (1:250,
11–0032-82, clone: 17A2; Invitrogen), CD8-PE (1:250, 12–0081-82,
clone: 53–6.7; Invitrogen), CD4-PerCP-Cy5 (1:250, 45–0042-82, clone:
RM4-5; Invitrogen), TCRyd-APC (1:250, 118116, clone: GL3;
BioLegend), NK1.1-PE-Cy7 (1:250, 25–5941-82, clone: PK136; In-
vitrogen), CD19-APC-Cy7 (1:250, 47–0193-82, clone: eBio1D3; In-
vitrogen), CD11b-PerCP-Cy5 (1:250, 45–0112-82, clone: M1/70;
Invitrogen), MHCII-PE (1:250, 12–5322-81, clone: NIMR-4; eBio-
science), Ly6C-APC (1:500, 17–5932-82, clone: HK1.4; eBioscience),
Ly6G-PE-Cy7 (1:333, 25–5931-82, clone: RB6-8C5; eBioscience), and
CD11c-APC-Cy7 (1:250, 117324, clone: N418; BioLegend). Stained
cells were analyzed on a BD FACSVerse flow cytometer (BD Bio-
sciences), and analysis was performed using FlowJo software
(version 10.0).

For high-dimensional flow cytometry (Fig. 2, B and C), mice
were injected i.v. with 3 µg CD45-APC-Cy7 (103116, clone: 30-F11;
BioLegend), 3 min before transcardiac perfusion, to exclude
blood contamination. Mononuclear cells were then isolated as
described above. The samples were stained first with Zombie
NIR Fixable Viability Kit (1:200; BioLegend) and surface mark-
ers, diluted in Brilliant Stain Buffer (BD Biosciences). The fol-
lowing antibodies were used: CXCR3-BV421 (1:100, 126522, clone:
CXCR3-127; BioLegend), CD27-SB436 (1:100, 62–0271-82, clone:
LG.7F9; eBioscience), CD69-BV480 (1:50, 746813, clone: H1.2F3; BD
Biosciences), CD19-BV570 (1:200, 115535, clone: 6D5; BioLegend),
CD11b-BV570 (1:200, 101233, clone: M1/70; BioLegend), PD-1-
BV605 (1:100, 563059, clone: J43; BD Biosciences), CD62L-BV650
(1:100, 564108, clone MEL-14; BD Biosciences), TCR-γδ-BV750
(1:100, 746962, clone: GL3; BD Biosciences), CCR7-BV785 (1:100,
120127, clone: 4B12; BioLegend), CD44-AF532 (1:200, 58–0441-82,
clone: IM7; eBioscience), CD127-PE-CF594 (1:100, 562419, clone:
SB/199; BD Biosciences), NK1.1-AF700 (1:100, 56–5941-82, clone:
PK136; eBioscience), CD8a-BV510 (1:200, 563068, clone: 53-6.7; BD
Biosciences), CD3-FITC (1:200, 11–0032-82, clone: 17A2; eBioscience),
KLRG1-PE (1:200, 138408, clone: 2F1/KLRG1; BioLegend), CD103-PE-
Cy7 (1:200, 121426, clone: 2E7; BioLegend), CD4-PerCP-Cy5.5 (1:200,
45–0042-82, clone: RM4-5; eBioscience). For intracellular staining,
Foxp3 / Transcription Factor Staining Buffer Set was used
following the provider guidelines. The following antibodies
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for intracellular staining were used: FoxP3-AF647 (1:100,
126408, clone: MF-14; BioLegend), T-bet-BV711 (1:100, 644820,
clone: 4B10; BioLegend), ROR-γt-APC (1:100, 17–6981-82, clone
B2D; eBioscience). Stained cells were analyzed on a Norther
Light spectral flow cytometer (Cytek) and analysis performed
by FlowJo software (version 10.0).

In vivo proliferation analysis
For analysis of in vivo cell proliferation, mice were treated with
EdU (0.5mg/ml; Invitrogen) in sucrose-enriched drinkingwater
(5 g sucrose in 100 ml) for 7 d before saline perfusion. EdU was
detected using a Click-iT EdU Alexa Fluor 647 Flow Cytometry
Assay Kit (C10419; Invitrogen) following the manufacturer’s
instructions. Subsequently, FACS antibody staining was per-
formed as described above using the following cell surface
antibodies: CD11b-PE-Cy7 (1:250, 25–0112-82, clone: M1/70;
Invitrogen), CD45-BV510 (1:250, 563891, clone: 30-F11; BD
Biosciences), CD3-FITC (1:250, 11–0032-82, clone: 17A2; In-
vitrogen), CD19-eF450 (1:250, 48–0193-82, clone: eBio1D3;
eBioscience), CD4-PerCP-Cy5.5 (1:250, 45–0042-82, clone: RM4-
5; Invitrogen), and CD8-PE (1:250, Invitrogen, 12–0081-82, clone:
53–6.7). Stained cells were then analyzed on a BD FACSVerse
flow cytometer (BD Biosciences), and analysis was performed
using FlowJo software (version 10.0).

Pharmacokinetic analysis
To determine cellular anti-CD49d saturation levels, venous
blood was collected in EDTA tubes after cardiac puncture, and
mononuclear cells were enriched using a Histopaque-1077 gra-
dient (Sigma-Aldrich). Cells were diluted to a concentration of
106 cells/ml and stained with a mouse anti-Rat IgG2b PE-
conjugated secondary antibody (1:20, clone R2B-7C3; eBio-
science) to detect cell-bound anti-CD49d for 30 min at 4°C. For
determination of anti-CD49d saturation, cells were incubated
with a saturating amount of anti-CD49d (10 µg/ml) for 30min at
room temperature and subsequently stained with the antibody
as described above. Stained cells were then analyzed on a BD
FACSVerse flow cytometer (BD Biosciences), and analysis was
performed using FlowJo software (version 10.0). The anti-CD49d
saturation level was then calculated as percentage of the mean
fluorescence intensity (MFI) from in vivo bound anti-CD49d
from the MFI of in vitro saturated cells by the following
equation:

anti − CD49d saturation "
MFI in vivo bound anti − CD49d

MFI in vitro saturated anti − CD49d
× 100.

The number of anti-CD49d molecules per cell was determined
using a PE fluorescence quantitation kit (BD Quantibrite
PE, #340495; BD Biosciences) following the manufacturer’s
instructions.

Mouse anti-rat IgG ELISA
To analyze neutralizing mouse anti-rat IgG antibodies in mice,
we used a customized modification of a commercial ELISA (#88-
50400; Thermo Fisher Scientific). Flat-bottom 96-well ELISA
plates were coated overnight with the same rat anti-CD49d

antibody (100 ng/ml) at 4°C as used for the in vivo treatment
(clone PS/2, Cat. BE0071; Bio X Cell). After washing, the
antibody-coated plates were incubated for 1 h at room temper-
ature with mouse plasma obtained 28 d after stroke (i.e., two
doses of anti-CD49d at 2 h and 14 d) or control plasma from a
naive mouse that had been spiked at ∼10 ng/ml with the capture
antibody of the ELISA kit. Subsequent detection and bio-
chemiluminescent analysis using a microplate reader (Bio-Rad)
was performed following the manufacturer’s instructions.

Dendritic spine analysis
Following saline perfusion, mice were perfused 84 d 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 µm using a vibratome
and collected in 0.1 M PBS. Slices were placed in impregnation
slice Golgi Kit (003760; Bioenno) solution for 5 d in the dark.
Staining and post-staining was performed as described by the
manufacturer (Bioenno). Images of dendrites were obtained
within 500 µm around the lesion area in cortical layer 2/3. In
total, 25 dendrites per animal (5 dendrites from 5 neurons) in
both hemispheres were recorded using an Axio Imager.M2 and a
100× objective (EC Plan-Neofluar, numerical aperture [NA] =
1.3, oil immersion, 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).

In vivo widefield neuronal calcium imaging
In vivo widefield calcium imaging was performed as previously
published (Cramer et al., 2019b). Briefly, Thy1-GCaMP6s heter-
ozygous mice were scalped and transparent dental cement was
placed upon the intact skull at least 3 d before start of the ex-
periment. Resting-state in vivo imaging was performed in mild
anesthesia (0.5 mg/kg body weight of medetomidine with 0.75%
isoflurane inhalation). Mice were placed in a stereotactic frame
below a customized macroscopic imaging setup, and mouse
cortex was illuminated with 450-nm blue LED light. Resting-
state calcium activity was recorded for 4 min (6 × 1,000
frames) with a high-precision 2/3” Interline charge-coupled
device camera (Adimec-1000m/D, pixel size 7.4 × 7.4 µm, ac-
quisition at 20–22°C; Adimec) at a 25-Hz frame rate using
longDaq software (Optical Imaging).

In vivo calcium imaging analysis
Functional imaging data were preprocessed as previously de-
scribed (Cramer et al., 2019b). In particular, the seed-to-seed FCs
between eight previously defined seeds were calculated as
Pearson’s correlation between the time course of each of these
seeds and Fisher’s z transformation. For left intrahemispheric
connectivity, the mean of the Fisher’s z-transformed Pearson’s
correlation coefficient of each connection between the seeds
located in the left hemisphere was calculated. The overall ho-
motopic connectivity was calculated as the mean of all Fisher’s
z-transformed Pearson’s correlation coefficients of each homo-
topic connection between the seeds in both hemispheres. The
time course of left intrahemispheric and overall homotopic
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connectivity was displayed from baseline and days 42 to 84 after
stroke, ensuring the visibility of all seeds after disappearance
of the autofluorescent lesion. Fisher’s z-transformed Pearson’s
correlation was calculated using MATLAB (MathWorks R2016b
with Optimization Toolbox, Statistics and Machine Learning
Toolbox, Signal Processing Toolbox and Image Processing
Toolbox; MathWorks).

Lesion involution quantification
The lesion size was determined by autofluorescence of the
ischemic tissue in Thy1-GCaMP6s animals used for in vivo
widefield calcium imaging for every time point 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 quantifi-
cation of all pixels within the mask.

Lesion volumetry
Mice were transcardially perfused 28 d after PT or dMCAo
stroke induction with saline and 4% paraformaldehyde solution.
To protect the cortical lesion from damage, the whole skull was
isolated and stored in 4% paraformaldehyde overnight at 4°C and
then placed in 0.3 M EDTA for 7 d for decalcification. Subse-
quently, the brains were dehydrated for 2 d in 30% sucrose in
0.01 M PBS and then snap-frozen in isopentane. Cresyl Violet
staining for infarct volumetry was performed as previously
described (Llovera et al., 2014), and the lesion size was quanti-
fied using FIJI ImageJ.

Immunohistochemical staining of mouse coronal
brain sections
Fluorescent immunohistochemical staining for CD3+ and Ki67+

to determine the number of proliferating T cells in control
versus anti-CD49d treated animals was performed on 20-µm-
thick paraformaldehyde-fixed coronal sections from mice at 7
and/or 28 d after PT or dMCAo. Sections were fixed with cold
acetone for 10min at room temperature andwashedwith 0.01M
PBS before blocking with goat serum blocking buffer for 1 h at
room temperature. Subsequently, sections were stained over-
night at 4°C with primary antibody (1:200, CD3e, hamster anti-
mouse, clone 500A2; BD PharMingen; and 1:200, Ki-67, rabbit
mAb, clone D3B5; Cell Signaling Technology). After washing with
0.1% Triton X-100 in 0.01M PBS, secondary antibody staining was
applied for 2 h at room temperature (1:200, goat anti-hamster,
Alexa Fluor 594; Thermo Fisher Scientific; and 1:200, goat anti-
rabbit, Alexa Fluor 647; Life Technologies). Nuclei were stained
with DAPI (1:5,000; Invitrogen) for 5 min at room temperature.

Per animal, three images for cell quantification were re-
corded as 6-µm-high tile-scan Z-stacks (slice thickness, 0.4 µm)
on a Zeiss confocal microscope (LSM880) with 25× objective
(LCI Plan-Neofluar 25×, NA = 0.8, ImmKorr differential inter-
ference contrast, water immersion, acquisition at 18°C). The
lesion was marked andmeasured in the tile-scan image and cells
were quantified using the Cell Counter Plugin in FIJI. Cell den-
sity was calculated as number of cells per squaremillimeter. The
R index for quantification of clustering of cells per area was

calculated using the clarkevans.test R function (R package
spatstat; Baddeley et al., 2005). For evaluation of clustering, the
ratio of the observed average nearest-neighbor distance r (rA) to
the expected pattern for a Poisson point process of the same
intensity (rE): R=rArE. An R index of >1.0 indicates ordered spatial
distribution, R = 0 indicates even distribution, and R < 1.0 in-
dicates aggregation. Hypothesis testing was performed against
the null hypothesis, which is complete spatial randomness/a
uniform Poisson process. For every animal, the cell density and
R index were calculated and averaged among the three acquired
images. Whole-slice images were acquired using a 10× objective
(EC Plan-Neofluar 10×, NA = 0.3, air immersion, acquisition at
18°C) and high-resolution images were acquired using a 40×
objective (EC Plan-Neofluar 40×, NA = 1.3 oil differential inter-
ference contrast, oil immersion, acquisition at 18–20°C).

Patient characteristics for postmortem histological analyses
Ethical approval for the use of human postmortem material was
granted according to institutional ethics board protocol and
national regulations by the HungarianMedical Research Council
Scientific and Research Ethics Board (19312/2016/EKU) and the
University of Kentucky Medical Institutional Review Board (UK
IRB #44009), respectively. Clinical information was provided by
the respective brain bank (Table S1).

Histological and immunohistochemical staining of human
brain tissue samples
Histochemical and immunohistochemical staining was per-
formed on sections cut to 6 µm from paraffin-embedded tissue
blocks. Randomly chosen sections of every patient were depar-
affinated and rehydrated and subsequently stained with H&E.
Immunohistochemistry for CD3 (polyclonal rabbit anti-human
CD3, diluted 1:50, A0452; Dako) was performed on sections ad-
jacent to H&E-stained sections with the Ventana Benchmark GX
automated staining system using a CC1 (Roche) pretreatment
and the iView DAB Detection Kit (Roche). Sections were coun-
terstained with hematoxylin and coverslipped with Entellan
(Merck) as mounting medium. Age of infarcts was estimated by
two experienced and independent neuropathologists (T. Arzberger
and P.T. Nelson) on H&E sections according to published criteria
(Mena et al., 2004). CD3 stains were scanned with Zeiss Axio
Scan Z1 using a 20× objective. The infarct area was demarcated,
and the absolute numbers and coordinates of intra- and extra-
lesional CD3+ T cells were assessed manually using Qupath
(version 0.2.2). Cell density was calculated as number of cells per
cm2 of defined lesion area. The R index for quantification of cell
clustering per area was calculated as described above in R (ver-
sion 3.6.0). Intralesional cell density was correlated with time
after stroke onset for each sample.

Immunofluorescence staining of human brain tissue samples
Immunofluorescence staining was performed on sections cut to
6 µm from paraffin-embedded tissue blocks. Randomly selected
sections were deparaffinated and blocked in 3% H2O2. After
heat-induced antigen retrieval in Tris-buffered EDTA (pH 9.0)
for 30min at 95°C, sections were blocked with 5% donkey serum
for 4 h at room temperature. Then, sections were incubated in
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antibody staining solution (0.3% Triton X-100 and 20 mM so-
dium azide containing 0.05 M Tris-buffered saline [TBS], pH
7.4) overnight at 4°C (1:50, CD3, polyclonal rabbit anti-human,
reference A0452; and 1:100, Ki67, monoclonal mouse anti-
human, clone MIB-1, reference M7240; Dako). After washing
with 0.05 M TBS, secondary antibody staining was performed
with antibody staining solution (0.3% Triton X-100 and 20 mM
sodium azide containing 0.05 M TBS, pH 7.4) for 2.5 h at room
temperature in the dark (1:500, donkey anti-rabbit, Alexa Fluor 594,
reference 711–586-152; and 1:500, donkey anti-mouse, Alexa Fluor
488, reference 715–546-151; Jackson ImmunoResearch). For nuclear
staining, Hoechst 33334 (0.02mg/ml diluted in 0.05MTBS, pH 7.4,
reference 62249; Thermo Fisher Scientific) was applied for 30 min
at room temperature. After staining, an autofluorescence elimi-
nator reagent (reference 2160; EMD Millipore) was applied for
5 min before mounting the slides with Fluoromount-G (reference
0100–01; Southern Biotech). The images were acquired at 20×
magnification (objective: Plan Apo VC 20×, NA = 0.75, working
distance = 1 mm, field of view = 645.12 µm, calibration: 0.62 µm/
pixel orwith 5× optical zoom, calibration: 0.12 µm/pixel, acquisition
at 21°C) using a Nikon Ni C2 confocal microscope.

Statistics
To assess whether the lesion involution (number of auto-
fluorescent pixels), behavioral recovery (neuroscore and cylin-
der test) or FC (left intra-FC and overall homotopic FC) between
anti-CD49d–treated and control-treated animals were signifi-
cantly different, we performed linear-mixed models for cal-
culating group-by-time interaction in R (version 3.6.0). To test
for statistical difference in infarct volume between treatment
groups, we used one-way ANOVA and Tukey’s post-hoc test.
Next, we assessed the difference in dendritic spine numbers
between anti-CD49d–treated and control-treated animals using
the Wilcoxon rank-sum test with continuity correction and
Bonferroni post-hoc correction for multiple testing in R (Version
3.6.0). To test for significantly different numbers of infiltrating
T cells between anti-CD49d– and control-treated animals, we
used unpaired t tests and Holm–Sidak’s correction for multiple
testing. For determining significant differences in histologically
quantified T cells, we used an unpaired t test. To assess signif-
icant differences in the R index between treatment groups at
different time points, we used one-way ANOVA and Tukey’s test
for correction of multiple comparisons. We next quantified
significant differences between the number of EdU+ T cells in
different organs using one-way ANOVA and Tukey’s test for
correction of multiple comparisons. To test for significant dif-
ferences in the percentage of Ki67+ T cells between treatment
groups, we used an unpaired t test. We used linear regression
analysis to test for a correlation between the intralesional T cell
density in stroke patients and time after stroke onset. Unless
otherwise mentioned all analyses were performed in GraphPad
Prism (version 7.0a). For all analyses, an α level of adjusted P <
0.05 was considered statistically significant.

Online supplemental material
Fig. S1 provides pharmacokinetic analysis data for the rationale
of the treatment regimen with anti-CD49d and additional results

on infarct volumetry supporting the findings in the Fig. 1 in the
PT and dMCAo stroke model. Fig. S2 provides information on
the temporal dynamics of cerebral invasion on innate and
adaptive immune subpopulations over 1 mo after experimental
stroke. Fig. S3 shows comparable findings for chronic T cell
accumulation in female mice as shown in the main figures for
male mice. Additionally, this figure confirms chronic T cell ac-
cumulation and proliferation in the dMCAo stroke model. Table
S1 lists patient data.

Acknowledgments
We would like to thank Kerstin Thuβ-Silczak and Christina
Fürle for technical support as well as Juliet Stowe for the se-
lection and preparation of human tissue samples from the
Sanders Brown Center on Aging (supported by National In-
stitutes of Health grant P30 AG028383).

This work was funded by the European Research Council (grant
ERC-StGs 802305 to A. Liesz and grant ERC-PoC 875677 to D. Ed-
bauer), the American Heart Association (grant 19EIA34760279 to
A.M. Stowe), the Hungarian Brain Research Program (grant 2017-
1.2.1-NKP-2017-00002), and theGermanResearch Foundation under
Germany’s Excellence Strategy (EXC 2145 SyNergy, ID 390857198)
through the collaborative research center TRR274 (project ID
408885537) and under grants LI-2534/6-1 and LI-2534/7-1. D.
Edbauer received funding from the NOMIS Foundation.

Author contributions: S. Heindl conceptualized experiments,
performed most of the experiments, analyzed the data, and
wrote the manuscript. A. Ricci performed and analyzed ex-
periments. O. Carofiglio, Q. Zhou, T. Arzberger, and N. Lenart
performed experiments. N. Franzmeier analyzed FC data. T.
Hortobagyi, P.T. Nelson, A.M. Stowe, and A. Denes selected and
provided the human tissue samples. D. Edbauer provided ex-
perimental resources. A. Liesz initiated the study, conceptual-
ized and supervised the research, and wrote the manuscript. All
authors reviewed the manuscript.

Disclosures: The authors declare no competing interests exist.

Submitted: 11 November 2020
Revised: 31 March 2021
Accepted: 28 April 2021

References
Baddeley, A., E. Rubak, and R. Turner. 2005. Spatial Point Patterns: Metho-

dology and Applications with R. Chapman and Hall/CRC Press, London.
Becker, K., D. Kindrick, J. Relton, J. Harlan, and R. Winn. 2001. Antibody to

the alpha4 integrin decreases infarct size in transient focal cerebral
ischemia in rats. Stroke. 32:206–211. https://doi.org/10.1161/01.STR.32.1
.206
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Supplemental material

Figure S1. Rationale for anti-CD49d treatment regimen and infarct volumetric assessment. (A) Flow cytometric analysis of acute CD4+ and CD8+ T cell
infiltration into the ipsilateral hemisphere after photothrombosis; n (0 = sham) = 10, n (2 h) = 3, n (3 d) = 6, n (7 d) = 6, n (14 d) = 5. Data are shown asmean + SD;
ordinary one-way ANOVA + Dunnett’s post-hoc test. At least two independent experiments were performed per time point inWT animals. (B) Saturation levels
of anti-CD49d measured at 2 h and 7 and 14 d after i.p. injection of 300 µg anti-CD49d per animal; n = 3–4 per time point. Data are shown as mean + SD. Data
were acquired in at least two independent experiments in WT animals. (C) Quantification of anti-CD49d molecules bound per cell at 2 h and 7 and 14 d after
anti-CD49d treatment; n = 3–4 per time point. Data were acquired in at least two independent experiments in WT animals. (D)Mouse plasma concentration of
anti-rat IgG is shown at day 28 from mice receiving two injections of 300 µg anti-CD49d at 2 h and 14 d after stroke. Naive mouse plasma was spiked with
monoclonal anti-rat IgG as a positive control (spiked plasma); n = 3. (E) Correlation of lesion volume (histological analysis) and lesion size (autofluorescent
pixels). Pearson correlation n = 13. Data were acquired in two independent experiments in Thy1GCaMP6s animals. (F) Infarct volume 28 d after distal middle
cerebral occlusion; n (control) = 6, n (αCD49d) = 5. Data are shown as mean + SD. Unpaired t test. Data were acquired in three independent experiments in WT
animals. **, P < 0.01; ***, P < 0.001.
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Figure S2. Temporal dynamics of myeloid and lymphoid immune cell infiltration after stroke. (A–F) Absolute counts of monocytes (A), activated
monocytes (B), neutrophils (C), CD4+ T helper cells (D), CD8+ cytotoxic T cells (E), and CD19+ B cells (F) were assessed using flow cytometry at 2 h and 3–28 d
after stroke, as well as after sham surgery (day 0) in the ipsilateral hemisphere; n (sham) = 10, n (2 h) = 3, n (3 d) = 5–6, n (7 d) = 5–6, n (14 d) = 5, n (28 d) = 5.
Mean values are shown per time point. Ordinary one-way ANOVA + Dunnett’s post-hoc test. At least two independent experiments were performed per time
point in WT animals. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001.
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Table S1 is provided online as a Word document and lists patient data.

Figure S3. Chronic T cell accumulation in female mice and after dMCAo. (A) Flow cytometric analysis of CD4+ and CD8+ T cells 28 d after stroke in female
mice; n = 7–8 per group, unpaired t test. Data are shown as mean + SD. (B) Evaluation of cell density and cell agglomeration of CD3+ intralesional T cells 28 d
after dMCAo; n = 5 per group, unpaired t test. Data are shown as mean + SD/median and interquartile range. (C) i.v. labeling of circulating CD45+ leukocytes
over 3 d before flow cytometric brain analysis 28 d after stroke reveals only a small fraction of brain-invading CD4+ and CD8+ T cells out of total cerebral T cells
in the ischemic hemisphere; n = 4. Data are shown as mean + SD. (D) Percentage of Ki67+ T cells 28 d after dMCAo; n = 5 per group, unpaired t test. Data are
shown as mean + SD. All data were generated in three independent experiments in WT animals. #, P < 0.05 for R < 1.0.
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3.2 STROKE INDUCES DEVELOPMENT OF A BRAIN-RESIDENT T CELL 

POPULATION WHICH PROMOTES FUNCTIONAL RECOVERY 
 

3.2.1 Summary 
 

Acute brain injuries trigger an immediate inflammatory response that does not completely 

resolve and instead gives rise to chronic, long-lasting neuroinflammation. T cells contribute 

substantially to acute stroke outcomes. Recent studies have shown that T cells exhibit 

chronic accumulation in the brain following ischemic stroke, yet their specific identity and 

mechanisms of tissue residency remain elusive. Furthermore, whether chronically resident T 

cells contribute to functional recovery is largely unexplored. 

In this study, we elucidate the development of a self-sustaining brain tissue-resident memory 

T cell (TRM) population after a stroke and delineate their pivotal contribution in reinstating 

cortical connectivity. Combining high-dimensional flow cytometry and single-cell mRNA 

sequencing, we confirmed that post-stroke T cells express typical TRM markers. Our 

observations reveal that the accumulation of post-stroke TRM is contingent upon both major 

histocompatibility complex class I (MHC-I) and chemokine signaling mediated through 

CXCR3 and CXCR6 receptors. Intriguingly, local depletion of the brain TRM population 

prompts rapid repopulation through local proliferation, crucial for maintaining homeostatic 

population levels. Furthermore, in lymphocyte-deficient mice, we observe impaired recovery 

of the neuronal networks after stroke, suggesting a plausible mediation by microglia-

dependent synaptic pruning. 

These findings offer novel insights into the molecular mechanisms underpinning T cell brain 

residency subsequent to brain ischemia. In addition, our data challenge the common 

conception of a mostly harmful contribution of T cells to stroke outcomes and reveal an 

intrinsic pro-regenerative role of post-stroke brain TRM. Harnessing and enhancing such 

potential emerges as a promising avenue for novel cell-based therapeutic approaches aimed 

at facilitating functional recovery. 
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Abstract 

Acute brain injuries induce not only an immediate inflammatory response but result in chronic 
neuroinflammation. T cells accumulate in the brain chronically after ischemic stroke, however their identity, 
mechanisms of tissue residency and contribution to post-stroke recovery are unknown. Here, we describe 
the development of a self-maintained brain tissue-resident memory T cell (TRM) population after stroke and 
demonstrated their role in restoring cortical connectivity. We observed that post-stroke TRM accumulation 
relied both on MHC-I and chemokine signaling via CXCR3 and CXCR6. Local depletion of the brain TRM 
population led to rapid repopulation by local proliferation for homeostatic population maintenance. 
Furthermore, lymphocyte-deficient mice show an impaired recovery of neuronal network after stroke, likely 
mediated by microglia-dependent synaptic pruning. These data provide novel insights into the molecular 
mechanisms governing T cell brain residency after brain ischemia. Boosting the intrinsic pro-regenerative 
role of post-stroke brain TRM could represent a novel cell-based therapeutic approach for functional 
recovery.  



Introduction 

Stroke is a leading cause of death and disability worldwide, with the global incidence projected to increase 
in the next years (Pu et al., 2023; Feigin et al., 2021). While advancements in acute stroke treatment like 
thrombolysis and thrombectomy have positively impacted stroke management for the acute phase, specific 
interventions targeting long-term disability in the chronic phase of the disease are still limited to 
rehabilitation. Post-stroke neuroinflammation is a complex multifactorial phenomenon that drastically 
influences stroke outcome (Iadecola et al., 2020). Different immune cell subtypes have been shown to 
differentially impact injury progression and became target for therapeutic interventions. In particular, T cells 
were shown to significantly affect brain injury and functional outcome, and the contribution of different 
subtypes has been systematically investigated in the acute phase (Cramer et al., 2019a). Recently, we and 
others have surprisingly discovered that post-stroke neuroinflammation propagates over several months and 
particularly T cells can be detected still in the chronic phase after stroke, both in mice and humans (Doyle 
et al., 2015; Heindl et al., 2021; Shi et al., 2021). However, a mechanistic understanding of the recruitment, 
retention and function of this unexpected cell population in the chronically recovering brain after stroke is 
currently lacking. 

Here, we performed an exhaustive characterization of chronic post-stroke T cells, focusing on the signaling 
pathways governing their accumulation. We identified that T cells acquire a phenotype of tissue-resident 
memory T cells (TRM) in chronic post-stroke brains of mice and patients. TRM constitute a non-recirculating 
population that act as a first line of defense in border tissues like skin and mucosae and are defined by a 
specific transcriptomic signature and expression of epitope markers (Schenkel and Masopust, 2014). In the 
brain, TRM have been studied only in the context of viral infections (Steinbach et al., 2016; Vincenti et al., 
2022; Ren et al., 2020), however, their role in sterile brain lesions such as stroke has so far not been 
recognized. Using single-cell transcriptomics, genetic models and adoptive cell transfers we were able to 
uncover the key chemoattractant factors and MHC-dependence of TRM retention. Additionally, we describe 
that TRM are critical for functional recovery in the chronic post-stroke phase.  

 

Results and discussion 

Stroke induces the development of a cerebral, tissue-resident memory T cell population 

Consistent with previous reports (Heindl et al., 2021; Doyle et al., 2015), we observed accumulation of both 
CD4+ Thelper and CD8+ Tcytotoxic cells 28d after stroke (Fig. 1A). Also, we confirmed CD3+ T cell 
accumulation in human brain samples obtained from chronic stroke patients (Fig. 1B). To further 
characterize post-stroke T cells, we performed single-cell mRNA sequencing (scSeq) of isolated CD3+ T 
cells from brain and blood at an acute (3d) and chronic (28d) time point after experimental stroke (Fig. 1C), 
which retrieved a heterogenous clustering of T cell subpopulations across the organs and time points (Fig. 
1D). We identified the accumulation of a distinct brain-specific cell cluster in the chronic post-stroke time 
point within the CD8+ Tcytotoxic cells (i.e. cluster 7), while this pattern was less prominent for CD4+ Thelper 

cells (Fig. 1E and Fig. S1A). To pinpoint the cellular identity of the chronic brain-specific cluster 7, we 
analyzed differentially expressed genes (DEGs) and observed upregulation of tissue homing (Cxcr3 and 
Cxcr6) and retention molecules (Itga4, Itgb1, Itgal and Cd44), as well as downregulation of mediators of 
tissue egress (e.g. Cd62l, S1pr1 and Klf2) (Fig. 1F), suggesting a non-circulating tissue-resident phenotype. 
Moreover, T cells of cluster 7 showed an upregulation of both inhibitory (Pdcd1, Ctla4, Tigit and Lag3) and 



effector molecules (Ifng, Gzmk and Fasl), which is a typical hallmark of tissue-resident memory T cells 
(TRM) (Szabo et al., 2019). Similarly, CD4+ T cells exhibited a prominent brain cluster (cluster 3) showing 
a comparable set of DEGs which points to a TRM phenotype (Fig. S1B). To confirm the TRM phenotype of 
post-stroke T cells, we performed flow cytometry for established TRM epitope markers at different time 
points after stroke. The percentage of TRM (here defined as CD44+CD69+KLRG1−) increased from the 
acute to the chronic phase, when it reached a plateau (Fig. 1G). Strikingly, CD69+ cells were also detected 
in brain sections from a stroke patient's brain, two months post-ischemia (Fig. 1H). Taken together, our data 
clearly demonstrate the previously unrecognized phenomenon of the accumulation of a chronic TRM cell 
population in brains after an ischemic brain lesion, both in mice and humans. 

 legend on the next page 
 



Post-stroke TRM differentiate locally and form a homeostatically maintained cell population 

Next, we aimed to explore the origin and fate of the TRM population in brains chronically after stroke. 
Employing pseudotime analysis on the scSeq of Tcytotoxic cells (Fig. 2A), we uncovered a differentiation 
trajectory of brain TRM originating from naive and central memory T cells in the blood. To pinpoint the 
timeframe of T cell invasion, we labelled circulating T cells over 3d via i.v. injection of a fluorescently-
labelled anti-CD45 antibody. We observed that T cells predominantly invade the brain acutely after stroke 
(0d-3d) and just in a limited amount during the subacute phase (14d-17d) (Fig. 2B). Since these results 
indicate that blood-to-brain migration does not contribute substantially to the maintenance of the TRM 
population chronically in the brain, we further explored potential local clonal expansion. Using single-cell 
T cell receptor profiling for full-length V(D)J sequences in combination with the mRNA scSeq, we detected 
that CD8+ brain T cells showed a prominent clonal expansion specifically in the chronic phase, while CD4+ 
T cells exhibited only a negligible clonal expansion (Fig. 2C and Fig. S1C). Based on these results, we 
aimed to assess whether MHC-dependent antigen presentation is necessary for post-stroke TRM 
development. We observed that chronically after stroke, still a high number of MHC class I+ and II+ cells 
can be found in the brain (Fig. 2D and Fig. S2A). Therefore, we used inducible gene knock-out models for 
either MHC class I or II, which show a very high, long-lasting recombination efficacy and minimally affect 
peripheral T cell numbers (Fig. S2B and S2C). Consistently with our results on clonal Thelper versus Tcytotoxic 
cell expansion, MHC-I knock-out prevented the accumulation of CD8+ TRM, while CD4+ TRM numbers 
were unchanged. On the other hand, MHC-II knock-out did surprisingly not affect the cell count of either 
post-stroke TRM population (Fig. 2E), suggesting an MHC-II-independent recruitment and retention of TRM 
after stroke. Microglia are an important player in post-stroke neuroinflammation (Iadecola et al., 2020) and 
can function as antigen-presenting cells (APCs) (Goddery et al., 2021). Therefore we investigated whether 
microglia contribute to the establishment of the post-stroke TRM population—potentially via MHC-I-
dependent antigen presentation. To test this hypothesis, we depleted microglia using the CSF1R antagonist 
PLX5622 from 7d before stroke induction until 28d after stroke, resulting in a near-complete depletion of 
microglia in the peri-lesional brain cortex (Fig. 2F). Surprisingly, microglia depletion did not affect the 
post-stroke TRM accumulation (Fig. 2G), suggesting that other cell types, such as astrocytes, monocyte-
derived macrophages (moMΦ) or other invading immune cells, likely act as the main APCs. MoMΦ have 
been shown to accumulate in chronic stroke brain (Werner et al., 2020). Interestingly, Iba1+ cells in the 
lesion core were not affected by the PLX5622 treatment (Fig. 2H). Combining immunofluorescence and 
single-molecule fluorescent in situ hybridization (smFISH), we showed that the lesion core is populated 
  

Figure 1. Characterization of brain T cells in the chronic phase after ischemic stroke. (A) Representative images of CD4+ 
Thelper and CD8+ Tcytotoxic cells in the mouse brain tissue, 28d after stroke induction. Dashed lines show the inner lumen of a 
blood vessel (BV). Scale bar = 20 μm. (B) Representative image of CD3+ T cells from human brain tissue, 2 months after 
stroke. Scale bar = 20 μm. (C) Schematic of the single-cell mRNA sequencing (scSeq) experimental design: CD3+ T cells were 
isolated from blood and brain at an acute (3d) and chronic (28d) time point after stroke, FACS sorted and processed following 
the 10x Genomics pipeline. (D) Uniform Manifold Approximation and Projection (UMAP) plot of 16´484 combined brain and 
blood T cells, colored by identified clusters and labelled based on the top differentially expressed genes (DEGs). TCM: central 
memory T cells; NKT cells: natural killer T cells; act: activated; DN: double negative. Treg: regulatory T cells. (E) UMAP 
plots of 2´724 CD8+ T cells, combined (left) and subset by organ and time point (center). Dashed lines encircle cells from 
cluster 7, of which percentage is reported. Bar plot show the percentages of different clusters per sample, with a focus on cluster 
7 (right). (F) Heatmap showing normalized expressions of tissue-resident memory T cell (TRM) signature genes across different 
clusters. Eff: effector. (G) Gating strategy used to identify TRM (left). Longitudinal analysis of the percentage of CD4+ and 
CD8+ T cells showing TRM markers in the post-stroke brain (right). 3d, 5d, 14d, 28d and 90d: n = 5, 8, 9, 12 and 9. (H) 
Representative image of CD69+ bona-fide TRM from human brain tissue, 2 months after stroke. Scale bar = 20 μm.  
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mainly by phagocytes that do not express microglia-specific markers (P2ry12 and Hexb, Masuda et al., 
2020), therefore identifiable as moMΦ (Fig. 2I). These results suggest that moMΦ are likely sufficient to 
induce and maintain the population of post-stroke TRM. Next, we attempted to locally deplete post-stroke 
TRM by injections of CD4- and CD8-specific antibodies to the cerebrospinal fluid via the cisterna magna. 
Interestingly, while the injection induced a significant depletion of post-stroke TRM, the TRM population 
reemerged at comparable population size within one week (Fig. 2J), suggesting that the cell niche of post-
stroke TRM is homeostatically maintained chronically after stroke. Consistently, we detected 3d after TRM 
depletion a consistent amount of proliferating T cells, suggesting local homeostatic proliferation for 
population size maintenance, while invasion of circulating T cells—marked by antibody labeling in the 
circulation—did not contribute to the reemerging TRM population (Fig. 2K).  

Post-stroke TRM accumulation depends on chemokine signaling 

Next, we searched for the potential molecular mechanisms driving accumulation and maintenance of post-
stroke TRM within the brain. Spatial distribution analysis revealed that the vast majority of T cells accumulate 
within the lesion core, suggesting the presence of a specific chemotactic signal that is directing this 
compartmentalized accumulation (Fig. 3A). Our scSeq dataset revealed a significant upregulation in the 
chemokine receptors CXCR3 and CXCR6 in post-stroke TRM. We confirmed the abundant expression of 
these receptors also at the protein level by flow cytometry (Fig. 3B). Moreover, the chemokine ligands of 
these receptors, namely CXCL9 and -10 for CXCR3, and CXCL16 for CXCR6, are also upregulated after 
stroke with a particular peak in the early chronic phase – corresponding to the dynamics of chronic post-
stroke T cell accumulation (Fig. 3C) and unlike the expression of other cytokines and chemokines which 
peak in the acute phase within the first hours and days after stroke (Lambertsen et al., 2012). Using a 
combination of histological analysis of T cell localization in relation to the lesion border—defined based on 
astrocytic GFAP signal—and smFISH analysis for mRNA abundance of specific chemokines, we detected 
a closely matching spatial expression of CXCL9, -10 and -16 with the local accumulation of T cells at the 
transition zone between lesion core and peri-lesional tissue (Fig. 3D). Additionally, smFISH and 

Figure 2.  Dynamics and mechanisms of post-stroke TRM invasion and accumulation. (A) UMAP plots of CD8+ T cells 
showing pseudotime-based differentiation trajectory (left) and organ/timepoint distribution (right). (B) Schematic of 
experimental design for labelling and tracking of circulating T cells and corresponding gating strategy (left). Percentages of 
migrating and resident T cells in different time windows after stroke induction (right). 0d-3d and 14d-17d: n = 5. (C) UMAP 
of brain CD8+ T cells showing overrepresentation of clonally expanded cells in the TRM cluster (left). Percentage of clonally 
expanded cells in the brain at 3d and 28d after stroke. (D) Representative images of brain slices 28d post-stroke, showing high 
density of MHC class I+ and class II+ cells in the lesion area. Scale bar = 20 μm. (E) Flow cytometric quantification of post-
stroke brain CD4+ and CD8+ TRM after induction of MHC class I or MHC class II deficiency. Cell numbers were normalized 
to control levels. For MHC-I−/−, Ctrl: n = 19, KO: n = 13. For MHC-II−/−, Ctrl: n = 10, KO: n = 12. Unpaired t test. (F) 
Representative images of P2ry12+ microglia cells in the perilesional area in control vs. PLX5622 diet-fed mice (scale bar = 20 
μm) and quantification of coverage, showing near-complete depletion of microglia. Ctrl: n = 4, PLX: n = 6. Unpaired t test. (G) 
Representative images of CD4+ and CD8+ T cells in control vs. PLX5622 diet-fed mice (left). Intralesional cells were 
quantified and no significant difference was observed between groups. Ctrl: n = 10, PLX: n = 6. Unpaired t test. (H) 
Representative images of Iba1+ macrophages from the lesion core in control vs. PLX5622 diet-fed mice (scale bar = 20 μm) 
and quantification of coverage, showing no significant difference. Ctrl: n = 4, PLX: n = 6. Unpaired t test. (I) Representative 
images of combined immunofluorescence for P2ry12 and Iba1 and Hexb smFISH, showing accumulation of bona fide 
monocyte-derived macrophages (moMΦ) in the lesion core, compared to perilesional and contralateral cortex populated mainly 
by microglia. n = 6. Scale bar = 20 μm. (J) Number of post-stroke TRM at 28d after stroke in control conditions and at different 
time points after intra-cisterna magna (i.c.m.) injection of depleting antibodies. Ctrl, 1d, 3d and 7d: n = 12, 7, 5 and 6. One-way 
ANOVA. (K) Schematic of experimental design for combined tracking of circulating T cells (as described in B), EdU 
incorporation and i.c.m. T cell depletion (left). Gating strategy to identify EdU+ proliferating cells (middle). Percentage of 
CD4+ and CD8+ T cells, 3d after T cell depletion, that show a migrating or proliferating phenotype. n = 5.  



histological co-localization analysis revealed that the main cellular source of the analyzed chemokines was 
Iba1+ microglia/macrophages, with a minor contribution of GFAP+ astrocytes specifically for CXCL10 
(Fig. 3E). To assess whether this potential chemokine signaling is necessary for post-stroke TRM 

legend on the next page 
 



accumulation, we adoptively transferred wildtype (WT) and CXCR3 or -6 knock-out (KO) T cells into 
Rag1−/− mice and compared the WT-to-KO chimerism in spleen and brain at 28d after stroke (Fig. 3F). We 
detected an impaired accumulation of CXCR3/-6 KO T cells in the brain compared to the spleen chimerism, 
suggesting a critical role for CXCR3/-6 signaling for development of the post-stroke TRM population. 
CXCR3 signaling is generally implicated in T cell infiltration of inflamed tissues, including the central 
nervous system (Zhang et al., 2008; Sporici and Issekutz, 2010). CXCR6 is important for the maintenance, 
but not initial invasion, of T cells in several organs including the brain (Rosen et al., 2022; Tse et al., 2014). 
Based on this, we speculate that CXCR3 and CXCR6 might have complementary roles in brain invasion 
and maintenance of post-stroke TRM; however, further experiments exploring the complex chemokine 
networks and their specific role for recruitment, retention and life cycle of brain TRM are required. Analysis 
of these chemokines or their receptors as potential therapeutic targets for post-stroke chronic 
neuroinflammation warrants further studies. 

Post-stroke TRM affect functional outcome after stroke 

Finally, we aimed to assess if T cells have a functional role during recovery in the chronic phase after 
experimental stroke. For this, we assessed the reorganization of cortical neuronal network function after a 
photothrombotic lesion in the motor cortex using repetitive in vivo widefield imaging in lymphocyte-
deficient (Rag1-/-) and immunocompetent (WT) Thy1-GCamp6s reporter mice (Cramer et al., 2019b). 
Focusing on interhemispheric connectivity of corresponding brain areas as the most dominant type of 
cortical connectivity in the mouse brain, we identified that lymphocyte-deficient mice showed a substantial 
deficit in recovering connectivity strength of various functional connections in comparison to 
immunocompetent animals (Fig. 4A) At the microanatomical level, this effect was paralleled by a reduced 
dendritic spine density in Rag1−/− mice compared to WT animals (Fig. 4B), suggesting a pro-regenerative 
effect of lymphocytes that promote neuronal plasticity. While lymphocyte-deficient Rag1−/− mice show a 
dominant phenotype, they also have the limitation of a constitutive absence of both B and T cells. Therefore, 
we used antibody-mediated depletion of CD4+ and CD8+ T cells, in order to address the role of T cells 
specifically in the recovery phase. Multiple CD4- and CD8-specific antibody injections starting from 14d 
after stroke efficiently resulted in nearly complete depletion of brain T cells (Fig. 4C). We have previously 
demonstrated that the effect of brain-invading T cells after stroke is largely exerted by modulating microglial 
activity (Benakis et al., 2022). Therefore, we performed automated microglia morphology analysis 
comparing T cell-depleted and control mice at 28d after stroke (Heindl et al., 2018). Indeed, microglia of 

Figure 3. Chemokine signaling contributes to post-stroke TRM accumulation. (A) Schematics representing the predominant 
accumulation of CD4+ and CD8+ T cells within the lesion core, 28d after stroke. n = 6. (B) Histograms showing expression 
levels of the chemokine receptors CXCR3 and CXCR6 in CD4+ and CD8+ T cells, measured by flow cytometry. Brain and 
blood cells are represented with a solid or dashed line, respectively. n = 4.  (C) Schematic of TRM-specific chemokine receptors 
and their cognate ligands (upper left). RNA expression levels of the chemokines CXCL9, -10 and -16 at different time points 
after stroke, measured by quantitative RT-PCR. 0d, 3d, 14d and 42d: n = 4, 10, 5 and 10. One-way ANOVA. (D) Representative 
heatmap of fluorescent intensity of CD3, showing T cell accumulation mainly in the lesion area, and of smFISH probes for 
CXCL9, -10 and -16 in consecutive sections, 14 days post-stroke. Representative image of GFAP staining, utilized to define 
the lesion border (bottom left). Spatial distribution (quantified as distance from lesion border) of CD3+ T cells, as well as 
individual smFISH puncta for chemokines, showing a high overlap (bottom right). CD3, CXCL9, -10 and -16: n = 3, 5, 5 and 
5. (E) Percentage of GFAP+ astrocytes, Iba1+ microglia/macrophages and other cell types expressing the chemokines CXCL9, 
-10 and -16 in the lesion core and perilesional cortex. n = 5. (F) Schematic of experimental design for the adoptive transfer of 
WT and chemokine receptor KO (CXCR3 or -6) in Rag1−/− mice (left). Accumulation index shows the relative accumulation 
of KO T cells over WT in the brain, compared to a reference peripheral organ (spleen). CXCR3−/− and CXCR6−/−: n = 10. 
Paired t test.  



animals with brain TRM depletion showed a less ameboid morphology, which corresponds to a less reactive 
state, suggesting that indeed post-stroke brain TRM can functionally affect microglia reactivity (Fig. 4D).  

While we cannot unambiguously define the exact contribution of different T cell subpopulations to stroke 
recovery, here we showed that lymphocytes deficiency significantly affects stroke outcome. Further studies 
will be required to define the exact mechanisms by which TRM can modulate functional recovery, neuronal 
plasticity and network reorganization—which is likely a multifactorial process dependent on cell-cell-
contact dependent mechanisms and secreted factors by the post-stroke TRM. Recent studies have highlighted 

Figure 4. T cells contribute to functional recovery in the chronic phase after stroke. (A) Schematic representation of 
functional connectivity parameters (left). Functional connectivity strength (indicated as Fisher-z transformed correlation 
coefficient) between the two homotopic sensory forelimb areas (upper) and all homotopic areas (lower) at different time points 
after stroke in WT and Rag1−/− mice. WT: n = 13, Rag1−/−: n = 11. Mixed-effects model. (B) Spine density, quantified by Golgi-
Cox staining, in WT and Rag1−/− mice. U test. (C) Quantification of brain T cell depletion after two weeks of treatment (from 
14d to 28d). Isotype: n = 4, α-CD4+α-CD8: n = 5. Unpaired t test. (D) Schematic of CD4+ and CD8+ T cell depletion with 
antibodies (left). Representative image of Iba1+ microglial cells and example of an automatically reconstructed cell (center). 
Microglia sphericity, used as a proxy for activation status, is shown for isotype control and T cell-depleted group (right). U 
test.  



how different T cell subtypes can polarize microglia into distinct “activation states” in different neurological 
disorders (Rosen et al., 2022; Yshii et al., 2022; Su et al., 2023). Therefore, T cell-microglia crosstalk is 
likely to play a pivotal role in T cell-mediated promotion of functional recovery. In addition, T cell-derived 
cytokines can directly affect neuronal function and modulate behavior as it has been previously 
demonstrated for T cell-derived cytokines including IL-4, IL-10 and IFN- in other brain disorders – but not 
yet explored in recovery from ischemic brain lesions (Filiano et al., 2016; Alves de Lima et al., 2020).  

Post-stroke TRM mainly localize in the lesion core, where they secrete soluble mediators that can permeate 
through the glial scar directly into the brain parenchyma (Zbesko et al., 2018), positioning them in an ideal 
niche to affect neuronal function in the reorganizing peri-lesional tissue. In our study we identified both, the 
local TRM-recruiting/retaining chemokines and the local expression of MHC-I by lesional macrophages as a 
likely cause of the compartmentalized clustering of TRM in the post-ischemic brain. Another surprising 
observation of our experiments was the identification of brain TRM as a de novo established cell population 
which is not only retained in the recovering brain but in fact forms a self-maintained population, as 
demonstrated in our TRM-depletion and repopulation experiments. These findings suggest the development 
of an immunological niche for TRM cells in the post-ischemic brain, however, the molecular cues involved 
in the regulation of this non-physiological population in the brain are currently unknown. A better 
understanding on these TRM-specific mechanisms and their contribution to post-stroke recovery might open 
up novel directions for immunomodulatory stroke therapies to promote post-stroke recovery. 

  



Materials and methods 

Animals 

All experiments in this study were conducted in accordance with the national guidelines for animal 
experiments and approved by the German governmental committees (Regierungpraesidium Oberbayern, 
Munich, Germany). Wild-type C57BL6/J male mice were purchased from Charles River. Rag1−/−, eGFP 
reporter (C57BL/6-Tg (CAG-EGFP)131Osb/LeySopJ), Ai9 tdTomato reporter (B6.Cg-
Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J), and Thy1-GCaMP6 (C57BL/6J-Tg(Thy1-
GCaMP6s)GP4.3Dkim/J) were bred and housed at the animal core facility of the Center for Stroke and 
Dementia Research (Munich, Germany). Cxcr3−/− (B6.129P2-Cxcr3tm1Dgen/J) and Cxcr6−/− mice 
(B6.129P2-Cxcr6tm1Litt/J) were purchased from the Jackson Laboratory. β2 microglobulin B2mfl/fl mice 
(B6(Cg)-B2mtm1c(EUCOMM)Hmgu/J, Bern et al., 2019) were crossed with R26-CreERT2 (B6.129-
Gt(ROSA)26Sortm1(cre/ERT2)Tyj/J) to obtain a global inducible MHC class I knock-out (here termed 
MHC-I−/−). Histocompatibility 2, class II antigen, beta 2 I-ABfl/fl mice (B6.129X1-H2-Ab1tm1Koni/J) were 
crossed with R26-CreERT2 mice (Gt(ROSA)26Sortm2(cre/ERT2)Brn) to obtain a global inducible MHC 
class II knock-out (here termed MHC-II−/−). To induce the knock-out, mice were treated with i.p. injection 
of tamoxifen at a concentration of 100 mg/kg for the MHC-I−/− mice and 20 mg/kg for MHC-II−/− mice, for 
five consecutive days, two weeks before stroke induction. Thy1-GcaMP6 and Rag1−/− mice were crossed to 
obtain Thy1-GcaMP6 : Rag1−/−. All the animals were housed under controlled temperature (22 ± 2°C) with 
a 12-h light/dark cycle and access to food and water ad libitum. All animal experiments are reported in 
accordance with the ARRIVE guidelines (Kilkenny et al., 2010). 

 

Animal treatments 

For microglia depletion, mice were fed with PLX5622 chow (Plexxikon Inc.), from 2 weeks before until 4 
weeks after stroke, when mice were sacrificed for histological analysis. For T cell-depletion, mice were i.p. 
injected with a bolus of 100 μg of α-CD4 (clone: YTS 191, catalog no.: BE0119; Bio X Cell) and 100 μg of 
α-CD8a (clone: 2.43, catalog no.: BE0061; Bio X Cell), 1 week after stroke. Follow-up injections of 50 μg 
of α-CD4 and 50 μg of α-CD8a were repeated every 4 days after the first injection, to maintain a high level 
of T cell depletion, until mice were sacrificed for histological analysis. Control injections were performed 
using a correspondent amount of isotype control antibody (LTF-2, catalog no.: BE0090; Bio X Cell). 

 

Experimental stroke model 

dMCAo 

Experimental stroke was induced by permanent occlusion of the distal middle cerebral artery as previously 
described (Llovera et al., 2014). Briefly, mice were anaesthetized with isoflurane, delivered in 30% O2/70% 
N2O, and positioned to their side. Body temperature was maintained at 37°C with a mouse warming pad. 
Dexpanthenol eye ointment was applied to both eyes. An incision between the ear and the eye was used to 
expose the temporal muscle. The muscle was detached from the bone and a hole was drilled on top of the 
middle cerebral artery. The vessel was coagulated with electrocoagulation forceps and the muscle was 



placed back. Finally, the wound sutured and mice were allowed to wake up from anesthesia in a heating 
chamber. 

Photothrombosis 

Photothrombotic lesions were induced as previously described (Llovera et al., 2021). Briefly, mice were 
anaesthetized as described above and placed in a stereotactic frame. The skull was exposed and the lesion 
location was marked in the left hemisphere (1.5 mm lateral and 1.0 mm rostral to bregma). Animals received 
10 μl/g body weight of 1% Rose Bengal (198250-5g; Sigma-Aldrich) in saline and right after injection the 
lesion area was illuminated for 20 min with a laser (Cobolt Jive 50, 561 nm power at 25mV). The illuminated 
area was set to 2mm diameter with an adjustable iris.  

 

Intra-cisterna magna injection of α-CD4 and α-CD8 antibodies 

Mice were anesthetized and fixed in a stereotaxic frame, with the head slightly tilted to form an angle of 
120° in relation to the body. A small incision was made in the neck region between the ears to expose the 
neck muscles, which separated along the midline to expose the cisterna magna (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) 
and filled with a mixture of 3 μg of α-CD4 (clone: YTS 191, catalog no.: BE0119; Bio X Cell) and 3 μg of 
α-CD8a (clone: 2.43, catalog no.: BE0061; Bio X Cell) in a total volume of 10 μL. Control injections were 
performed with 6 μg of isotype control antibody (LTF-2, catalog no.: BE0090; Bio X Cell). Capillaries were 
fixed to the micromanipulator arm of the stereotaxic and injections were performed at a rate of 1 μL/min. 
At the end of the injection, mice were sutured and allowed to recover. 

 

In vivo widefield neuronal calcium imaging 

In vivo widefield calcium imaging was performed as previously described (Cramer et al., 2019b). Briefly, 
Thy1-GCaMP6s heterozygous mice with either a WT or Rag1−/− background underwent scalp removal and 
the exposed skull was covered with transparent dental cement. Mice were mildly anesthetized (0.5 mg/kg 
body weight of medetomidine with 0.75%isoflurane inhalation) and immobilized in a stereotactic frame. 
Resting-state in vivo imaging was performed using a custom-made macroscopic imaging setup. Mouse 
cortex was illuminated with 450-nm blue light from an LED source. Resting state calcium activity was 
recorded for 4 min (6 × 1,000 frames) with a high-precision 2/3” Interline charge-coupled device camera 
(Adimec-1000m/D, pixel size 7.4 × 7.4 μm, acquisition at 20–22°C; Adimec) at a 25-Hz frame rate using 
longDaq software (Optical Imaging). 

 

In vivo calcium imaging analysis 

Functional imaging data were analyzed as described previously (Cramer et al., 2019b). Specifically, 
functional connectivity was calculated as pairwise Fisher’s z-transformed Pearson’s correlation between the 
time course of each of eight previously defined seeds, corresponding to rostral forelimb area (RFL), caudal 



forelimb area (CFL), forelimb sensory (FLs) and hindlimb sensory (HLs) for left and right hemispheres. 
Overall homotopic connectivity corresponds to the mean of all coefficients of each homotopic connection 
between the seeds in both hemispheres. Left intrahemispheric connectivity corresponds to the mean of the 
coefficient of each connection between the seeds located in the left hemisphere. Fisher’s z-transformed 
Pearson’s correlation was calculated using MATLAB (MathWorks R2016b with Optimization Toolbox, 
Statistics and Machine Learning Toolbox, Signal Processing Toolbox and Image Processing Toolbox; 
MathWorks).  

 

Immunofluorescence of mouse coronal brain sections 

Mice were transcardially perfused with saline and 4% paraformaldehyde solution. To prevent tissue damage 
associated with the dissection of the brain, the whole skull was isolated, post-fixed with 4% 
paraformaldehyde overnight at 4°C and then decalcified in 0.3 M EDTA for 7 days. Subsequently, the brains 
were dehydrated for 2d in 30% sucrose in PBS and then snap-frozen in isopentane. Immunofluorescence 
was performed on 20-μm-thick coronal sections. Sections were fixed with cold acetone for 10 min at RT 
and washed with PBS before blocking with goat or donkey serum blocking buffer for 1 h at room 
temperature. Subsequently, sections were stained overnight at 4°C with primary antibody (CD3e, 1:200, 
hamster anti-mouse, clone 500A2; BD Pharmingen; CD4, 1:100, rat anti-mouse, clone GK1.5; abcam; 
CD8a, 1:100, rat anti-mouse, clone 53-6.7; eBioscience; CD69, 1:100, goat anti-mouse, polyclonal; R&D 
system; laminin, rabbit anti-mouse; clone L9393; Sigma Aldrich; MHC class I, 1:100, goat anti-rat, clone 
ER-HR52; Santa Cruz, MHC class II, 1:100, goat anti-rat, clone IBL-5/22; Santa Cruz; P2ry12, 1:200, goat 
anti-rabbit, polyclonal; Invitrogen; Iba1, 1:200, rabbit anti-mouse, polyclonal; Wako; Iba1, 1:200, goat anti-
mouse, polyclonal; Wako). After washing with PBS, secondary antibody staining was applied for 2 h at RT 
(goat anti-hamster, Alexa Fluor 594; Thermo Fisher Scientific; donkey anti-rat, Alexa Fluor 647; abcam; 
donkey anti-goat, Alexa Fluor 594; Invitrogen; donkey anti-rabbit, Alexa Fluor 488; Invitrogen; goat anti-
rat, Alexa Fluor 647; Invitrogen; goat anti-rabbit, Alexa Fluor 594; Invitrogen; donkey anti-goat, Alexa 
Fluor 594; Invitrogen; donkey anti-rabbit, Alexa Fluor 488; Invitrogen; goat anti-chicken, Alexa Fluor 488; 
Invitrogen). Nuclei were stained with DAPI (1:4´000; Invitrogen) for 5 min at RT and the sections were 
mounted with FluoromountTM Aqueous Mounting medium. Images were acquired in a confocal microscope 
(LSM 880, Carl Zeiss, Germany). For the quantification of T cell distribution and cell count, combined tile 
and z-scan were acquired in the lesion area and quantified with the Cell Counter plugin in FIJI. The count 
of extralesional cells were performed online at an immunofluorescence microscope. Coverage analysis was 
performed in FIJI, following manual selection of a threshold that was kept consistent across images.  

 

Human brain sample and immunofluorescence 

Ethical approval for the use of human postmortem material was granted according to institutional ethics 
board protocol and national regulations by the Hungarian Medical Research Council Scientific and Research 
Ethics Board (19312/2016/EKU). Clinical information of the donor patient is summarized below: 

 



 Age Sex Cause of death Post-mortem 
delay 

Timepoint 
after stroke 

 78 male acute heart and 
respiratory 
failure 

3 hours 49 min 2 months 

 

Brain samples were fixed in 4% paraformaldehyde and sectioned at a vibratome. Free-floating brain sections 
were washed with 0.1 phosphate buffer and 1X TBS before blocking with human serum albumin blocking 
buffer for 1 h at room temperature. Subsequently, sections were stained for 48h at 4°C with primary antibody 
(CD3, 1:100, mouse anti-human, clone F7.2.38; Invitrogen; CD69, 1:100, rabbit anti-human, clone 
EPR21814; abcam). After washing with TBS, secondary antibody staining was applied overnight at 4°C 
(goat anti-mouse, Alexa Fluor 647; Invitrogen; goat anti-rabbit, Alexa Fluor 647; Invitrogen). Nuclei were 
stained with DAPI (1:4´000; Invitrogen) for 2 min at RT and the sections were mounted with FluoromountTM 
Aqueous Mounting medium. Images were acquired in a confocal microscope (LSM 880, Carl Zeiss, 
Germany). 

 

Microglia morphology analysis 

Automated microglia morphology analysis was performed as previously published (Heindl et al., 2018). 
Briefly, mice were transcardially perfused with saline and 4% paraformaldehyde solution. The brains were 
post-fixed with 4% paraformaldehyde overnight at 4°C and dehydrated for 2 d in 30% sucrose in PBS. Then 
the brains were embedded in 4% agarose and cut in 100-μm-thick sections at a Leica Vibratome. 
Immunofluorescence was performed as described above, using Iba1 (1:200, rabbit anti-mouse, polyclonal; 
Wako) as primary and antibodies goat anti-rabbit Alexa Fluor 594 (Invitrogen) as secondary antibody. Z‐
stack images were acquired with a 40× objective in a resolution of 1´024 × 1´024 pixels (x–y‐pixel 
size = 0.15598 µm) and a slice distance (z) of 0.4 µm. The raw confocal z‐stacks were then analyzed using 
the Microglia Morphology Quantification Tool (MMQT) for automated analysis of microglial morphology 
(https://github.com/isdneuroimaging/mmqt). 

 

Single-molecule fluorescence in situ hybridization (smFISH) 

Single-molecule fluorescence in situ hybridization (smFISH) was performed using the RNAscopeTM 
Multiplex Fluorescent Reagent Kit v2 (Advanced Cell Diagnostics) following manufacturer’s protocols. 
Briefly, cryo-sections were washed and incubated in RNAscopeTM hydrogen peroxide. Antigen retrieval and 
protease III treatment were performed as per protocol. Sections were then incubated with the probe (Mm-
Cxcl9, Mm-Cxcl10, Mm-Cxcl16 and Mm-Hexb) for 2 hr at 40°C and then immediately washed with wash 
buffer. Next, sections were incubated with RNAscopeTM Multiplex FL v2 AMP1, AMP2, and AMP3 and 
then probes were counterstained with TSA Plus Cy5. Subsequently, the immunofluorescence staining 
protocol described above was used. Chemokine smFISH was combined with Iba1 and GFAP staining and 
Iba1+, GFAP+ or Iba1-GFAP- cells coexpressing the probe were quantified in the lesion and perilesional 
area. For the quantification of chemokine density, single spots were automatically detected using Imaris x64 



(8.4.0; Bitplane), while position of CD3+ T cells was evaluated manually. Data were combined and 
visualized using a custum R script. Hexb smFISH was combined with Iba1 and P2ry12 and the number of 
microglia (Iba1+P2ry12+Hexb+) and macrophages (Iba1+P2ry12–Hexb–) was quantified in the lesion, 
perilesional and contralateral cortex.  

 

Organ collection and cell isolation  

Mice were overdosed with anesthesia and transcardially perfused with saline containing 2U/mL heparin. 
Both brain and spleen were dissected, and blood was collected through cardiac puncture in EDTA tubes. In 
a subset of experiments, mice were injected i.v. with 3 μg CD45-eFluor450 (clone 30-F11; Invitrogen), 3 
min before transcardiac perfusion, to exclude blood contamination in the brain parenchyma.  For brain, both 
hemispheres were carefully removed, separated, and tissue was mechanically dissociated with Dounce 
homogenizer. Mononuclear cells were enriched using discontinuous 70%/30% Percoll gradients. Then, cells 
were isolated, filtered and washed in FACS buffer. Spleen was mashed on a 40-μm filter. Cells were 
incubated in red blood cell (RBC) lysis buffer for 2 minutes. Mononuclear cells from blood were isolated 
using Histopaque gradient.  

 

Flow cytometry 

For differentiation of live and dead cells, we stained cells with the Zombie NIR Fixable Viability Kit 
according to the manufacturer’s instructions (Biolegend). Nonspecific binding was blocked by incubation 
for 10 min at 4°C with anti-CD16/CD32 antibody (1:100, clone 93; eBioscience) and cells were stained 
with the appropriate antibodies for 15 min at 4°C. Whenever 2 or more antibodies were conjugated with 
Brilliant Violet fluorophores, antibodies were mixed in Brilliant Stain Buffer (BD biosciences) instead of 
standard FACS buffer. The following antibodies were used for extracellular staining: CD45-eFluor450 
(1:200, clone 30-F11; eBioscience), CD45-APC/Cy7 (1:200, clone 30-F11; Biolegend), CD44-BV510 
(1:200, clone IM7; Biolegend), CD44-AlexaFluor532 (1:200, clone IM7; eBioscience), CD69-FITC (1:100, 
clone H1.2F3; eBioscience), CD69-BV480 (1:50, clone H1.2F3; BD biosciences), Klrg1-PE (1:200, clone 
2F1/KLRG1; Biolegend), CD4-PerCP/Cy5.5 (1:200, clone RM4-5; eBioscience), CD4-APC/Fire810 
(1:500, clone GK1.5; Biolegend), CD103-PE/Cy7 (1:200, clone 2E7; eBioscience), CD3-BV421 (1:50, 
clone 17A2; Biolegend), CD3-FITC (1:200, clone 17A2; eBioscience), CD3-APC (1:200, clone 17A2; 
eBioscience), CD8a-BV510 (1:100, clone 53-6.7; BD biosciences), CD8a-PE (1:200, clone 53-6.7; 
eBioscience), CD8a-APC/Cy7 (1:200, clone 53-6.7; Biolegend), CD62L-BV650 (1:100, clone MEL-14; 
BD biosciences), B220-BV785 (1:200, RA3-6B2; Biolegend), CD11b-FITC (1:200, clone M1/70; BD 
biosciences), CD11b-PerCP/Cy5.5 (1:200, clone M1/70; eBioscience), CD11b-PE (1:200, clone M1/70; 
eBioscience), CD11b-PE/Cy7 (1:200, clone M1/70; eBioscience), CD19-PE/Cy7 (1:200, clone eBio1D3 
(1D3); eBioscience), CD19-BV570 (1:200,6D5; Biolegend), PD-1-BV605 (1:100, clone J43; BD 
biosciences), Lag-3-PE (1:200, clone eBioC9B7W (C9B7W); eBioscience), H2Kb-APC (1:100, clone AF6-
88.5; Biolegend), H2Db-PE/Cy7 (1:100, clone KH95; Biolegend), MHC-II-PE (1:500, clone NMR-4, 
eBioscience). When chemokine receptors were stained, antibodies were incubated for 15 minutes at RT 
before all the other extracellular markers. The antibodies used were CXCR3-BV421 (1:100, clone CXCR3-
173; Biolegend) and CXCR6-PE/Cy7 (1:200, clone SA051D1; Biolegend). For intracellular staining, Foxp3 
/ Transcription Factor Staining Buffer Set (eBioscience) was used following the provider guidelines and the 



antibody FoxP3-AF647 (1:100, clone MF-14; BioLegend) was used. Samples were acquired using a 
Northern lightsTM flow cytometer (Cytek Biosciences, US) and analyzed with FlowJo v10.9. 

 

Single-cell mRNA sequencing and TCR profiling 

Mononuclear cell suspensions from brain and blood were incubated with anti-CD16/CD32 antibody to block 
nonspecific binding and stained with CD45-eFluor450 (1:400, clone 30-F11; eBioscience), CD3-APC 
(1:200, clone 17A2; eBioscience), CD11b-PE/Cy7 (1:200, clone M1/70; eBioscience), TotalSeq-C0001 
CD4 (1:50, Biolegend) and TotalSeq-C0002 CD8a (1:50, Biolegend). Cell suspensions from different mice 
were also stained with four unique hashtag antibodies (1:50, TotalSeq-C0301, -C0302, -C0303 and -C0304, 
Biolegend). All surface antibodies and hashtag antibodies were incubated for 30 min at 4ºC. Then, cell 
suspensions were pooled together by organ, labelled with propidium iodide to exclude dead cells and sorted 
for PI-CD45+CD11b-CD3+ (SH800S Cell Sorter, Sony Biotechnology). Sorted cells were centrifuged and 
resuspended to a final concentration of 1000 cells/μl. ScSseq and cell hashing libraries were prepared using 
the 10x Chromium Single Cell 5′ Solution combined feature barcoding technology for cell surface proteins. 
VDJ libraries were prepared using 10x Chromium Next GEM Single Cell V(D)J Reagent Kits.  

Quality control of all cDNA samples was performed with a Bioanalyzer 2100 (Agilent Technologies) and 
libraries were quantified with the Qubit dsDNA HS kit. Gene expression libraries were sequenced on an 
Illumina NextSeq 1000 using 20,000 reads per cell. Cell-surface protein expression and VDJ sequence 
libraries were sequenced on an Illumina NextSeq 1000 aiming for 5,000 reads per cell. 

 

Single-cell sequencing data processing and analysis 

Cell Ranger software was used for initial 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-generated matrices 
were further analyzed using the R package Seurat. As additional quality control steps, the following cells 
were excluded: (1) cells with no or more than one hashtag oligos (doublets) detected; (2) cells with a number 
of detected genes <200 or >2500; (4) cells with >5% of counts that belonged to mitochondrial genes. Raw 
gene counts for cells that passed this additional quality control were log-normalized, scaled and regressed 
against the number of UMIs and mitochondrial RNA content per cell to remove unwanted sources of 
variation. Data was subjected to principal component analysis, using the variable features obtained with the 
MeanVarPlot method. Unsupervised clusters were obtained by the Louvain clustering method and 
visualized using Uniform Manifold Approximation and Projection (UMAP) representations. Clusters of 
non-T cells clusters were excluded (5% of total cells). Subsequent analysis was conducted separately for 
CD8+ and CD4+ T cells, based on the cell surface protein expression of these markers. After subsetting, 
normalization, scaling, dimensionality reduction and clustering were performed again. Differentially 
expressed genes between clusters were calculated using the FindMarkers function. Pseudotime analysis was 
computed on the corresponding UMAP projections using Monocle 3 (Cao et al., 2019). Clonality analysis 
was conducted using the scRepertoire package (Borcherding and Bormann, 2020). Clones were defined 
using the most stringer criterion, namely the correspondence of gene usage and nucleotide sequence. 

 



Migration vs. proliferation assay of brain T cells 

To track migration of T cells from the blood circulation into the brain parenchyma, mice were injected i.v. 
with 3 μg CD45-eFluor450 (clone 30-F11; Invitrogen). After 3 days, mice were injected i.v. with 3 μg of 
CD45 conjugated with a different fluorophore (APC-/Cy7, clone 30-F11; Biolegend), 3 min before 
transcardiac perfusion, to exclude blood contamination in the brain parenchyma. Brain and blood where 
then processed for flow cytometry. In a subset of experiments, migration assessment was combined with an 
in vivo cell proliferation assay, where mice were treated with EdU (0.5 mg/ml; Invitrogen) in sucrose-
enriched drinking water (5 g sucrose in 100 ml) for 3 d, concomitantly with the first CD45 antibody i.v. 
injection. EdU was detected using a Click-iT EdU Alexa Fluor 647 Flow Cytometry Assay Kit (C10419; 
Invitrogen) following the manufacturer’s instructions. Gating strategy was based on an untreated negative 
control sample.  

 

Adoptive transfer of T cells into RAG−/− mice 

T cells were isolated as described above. A cohort of 10 Rag1−/− mice was adoptively transferred with a 
mixture of eGFP and CXCR3−/− T cells, injected i.p. at 4-6 week of age. A different cohort of 10 Rag1−/− 
mice was adoptively transferred with a mixture of tdTomato and CXCR6−/− T cells. Approximately 6 ∙ 106 
WT and 6 ∙ 106 knock-out cells were injected. Mice were left for one month, to allow the reconstitution of 
the T cell population, before inducing stroke.  

 

RNA extraction and qPCR 

Ipsi- and contralateral brain cortex was microdissected and stored in RNAlater®. Tissue was dissociated 
using innuSPEED Lysis A tubes. RNA was extracted from the lysate using MaXtract High Density tubes 
(Qiagen), following manufacturer´s instruction, and further purified using the RNeasy Mini Kit (Qiagen). 
RNA quantity was measured with Nanodrop and samples were diluted to the lowest concentration. cDNA 
was synthetized using the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher). The following 
primers were used: 

 forward Reverse 

PPIA ACACGCCATAATGGCACTGG ATTTGCCATGGACAAGATGCC 

CXCL9 CGCTGTTCTTTTCCTCTTGGG CATTCCTTATCACTAGGGTTCCTCG 

CXCL10 CCACGTGTTGAGATCATTGCC GAGGCTCTCTGCTGTCCATC 

CXCL16 TCGTACCATTTCTTCTGGCACC CATGACCAGTTCCACACTCTTTGC 

 

The QuantiNova SYBR Green PCR Kit (Qiagen) was used with a LightCycler 480 II (Roche). All gene 
expression was expressed relative to the PPIA house keeping gene and calculated using the relative standard 
curve method. 



Golgi-Cox staining 

Mice were perfused 84d after photothrombosis with saline and then aldehyde fixative solution (003780; 
Bioenno). Brains were carefully dissected and post-fixed at 4°C overnight. 100 μm-thick brain slices were 
obtained with a vibratome and stained with impregnation slice Golgi Kit (003760; Bioenno) solution for 5d 
in darkness, as per manufacturer´s guidelines (Bioenno). Images of dendrites were collected in the 
perilesional area, in cortical layer II/III. Collectively, images of 25 dendrites per animal (5 dendrites from 5 
neurons) in both ipsi- and contralateral hemispheres were acquired using an Axio Imager.M2 at a 100× 
magnification (EC Plan-Neofluar objective, numerical aperture [NA] = 1.3, oil immersion, acquisition at 
18–20°C) using the AxioCam MRc and AxioVision 4.8.2 software. Dendrites were then 3D reconstructed 
and the spine density evaluated using Imaris x64 (8.4.0; Bitplane).  

 

Statistics 

Data were analyzed using GraphPad Prism (v8.4). Summary data were plotted as mean ± standard deviation. 
2-group experiments were analysed with a Student’s t test or, in case of a non-normal distrubution, Mann-
Whitney U test. Experiments with more than 2 groups were analysed using one-way ANOVA. In vivo 
calcium imaging data were analysed using a mixed-effects model. A p-value lower than 0.05 was considered 
statistically significant. 
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Figure S1. Characterization of brain CD4+ T cells after stroke. (A) UMAP of 11´978 CD4+ T cells, combined (left) and 
subset by organ and time point (center). Dashed lines encircle cells from cluster 3, whose percentage is reported. Bar plot show 
the percentages of different clusters per sample, with a focus on cluster 3 and cluster 6, corresponding to Treg (right). (B) 
Heatmap showing normalized expressions of TRM signature genes across different clusters. (C) Percentage of clonally expanded 
CD4+ T cells in the brain at 3d and 28d after stroke.  



Figure S2 

 

 

 

 

Figure S2. Role of MHC-I and -II in post-stroke TRM accumulation (A) Quantification of MHC class I and II coverage in 
the lesion core and contralateral and perilesional cortex. n= 4. (B) Quantification of KO efficiency in MHC-I−/− and MHC-II−/− 
in spleen and brain (CD45hi cells), showing a high degree of induced recombination.  For MHC-I−/−, Ctrl and KO: n = 13. For 
MHC-II−/−, Ctrl: n = 9, KO: n = 12. Unpaired t test. (C) Flow cytometric quantification of CD4+ and CD8+ T cells in spleen, 
after induction of MHC class I or MHC class II knock-out. Cell numbers were normalized to control levels. Overall, knock-out 
does not affect the number of peripheral T cells, with the exception of a minor reduction of CD4+ T cells upon MHC-II knock-
out induction. For MHC-I−/−, Ctrl: n = 12, KO: n = 11. For MHC-II−/−, Ctrl: n = 7, KO: n = 10. Unpaired t test. 
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4 DISCUSSION 

 

4.1 THE CHALLENGE OF BENCH-TO-BEDSIDE TRANSLATION IN THE STROKE 

FIELD 
 

Considerable attention has been directed toward unraveling the role of T cells during the 

acute phase following ischemic stroke, with preliminary investigations highlighting their 

deleterious impact on stroke outcomes (Hum et al., 2007; Kleinschnitz et al., 2010). This has 

prompted preclinical endeavors aimed at acutely impeding T cell trafficking into the post-

ischemic brain. Notable approaches, such as anti-CD49d blockade and Fingolimod, have 

demonstrated promising and reproducible results in preclinical studies (Dang et al., 2021; 

Llovera et al., 2015), thereby instigating their translation from bench to bedside, as 

evidenced by the initiation of several clinical trials. 

Despite the initial promise, the efficacy of an anti-CD49d antibody, Natalizumab, was 

assessed in two phase II clinical trials, ACTION and ACTION II, both showing no 

improvement in clinical outcome in the treatment arm (Elkind et al., 2020; Elkins et al., 2017). 

In contrast, Fingolimod positively affected stroke outcomes in multiple exploratory clinical 

trials (Bai et al., 2022). A detailed comparison of these results requires an examination of the 

mechanistic differences between the two approaches. Natalizumab specifically targets the 

CD49d-mediated mechanism of tissue invasion, whereas Fingolimod sequesters T cells 

within secondary lymphoid organs, preventing tissue invasion by any conceivable 

mechanism. The CD49d-mediated extravasation holds pivotal significance for blood-brain 

barrier (BBB) crossing and subsequent brain invasion (Engelhardt & Sorokin, 2009). Notably, 

in the context of stroke, alternative invasion routes through the choroid plexus and meninges 

may contribute, and their molecular mediators, distinct from CD49d, remain incompletely 

characterized (Benakis et al., 2018). Future strategies for acute tissue invasion blockade 

must account for this heterogeneity to optimize efficacy. 

An additional facet to consider in elucidating the translational failure of Natalizumab lies in 

the discordance between experimental designs in preclinical studies and clinical trials. 

Mouse model experiments predominantly focused on acute stroke outcomes (Liesz et al., 

2011). Furthermore, the first preclinical randomized controlled multicenter trial (pRCT) 

addressing anti-CD49d therapy revealed efficacy solely in small-sized strokes (Llovera et al., 

2015). In contrast, clinical trials predominantly emphasized chronic-phase endpoints, 
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specifically 90 days post-stroke. Our investigation adopted a reverse translational approach, 

uncovering that CD49d blockade lacked long-term efficacy in a mouse model of experimental 

stroke, attributable to T cell accumulation during the chronic phase via local proliferation 

(Heindl et al., 2021). This underscores the critical importance of aligning experimental 

designs closely between preclinical and clinical studies to mitigate variables that could 

compromise the outcomes of resource-intensive clinical trials. 

In response to the overarching challenge of failed translation in clinical practice, particularly 

in the realm of neuroprotective agents, international collaborative efforts have culminated in 

the formulation of guidelines known as the STAIR guidelines (Stroke Therapy Academic 

Industry Roundtable, 1999). These guidelines have evolved with additional recommendations 

(Lapchak et al., 2013), emphasizing crucial aspects such as randomization, reproducibility 

across diverse laboratories, and the inclusion of factors like sex, age, and comorbidities. 

Adhering to these guidelines in preclinical research is paramount for identifying robust 

therapeutic targets with an enhanced likelihood of success when translated to human 

patients. 

An added complexity inherent to the investigation of long-term recovery in stroke research 

lies in the transient nature of behavioral deficits observed in animal models (Balkaya et al., 

2013). The occurrence of spontaneous recovery poses a challenge to the comprehensive 

evaluation of treatment efficacy during the chronic phase post-stroke. Overcoming this 

challenge necessitates the implementation of alternative methodologies that can provide a 

nuanced understanding of the recovery process. In both of our investigations, we employed 

wide-field calcium imaging to explore functional recovery dynamics (Cramer et al., 2019). 

This approach enabled the discernment of functional differences among experimental groups 

for up to three months following stroke induction (Ricci et al., 2024). Beyond its heightened 

sensitivity, wide-field calcium imaging offers an additional advantage over behavioral 

assessments by obviating the need for manual scoring, thereby mitigating potential biases 

introduced by the experimenter. Utilizing calcium imaging for the examination of long-term 

outcomes following stroke represents a robust methodology that enhances the sensitivity and 

objectivity of preclinical studies. 

 

4.2 POST-STROKE T CELLS AS A TISSUE-RESIDENT MEMORY POPULATION 
 

While numerous studies have extensively characterized lymphocyte subsets in the acute 

phase following a stroke, the immunological landscape in the chronic post-stroke phase 
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remains elusive. Stubbe et al. initially demonstrated the presence of Treg in the chronic post-

stroke brain (Stubbe et al., 2013), followed by confirmation of the presence of B cells and 

various T cell subtypes (Doyle et al., 2015; Xie et al., 2019). However, a comprehensive 

characterization of the specific phenotype of these cells was yet to be described. 

Our first study unveiled a diverse population of T cell subsets, including activated CD4+ and 

CD8+ T cells, Treg, and γδ T cells in the chronic post-stroke brain (Heindl et al., 2021). 

Building upon this, our second study delved into an in-depth characterization of post-stroke T 

cells, elucidating their acquisition of a tissue-resident memory (TRM) phenotype (Ricci et al., 

2024). Traditionally, brain TRM have been studied in models of brain infections, playing a 

pivotal role as the first line of defense against re-infections. However, recent insights indicate 

their contribution to a pro-inflammatory milieu within brain tissue across various neurological 

conditions, including autoimmunity, neurodegeneration, and even after traumatic brain injury 

(Altendorfer et al., 2022; Beltrán et al., 2019; Chen et al., 2023; Daglas et al., 2019; 

Machado-Santos et al., 2018; Su et al., 2023). This broad occurrence of TRM across diverse 

diseases suggests a general phenomenon associated with brain tissue damage. 

It is noteworthy that post-stroke TRM, while sharing a primary genetic signature described in 

the literature (Szabo et al., 2019), exhibit distinct characteristics. The integrin CD103 is a 

distinctive marker of TRM in various organs, including the brain. Whether post-stroke TRM also 

express this marker requires further investigation. Furthermore, unlike virus infection-

generated TRM persisting beyond the blood-brain barrier, post-stroke T cells primarily localize 

in the lesion core, where vessels lack astrocyte association and display intrinsic leakiness. 

Consequently, peripheral injection of depleting antibodies effectively eliminates post-stroke 

TRM. 

By definition, TRM do not rely on continuous replenishment from circulating cells. We 

demonstrated that brain invasion is very limited in the sub-acute phase. Furthermore, 

depletion experiments revealed that post-stroke TRM can replenish the brain niche within one 

week via local proliferation, suggesting homeostatic maintenance (Ricci et al., 2024). In this 

experiment, we tracked blood-to-brain transmigration via an intravenously injected 

fluorescently labeled antibody over three days. This approach, while experimentally simple, 

has limitations such as the decrease in fluorescent signal over time and the restricted 

observation period. A definitive proof that post-stroke T cells are functionally TRM could come 

from parabiosis experiments, in which the circulatory systems of two individuals are 

experimentally connected. In this setting, we would expect that, after the establishment of the 

post-stroke T cell population, no significant contribution would come from the parabiont. 

Alternatively, one would need to prove that post-stroke T cells are long-lived and stable by 

labeling them in a spatially specific manner. Such a condition could be achieved by 
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photoconversion, a technique that allows shifting the emission spectrum of a fluorescent 

protein such as Kikume Green-Red in a site-specific manner (Nowotschin & Hadjantonakis, 

2009). Unfortunately, this system also suffers from a relatively short time window during 

which the photoconversion persists (around three days), which is related to protein turnover. 

Recently, a mouse model expressing a photoactivatable Cre recombinase (PA-Cre) has 

been developed (Morikawa et al., 2020). This system combines the spatial specificity of a 

light-induced trigger with the long-term modification of Cre-induced genetic modifications. 

Combined with a reporter protein, the PA-Cre system would allow labeling post-stroke TRM 

and following them long-term to study their turnover. 

Several cytokines have been implicated in TRM formation and maintenance, including IL-7, IL-

15, and TGF-β (Szabo et al., 2019). Interestingly, TGF-β levels are increased in the brain 

chronically after a stroke (Zbesko et al., 2018). In the acute phase, TGF-β is secreted mainly 

by microglia and macrophages (Doyle et al., 2010), however the cellular source of this 

cytokine in the chronic phase has not been described. Studies blocking TGF-β signaling 

specifically in T cells, for example, by adoptive transfer of TGF-β receptor knock-out cells, 

could assess whether this cytokine is necessary for post-stroke TRM formation in the context 

of stroke. Altering TGF-β signaling specifically in T cell is crucial to avoid possible 

confounding effects, given the highly pleiotropic nature of this cytokine.  

Notably, CD8+ TRM formed after viral infections depend on CD4+ T cell-derived IL-21 for their 

establishment (Ren et al., 2020). In our study, we did not address the potential cross-talk 

between CD4+ and CD8+ T cells. Depletion experiments for either of the two populations 

could shed light on these mechanisms and simultaneously discern the subpopulation-specific 

contribution to stroke recovery.  

In our local depletion approach, we observed that post-stroke TRM returns to pre-depletion 

levels within one week, suggesting the presence of a molecular mechanism that regulates 

the amount of T cells that can persist within the brain. T cells, particularly Treg, are uniquely 

dependent on the cytokine IL-2 for their survival, of which they are the main cellular source. 

In the brain, as opposed to other organs, IL-2 levels are ~tenfold lower than the serum, 

however the levels of this cytokine are increased in the chronic post-stroke brain (Ito et al., 

2019). Therefore, it is plausible that the local production of IL-2 regulates the T cell 

population size within the post-stroke brain and it favors the proliferation of T cells upon 

depletion. Based on this hypothesis, we would expect that either increasing IL-2 availability 

within the brain or injecting an IL-2 neutralizing antibody should affect post-stroke TRM 

population size. This phenomenon has clear implications when devising approaches aimed 

at depleting post-stroke TRM to investigate in detail their function. In fact, the short time 

window during which depletion persists makes challenging to highlight the function of post-
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stroke TRM. Alternatively, chronic implants to the lateral ventricles connected with osmotic 

minipumps allow the infusion of compounds, for example depleting antibodies, long-term and 

with the advantage of a mostly local action. Such approaches will be crucial to investigate the 

role of specific cell subpopulations and signaling molecules in the chronic phase after stroke. 

In our local depletion strategy, we observed that post-stroke TRM return to pre-depletion 

levels within one week, indicating the presence of a molecular mechanism governing the 

number of T cells in the brain. T cells, especially Treg, rely significantly on the cytokine IL-2 

for survival, and they are the primary cellular source of this cytokine. In the brain, IL-2 levels 

are approximately tenfold lower than in the serum (Yshii et al., 2022). Nevertheless, post-

stroke brains exhibit increased levels of IL-2, particularly in the chronic phase (Ito et al., 

2019). Hence, it is conceivable that locally produced IL-2 regulates T cell population size 

within the post-stroke brain and promotes T cell proliferation following depletion. Based on 

this hypothesis, we anticipate that either enhancing IL-2 availability within the brain or 

administering an IL-2 neutralizing antibody would impact post-stroke TRM population size. 

This insight holds significant implications for developing strategies to deplete post-stroke TRM 

and investigate their functions in detail. The brief duration of the depletion window poses 

challenges in elucidating the role of post-stroke TRM. Alternatively, chronic implantation of 

cannulas into the lateral ventricles, connected to osmotic minipumps, enables the long-term 

infusion of compounds such as depleting antibodies, offering the advantage of mostly local 

action. Such approaches are pivotal for exploring the roles of specific cell subpopulations 

and signaling molecules during the chronic phase following a stroke.  

 

4.3 THE ROLE OF T CELLS IN CHRONIC STROKE OUTCOME 
 

The contribution of lymphocyte subsets to stroke outcome has been extensively studied in 

the acute phase, with a limited focus on the chronic phase, potentially due to the inherent 

challenges in investigating long-term functional outcomes after stroke induction. 

The majority of research has centered around the role of Treg, which has been demonstrated 

to restrict astrogliosis and promote white matter integrity, thereby exerting an overall 

beneficial effect on chronic outcome (Ito et al., 2019; Shi et al., 2021). Building upon these 

findings, therapeutic approaches have been developed to enhance Treg numbers and 

improve outcomes. One such approach involves injecting IL-2:IL-2 antibody complexes, 

effectively increasing the number of Treg (Shi et al., 2021). However, this method lacks brain 

specificity, potentially leading to global immunosuppression. An alternative strategy 
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capitalizes on IL-2-induced Treg expansion through the delivery of IL-2 using an adeno-

associated viral (AAV) vector. This system ensures spatial and temporal specificity through a 

triple-lock mechanism: (1) the AAV capsid's brain tropism, (2) transcriptional control under 

the astrocyte-specific GFAP promoter, and (3) the use of the Tet-On system, inducing 

transcription upon doxycycline injection (Yshii et al., 2022). Tested in various experimental 

neurological disease models, including stroke, this system has demonstrated a 

neuroprotective effect. However, when the triple-lock IL-2 delivery was applied in a 

"therapeutic fashion", namely after stroke induction, it did not exhibit any beneficial effects. It 

is crucial to note that the functional outcome in this study was solely assessed by infarct 

volume; more comprehensive approaches may be necessary to unveil a positive effect. 

Initial investigations have revealed the detrimental role of CD8+ T cells in the chronic phase 

(Selvaraj et al., 2021), while B cells have exhibited both positive and negative effects (Doyle 

et al., 2015; Ortega et al., 2020). Although these studies highlight the influence of 

lymphocytes on chronic outcomes, the underlying mechanisms remain poorly understood. 

Our study demonstrated that lymphocyte-deficient Rag1−/− mice exhibit a clear deficit in the 

recovery of functional connectivity after stroke, indicating that under normal conditions, they 

surprisingly promote the natural recovery process (Ricci et al., 2024). While this effect was 

robust, it is important to note that Rag1−/− mice have the limitations of constitutive lymphocyte 

absence and a compensatory high level of NK cells. Additionally, CD4+ T cell deficiency has 

been shown to affect microglia maturation and their synapse pruning activity (Pasciuto et al., 

2020). Further experiments are required to elucidate whether lymphocyte deficiency has a 

direct effect on functional connectivity or if it is partially mediated by microglia. 

Microglia are among the first cells to respond to ischemic injury, particularly to danger signals 

released by damaged neurons. It has been demonstrated that T cells play a crucial role in 

finely tuning the microglial response in the acute phase, suggesting that this intercellular 

crosstalk is central to stroke outcome (Benakis et al., 2022). Others have shown that the 

beneficial effects of Treg on chronic stroke outcome are critically mediated by microglia (Ito 

et al., 2019; Shi et al., 2021), supporting the notion that the relatively small population of 

post-stroke T cells has a significantly amplified impact through microglial interactions (Ricci & 

Liesz, 2023). Our study revealed that even in the chronic phase, T cells can influence 

microglial reactivity, assessed through their morphology as a proxy (Ricci et al., 2024). 

Future experiments will be essential to explore the functional implications of this altered 

reactivity, particularly in assessing whether subacute T cell depletion affects microglial 

phagocytosis, synaptic pruning activity, and secretory function. As mentioned previously, 

experiments investigating the specific deletion of CD4+ or CD8+ T cells, and potentially B 
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cell depletion, will be crucial to unravel the distinct and potentially diverging contributions of 

lymphocyte subsets to the recovery of neuronal connectivity. 

It is noteworthy that the majority of post-stroke T cells localize within the lesion core (Ricci et 

al., 2024), indicating that secreted factors likely mediate the crosstalk between T cells and 

nearby neuronal tissue. Upon stroke induction, the infarct region becomes enclosed over 

time by reactive astrocytes, forming a glial scar (Zhang et al., 2018). While the glial scar 

restricts axon regeneration, it serves as a crucial barrier to confine tissue damage (Pekny & 

Pekna, 2014). However, in the chronic phase after stroke, the glial scar does not form a 

perfect barrier; instead, solutes up to 70 kDa (approximately albumin molecular weight) can 

permeate from the lesion core to the perilesional brain tissue (Zbesko et al., 2018). 

Consequently, T cell-secreted factors can easily access the perilesional tissue, influencing 

the cells in that region. 

In addition to the aforementioned effects on microglia, T cell cytokines can also directly 

impact neuronal function. For instance, IFN-γ has been shown to affect cortical connectivity 

and social behavior, while IL-17a signals directly to neurons, regulating anxiety-like behavior 

(Alves de Lima et al., 2020; Filiano et al., 2016). Whether T cells can promote functional 

connectivity after a stroke by directly influencing neurons is an intriguing possibility that 

requires further investigation. In the era of single-cell RNA sequencing, it is now possible to 

sample all cell types in a specific tissue or organ and infer potential cell-cell interactions (Jin 

et al., 2021). This holistic approach will prove pivotal in understanding the neuroimmune 

interactions governing functional recovery chronically after a stroke. 

 

4.4 ANTIGEN-DEPENDENT MECHANISMS AFTER STROKE 
 

Ischemic stroke leads to consistent brain tissue damage and subsequent release of danger 

signals and brain antigens. These brain antigens can be transported via lymphatic vessels in 

the dura mater to the deep cervical lymph nodes, where they have the potential to trigger an 

immune response (Louveau et al., 2015). Indeed, brain antigens have been identified in 

draining lymph nodes after stroke (Planas et al., 2012). The question of whether ischemic 

stroke can instigate an autoimmune response against brain antigens has been the subject of 

extensive debate (Javidi & Magnus, 2019). Several research groups have reported signs of 

clonal expansion in brain-invading T cells after stroke (Ito et al., 2019; Liesz et al., 2013), and 

there is evidence indicating that T cells can respond to brain antigens after stroke induction 

(Ortega et al., 2015). 
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In our study, we demonstrated that T cells undergo local proliferation in the post-stroke brain 

(Heindl et al., 2021) and that this local proliferation can replenish the brain niche following 

antibody-mediated depletion (Ricci et al., 2024). Furthermore, we detected clonal expansion 

in CD8+ T cells and not in CD4+ T cells. Notably, inducible knock-out of MHC class I 

prevented the accumulation of CD8+ T cells in the brain, while MHC class II knock-out did 

not affect CD4+ T cells. A prior report demonstrated that CD8+ T cells depend on antigen 

recognition, as ovalbumin-specific CD8+ T cells exhibited a deficit in brain accumulation in 

the acute phase (Mracsko et al., 2014). Since we induced the knock-out before stroke 

induction, we cannot distinguish whether this mechanism plays a role in CD8+ T cell 

accumulation or retention. Further experiments varying the timing of knock-out induction will 

help elucidate this point. In addition, it would be interesting to combine the depletion 

approach via antibodies with the induction of MHCs knock-out, to determine whether 

homeostatic repopulation also relies on antigen presentation.  

In the study conducted by Ito and colleagues, they demonstrated deficits in brain 

accumulation of ovalbumin-specific CD4+ T cells after stroke, suggesting that this specific 

subpopulation also requires antigen recognition for development. Additionally, they reported 

signs of clonal expansion in brain Treg (Ito et al., 2019). In contrast, our observations did not 

reveal CD4+ T cell clonal expansion, and we found no MHC class II dependence for brain 

accumulation. These disparities could be attributed to differences in stroke models employed 

in the respective studies. Ito et al. utilized the proximal middle cerebral artery occlusion 

(pMCAo) model, resulting in a large infarct affecting both the striatum and cortex. 

Conversely, our study primarily used the distal middle cerebral artery occlusion model 

(dMCAo), inducing a much smaller, cortex-confined lesion. Importantly, the pMCAo model 

induces the formation of a brain-resident CD4+ T cell population that is one order of 

magnitude more numerous than the dMCAo model. Therefore, it is conceivable that we could 

not observe CD4+ T cell clonal expansion simply because we were unable to analyze a 

sufficient number of cells to detect this subtle phenomenon. Alternatively, the immune 

response triggered by these two different stroke models might differ to the extent that only 

pMCAo induces CD4+ T cell clonal expansion. 

It is crucial to highlight that our MHCs knock-out approach impacted all cells, given that the 

Cre driver utilized was situated under the ubiquitous ROSA26 locus. This broad impact 

prompts considerations about the potential initiation of an antigen-dependent response in the 

periphery (e.g., at the level of the draining lymph nodes), locally within the CNS, or a 

combination of both mechanisms being significant for post-stroke CD8+ T cell accumulation. 

Specifically, the dura mater, the outermost meningeal layer, harbors local APCs and 

patrolling T cells, potentially serving as a site for the recognition of cerebrospinal fluid (CSF)-
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derived antigens (Rustenhoven et al., 2021). The contribution of meningeal layers to post-

stroke neuroinflammation remains largely unexplored. Given the complex immune milieu 

characterizing this compartment, investigating whether the meninges can act as a site for 

antigen presentation to T cells after stroke would be intriguing. Despite the challenges 

associated with discerning the site and cell type specificity of antigen presentation after 

stroke, the use of cell type-specific Cre driver lines holds promise for elucidating this 

phenomenon. 

When discussing antigen-dependent T cell responses, it is crucial to emphasize that antigen 

dependency does not necessarily correspond to antigen specificity. In the context of 

inflammation, T cell proliferation could be primarily driven by a robust cytokine response, to 

the extent that even weak MHC-TCR interactions might be sufficient for clonal expansion. In 

such cases, the T cell response would be stochastic rather than antigen-specific. To 

conclusively demonstrate that stroke induces an antigen-specific response, it is essential to 

show that T cells can selectively respond to brain antigens. Even in the field of multiple 

sclerosis, a well-studied autoimmune disease of the central nervous system, identifying 

specific antigens responsible for the disease has proven extremely challenging (Hohlfeld et 

al., 2016). In the stroke field, the use of preclinical models could be fundamental to 

demonstrate whether, in principle, a sterile ischemic injury can trigger an immune response 

against brain antigens. For instance, the presence of public clones among experimental 

replicates would pave the way to describing such a phenomenon. With currently available 

techniques, candidate TCRs could be resurrected and extensively studied both in vitro and in 

vivo. 

 

4.5 THE ROLE OF CHEMOKINE RECEPTORS IN TISSUE-RESIDENCY 
 

One of the most salient features of TRM is the expression of specific chemokine receptors, 

namely CXCR3 and CXCR6. We demonstrated that post-stroke T cells also express these 

receptors, distinguishing them starkly from circulating T cells (Ricci et al., 2024). 

Consistently, their respective ligands, CXCL9 and CXCL10 for CXCR3, and CXCL16 for 

CXCR6, are upregulated in the post-stroke brain, particularly during the sub-acute phase, in 

contrast to other chemokines such as MIP-1α and MCP-1, which exhibit a more transient 

acute peak of expression (C. Yang et al., 2019). 

In our adoptive transfer experiments, we showed that both CXCR3 and CXCR6 are 

necessary for the formation of the post-stroke TRM population. However, this approach cannot 
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distinguish whether T cells need these receptors to acutely invade the ischemic brain or if 

they are necessary for their maintenance. To distinguish between these two possibilities, 

pharmacological blockage of the receptors or inducible knockout models would allow 

interference with chemokine signaling selectively in the acute or subacute phase. While 

several compounds exist for CXCR3 that work as antagonists, the same is not true for 

CXCR6, as there are no available molecules for use in murine models. The development of 

such compounds will likely open a new avenue of possibilities that goes beyond their use in 

neurological conditions. 

CXCR3 has been widely recognized as a critical mediator for T cell invasion in inflamed 

tissues. Its ligands, CXCL9 and CXCL10, are upregulated in various pathological conditions 

related to cell-mediated immunity, such as infections, graft rejection, and autoimmunity. 

However, the role of CXCR3 in neuroinflammation is complex and context-dependent. In 

CNS infections, CXCR3 appears necessary for brain invasion, crucial for pathogen control 

but also linked to deleterious post-infection sequelae. On the other hand, in the context of 

CNS autoimmunity, CXCR3 is not essential for T cell tissue entry, except for Treg (Müller et 

al., 2010). In the case of stroke, our data suggest an important role for CXCR3 in tissue 

invasion. 

An additional aspect is that CXCL9 and CXCL10 are classically upregulated in response to 

interferon γ (IFN-γ), a cytokine produced mostly by NK and T cells, and to a lesser extent by 

macrophages. In the acute phase after stroke, IFN-γ signaling has been linked to the 

upregulation of CXCL10 (Seifert et al., 2014), but the cellular source of this cytokine has not 

been described. In the single-cell dataset generated by Garcia-Bonilla and coworkers, Ifng 

appears to be expressed by T and NK cells 14 days after stroke induction (Garcia-Bonilla et 

al., 2023). Interestingly, IFN-γ levels remain elevated up to 7 weeks after experimental stroke 

(Zbesko et al., 2018). It is tempting to speculate that locally secreted IFN-γ by T cells induces 

the expression of CXCL9 and CXCL10, thereby maintaining the T cell population and 

creating a self-perpetuating feedback loop. Moreover, IFN-γ has been linked to scar 

formation in experimental autoimmune encephalomyelitis, and CNS fibroblasts express 

CXCL9 and CXCL10 (Dorrier et al., 2021), introducing a potential new player to this 

intercellular crosstalk. Although we observed that the majority of CXCL9- and CXCL10-

producing cells within the lesion core are Iba1+ myeloid cells, we did not specifically stain for 

fibroblast markers, and therefore, we cannot exclude that this cell population also contributes 

to chemokine secretion and T cell brain residency. 

CXCR6 is a chemokine receptor whose role is beginning to be elucidated. Several reports 

suggest that, unlike other chemokine receptors, CXCR6 is not involved in acute tissue 

invasion but instead in tissue maintenance, albeit through different mechanisms depending 
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on the organ. For example, in the lung, CXCR6 is associated with continuous recruitment 

from the periphery after the establishment of the TRM population (Wein et al., 2019). In the 

liver, CXCR6-deficient T cells fail to express typical TRM markers (Tse et al., 2014), while in 

the dermis, CXCR6 deficiency is mainly related to lower survival (Heim et al., 2023). In a 

model of brain viral infection, CXCR6 is also not necessary for acute viral control but for long-

term maintenance, specifically of the CD8+ population (Rosen et al., 2022). Interestingly, 

CXCR6 knockout significantly affects CD4+ post-stroke T cells. Although we did not reach 

statistical significance to affirm the same about CD8+ T cells, this is likely due to the high 

variability that a complex experiment such as WT-and-KO T cell adoptive transfer entails. 

Notably, CXCR6 expression has been linked to TCR signaling. Antigen stimulation of skin T 

cells, in particular, promotes a "chemotactic switch," with the downregulation of S1PR1 and 

the upregulation of CXCR6. This process is critically dependent on the transcription factor 

Blimp1 (Abdelbary et al., 2023), whose critical role in TRM formation was identified previously 

(Mackay et al., 2016). In line with this data, brain-resident CXCR6+ T cells show a high level 

of clonal expansion in a mouse model of AD, and CXCR6 is critically involved in the 

establishment of tissue residency (Su et al., 2023). Based on these findings, it is tempting to 

speculate that the reduction of CD8+ post-stroke TRM in the context of MHC-I−/− can be 

attributable to the incapability of expressing a tissue residency differentiation program. On 

the other hand, the mechanisms that can maintain CD4+ post-stroke TRM even in the 

absence of MHC-II stimulation are a fascinating topic that requires further investigation. 
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