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ABSTRACT 

1 

ABSTRACT

Autoreactive CD4+ T cells migrating into the central nervous system (CNS) has been established as a 

key driver for the multiple sclerosis (MS) disease onset. Once inside the CNS, these cells are 

activated by CNS-specific antigens, triggering neuroinflammation, and further neurodegeneration. In 

recent times, the inhibition of the autoreactive CD4+ T cell migration became a promising 

therapeutic strategy. However, like other treatments, it cannot fully prevent the MS disease 

progression and comes with the risk of severe infections. 

To develop better therapies, a deeper understanding of the molecular mechanisms guiding CD4+ T 

cell migration is essential. Our study aims to reveal how autoreactive CD4+ T cells migrate through 

key stages—from the bloodstream to secondary lymphoid organs (SLOs), back into circulation, and 

ultimately into the CNS. Our observations are based on the experimental autoimmune 

encephalomyelitis (EAE) model, a well-established model for MS. 

We focused on the two transcription factors, krüpple-like factor 2 (Klf2) and forkhead box protein O1 

(Foxo1), identified from our previously published genome-wide CRISPR/Cas9 screening data for their 

role in regulating autoreactive CD4+ T cell migration. Using CRISPR/Cas9 single-gene knockout 

technology, we examined the individual functions of Klf2 and Foxo1 in T cell migration in an adoptive 

transfer EAE model, along with the distinct functions of their downstream effector molecules.  

Our study highlights Klf2 as a key transcription factor controlling T cell migration in EAE. Knocking 

out Klf2 caused T cells to accumulate in the parathymic lymph nodes (ptLNs) and spleen. Based on 

our findings, this is due to an increase in C-C chemokine receptor 7 (Ccr7) expression and the 

absence of sphingosine-1-phosphate receptor 1 (S1pr1). Additionally, Klf2 deficiency reduced Itga4 

and Itgb1 expression, disrupting very late antigen 4 (VLA4) and preventing T cells from adhering to 

CNS blood vessels. As a result, Klf2-KO cells cannot infiltrate the CNS to induce EAE. Interestingly, 

knocking out Foxo1, an upstream regulator of Klf2, led T cells to a higher accumulation in ptLNs but 

did not affect their migration to the CNS. This is likely because Foxo1 promotes Ccr7 expression, but 

its absence does not impact Itga4.  

Beyond migration, our findings reveal Klf2 as a crucial switch between the activated and migratory 

states of T cells. Without Klf2, autoreactive T cells remain in an activated state, showing increased 

CD25 expression and elevated pro-inflammatory cytokines (TNF-α, IFN-γ, and IL-17A). This abnormal 

activation, combined with their failure to infiltrate the CNS, suggests that Klf2 is essential for shifting 

T cells into a migratory phenotype in SLOs. 

By uncovering these molecular pathways, our study offers new insights into potential therapeutic 

targets that could block autoreactive T cell migration into the CNS without broadly suppressing the 

immune system. 
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ZUSAMMENFASSUNG 

Die Migration autoreaktiver CD4+ T-Zellen in das zentrale Nervensystem (ZNS) wurde als ein 
entscheidender treibender Faktor für den Ausbruch der Multiplen Sklerose (MS) etabliert. Sobald 
diese Zellen in das ZNS gelangen, werden sie durch ZNS-spezifische Antigene aktiviert, was eine 
Neuroinflammation auslöst und zu fortschreitender Neurodegeneration führt. Die Hemmung der 
Migration autoreaktiver CD4+ T-Zellen wird heutzutage als eine vielversprechende therapeutische 
Strategie angesehen. Allerdings kann dieser Ansatz, wie andere bestehende Behandlungen, das 
Fortschreiten von MS nicht vollständig verhindern und birgt zudem das Risiko schwerwiegender 
Infektionen. 
Um bessere Therapien zu entwickeln, ist ein tieferes Verständnis von den molekularen 
Mechanismen, die die CD4+ T-Zellen Migration steuern, erforderlich. In dieser Studie wird 
untersucht, wie autoreaktive CD4+ T-Zellen verschiedene Migrationsschritte durchlaufen – vom 
Blutstrom in sekundäre lymphatische Organe (SLOs), zurück in die Zirkulation und schließlich in das 
ZNS. Die Observationen basieren auf dem experimentellen autoimmunen Enzephalomyelitis-(EAE)-
Modell, einem etablierten Tiermodell für MS. 
Diese Studie konzentriert sich auf die beiden Transkriptionsfaktoren krüpple-like factor 2 (Klf2) und 
forkhead box protein O1 (Foxo1), die in unserer zuvor veröffentlichten genomweiten CRISPR/Cas9-
Screening-Analyse als Regulatoren der Migration autoreaktiver CD4+ T-Zellen identifiziert wurden. 
Durch gezielte CRISPR/Cas9-Knockout-Experimente analysierten diese Studie die individuellen Rollen 
von Klf2 und Foxo1 bei der T-Zell-Migration im adoptiven Transfer-EAE-Modell, sowie die 
spezifischen Funktionen ihrer nachgeschalteten Effektormoleküle.  
Diese Studie hebt Klf2 als einen zentralen Transkriptionsfaktor für die Steuerung der T-Zell-Migration 
im EAE-Modell hervor. Der Knockout von Klf2 führte dazu, dass sich die T-Zellen in den 
parathymischen Lymphknoten (ptLNs) und der Milz anreicherten. Die Ergebnisse zeigen, dass dies 
auf eine erhöhte C-C chemokine receptor 7 (Ccr7) -Expression und das Fehlen von sphingosine-1-
phosphate receptor 1 (S1pr1) zurückzuführen ist. Zudem reduzierte das Fehlen von Klf2 die 
Expression von Itga4 und Itgb1, wodurch very late antigen 4 (VLA4) nicht mehr gebildet wurde. 
Infolgedessen konnten Klf2-defiziente T-Zellen nicht an die Blutgefäße des ZNS binden, nicht ins ZNS 
einwandern und dadurch keine EAE-Erkrankung auslösen. Interessanterweise führte der Knockout 
von Foxo1, einem upstream-Regulator von Klf2, zu einer erhöhten Anreicherung von T-Zellen in den 
ptLNs, beeinträchtigte jedoch nicht deren Migration ins ZNS. Dies könnte daran liegen, dass Foxo1 
ebenfalls die Ccr7-Expression fördert, während Itga4 von Foxo1‘s Abwesenheit nicht beeinflusst 
wird.  
Ü ber die Migration hinaus zeigt die durchgeführte Studie, dass Klf2 eine entscheidende Rolle beim 
Ü bergang von CD4+ T-Zellen vom aktivierten in den migrierenden Zustand spielt. Ohne Klf2 bleiben 
autoreaktive T-Zellen in einem hyperaktivierten Zustand, mit erhöhter CD25-Expression und 
verstärkter Produktion proinflammatorischer Zytokine (TNF-α, IFN-γ und IL-17A). Diese abnormale 
Aktivierung, kombiniert mit ihrem Versagen, in das zentrale Nervensystem (ZNS) einzudringen, 
deutet darauf hin, dass Klf2 entscheidend dafür ist, dass T-Zellen in den SLOs in einen migratorischen 
Phänotyp transformiert werden. 
Durch die Identifizierung dieser molekularen Pfade liefert die Studie neue Erkeenntnisse über 
potenzielle therapeutische Ansätze, die die Migration autoreaktiver T-Zellen ins ZNS gezielt 
blockieren, ohne dabei das gesamte Immunsystem zu unterdrücken. 
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1. INTRODUCTION 

1.1. Characteristic of MS 

Multiple sclerosis (MS) is widely recognized as a long-term autoimmune disease that leads to 

massive myelin sheath breakdown and axonal degeneration in the central nervous system (CNS). The 

chronic immune reaction in MS lesions induces both structural and functional damage to myelin and 

axons, resulting in impaired or failed neural signaling, which in turn contributes to the corresponding 

clinical symptoms. As the MS lesion could be anywhere in the CNS parenchyma, the symptoms 

varied broadly. In the early 18th century, these completely unrelated symptoms were not recognized 

as being connected and instead were considered separate diseases. Finally, in 1868, the French 

neurologist Jean-Martin Charcot identified the link between consistent postmortem pathological 

findings and varied clinical symptoms. He summarized these observations and recognized them as a 

specific disease (Charcot, 1868). He described the special pathological change “sclerotic plaques” 

within the white matter of the brain and spinal cord. He also found this pathological change was 

strongly linked to the relapse and remitting neurological dysfunction. He named this disease 

“sclérose en plaques”. At a later time, Elvin Kabat discovered the presence of oligoclonal 

immunoglobulin bands in the cerebrospinal fluid (CSF) of MS patients, confirming localized immune 

response contributes to the disease pathology (Kabat et al., 1942). Around a similar time, the first 

animal model of MS was established by Thomas Rivers (Rivers et al., 1933). Rivers and his team 

discovered that immunizing monkeys with rabbit brain extracts could induce encephalomyelitis, 

closely mimicking the neuroinflammatory response that occurs in MS patients (Rivers et al., 1933). 

Since then, based on the discoveries of these pioneering scientists, more researchers have continued 

to explore the disease, conducting meaningful studies and looking deeper into both its 

characterization and treatment. Still many fundamental issues remain unclear, particularly the 

precise mechanisms underlying disease onset and progression. Understanding the complexity of MS, 

including its interplay between genetic, environmental, and immunological factors, continues to 

challenge researchers. These persistent unknowns highlight the need for ongoing research and 

breakthrough discoveries to fully understand and effectively fight against the MS. 
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1.1.1. Epidemiology of MS 

The MS epidemiology shows that genetic susceptibility, environmental factors, and geographic 

influences interact with each other and together contribute to the disease onset. Young adults 

exhibited higher risk of developing MS, with the highest incidence occurs around the age of 30 

(Harbo et al., 2013). In terms of gender, females have a 2-3 times higher incidence than male (Harbo 

et al., 2013). Multiple studies have confirmed that this gender difference is due to the effects of sex 

hormones on immune system regulation (de Andres et al., 2004, Sanchez-Ramon et al., 2005). The 

relapse rate of MS in female patients visibly drops during pregnancy but increases significantly after 

delivery, which is due to the hormonal changes that temporarily enhances immune tolerance 

(Whitaker, 1998, Salemi et al., 2004). 

In general, the incidence of MS is rising worldwide, understanding causes and developing new 

treatments for MS is urgently needed. MS is most common in Europe, the United States, Canada, 

New Zealand, and parts of Australia, where incidence rates still continuously increase over the years 

(Wingerchuk, 2011). Other regions which were previously considered to have lower MS incidence, 

such as Asia and Africa, have also seen an upward trend in recent years (Wingerchuk, 2011). In 

Germany, a 2019 statistical study estimated that approximately 250,000 people out of 83.7 million 

people are suffering from MS (Wallin et al., 2019). The geographical distribution of MS incidence is 

mainly caused by two key factors: environment and genetics. Environmental factors linked to high 

MS incidence regions, include vitamin D and sunlight exposure. Multiple studies have proven that 

low sunlight exposure and reduced serum vitamin D levels are strongly correlate with an increased 

risk of MS onset (van der Mei et al., 2003, Munger et al., 2004, Munger et al., 2006, Ueda et al., 

2014). The widely accepted explanation of this is that vitamin D plays important role in immune 

regulation. Its regulatory function influences both innate and adaptive immune responses (Hewison, 

2011). Vitamin D has also been shown to promote immune tolerance by modulating dendritic cell 

activity, inhibiting their differentiation, and reducing pro-inflammatory cytokine production such as 

IL-12 (Banchereau and Steinman, 1998, Penna and Adorini, 2000, Rosen et al., 2016, Ao et al., 2021). 

Besides region related environmental factors, early-life lifestyles and viral infections have also been 

found to affect MS risk. For instance, smoking, obesity, and dietary habits all involved in modulating 

immune function and systemic inflammation, contributing to MS susceptibility and progression 

(Olsson et al., 2017). Virus infection is one of the most frequently discussed environmental risk in 

recent years, particularly the Epstein-Barr virus (EBV). Evidence of individuals with infectious 

mononucleosis history, a clinical symptom of EBV infection, showed over twice the risk of developing 

MS (Handel et al., 2010, Robinson and Steinman, 2022).   
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Genetic factors are another key influence on MS susceptibility. MS shows clear familial clustering 

and an obviously higher incidence in certain populations (Sawcer et al., 2014). Genetic epidemiology 

studies showed that people with a closer relative that has MS are more likely to develop the disease, 

with recurrence risks varying based on genetic relatedness. Monozygotic twins and individuals with 

both parents affected by MS showed 25-35% of recurrence risks, while dizygotic twins showed 

around a 5% of recurrence risks (Dyment et al., 2004). These rates are significantly higher than those 

of the general population or adopted children within the same family (Dyment et al., 2004). 

However, no single gene can fully explain its genetic susceptibility. Among these genes associated 

with MS genetic susceptibility, the human leukocyte antigen (HLA) stands out as a key factor, 

particularly HLA-DRB1*15:01, with an odds ratio of 3.08 (Hollenbach and Oksenberg, 2015). The 

epidemiological profile of MS reveals that its impact on MS risk is primarily through immune 

dysfunction. Both genetic and environmental factors have been found to disrupt the balance 

between immune activation and tolerance.  

 

1.1.2. Clinical Diagnose and Subtypes of MS 

The diagnosis of MS relies on a thorough clinical evaluation. This includes a detailed review of the 

neurological history, comprehensive physical examination and the evidence support from magnetic 

resonance imaging (MRI) and laboratory analysis of the CSF. The neurological symptoms in MS 

patients can affect any functional system of the CNS, including motor, sensory, visual, autonomic, 

and other neurological systems dysfunction (Tejera-Alhambra et al., 2016). According to the 

McDonald criteria, an MS diagnosis is confirmed by identifying damages within the CNS, either 

through clinical findings or MRI. The lesions must demonstrate dissemination in space and/or time 

(Tejera-Alhambra et al., 2016, Thompson et al., 2018b). During the MS diagnosis, neurologists also 

need to identify the subtype that the MS patient has. According to the 2017 revisions of the 

McDonald criteria, MS is divided into four clinical subtypes, including clinically isolated syndrome 

(CIS), relapsing-remitting MS (RRMS), primary progressive MS (PPMS), and secondary progressive MS 

(SPMS) (Thompson et al., 2018a). Due to the complexity and variability of the MS disease 

progression, the MS subtype of a patient is not fixed and can change according to the progression of 

the disease. 

CIS is a single clinical attack of the CNS, with MRI scanning showing one or more lesions of 

neuroinflammation and demyelination (Efendi, 2015). Although, if strictly base on the diagnostic 

criteria, CIS should not be classified as a subtype of MS, statistics show that around 85% of MS 

patients experience CIS as their first clinical symptom (Scalfari et al., 2010). It is important to classify 
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CIS as MS, since evidence shows that early detection and treatment of CIS can effectively delay 

disease progression and reduce the frequency of relapses (Kappos et al., 2006, Fisniku et al., 2008). 

Most MS patients present with the RRMS phenotype (Katz Sand, 2015). In RRMS patients, MS 

symptoms come in waves, with periods of complete or partial symptom relief followed by a new 

attack reappearing. In between those phases, there are also period of relative clinical stability (Katz 

Sand, 2015). In MS, an attack is referred to as a “relapse”, defined as “patient-reported symptoms or 

objectively observed signs typical of an acute inflammatory demyelinating event in the CNS, current 

or historical, with duration of at least 24 h, in the absence of fever or infection” (Katz Sand, 2015). 

The neurological symptoms in MS patients gradually become irreversible and progressive over time. 

When patients experience continuous disease progression without further remitting phases, the 

condition is classified as SPMS. Around 65% of RRMS cases progress to the SPMS in 10-15 years 

(Scalfari et al., 2010). Also, not all MS patients initially present with RRMS or CIS. About 20% of 

patients experience progressive symptoms from the early onset of the disease, rather than relapsing 

and remitting. Those cases are clinically classified as PPMS (Compston and Coles, 2008). 

Different subtypes of MS are driven by distinct pathological changes. The relapsing and remitting 

feature of RRMS is primarily caused by neuroinflammatory changes in lesions. Over time, repeated 

waves of immune reactions at these sites lead to structural damage, such as demyelination and 

axonal loss. In SPMS, the pathology shifts more toward neurodegeneration and axonal damage, with 

milder inflammatory infiltration. This also explains why immune therapies are less effective in SPMS 

patients. PPMS shares similarities with SPMS, showing more neurodegenerative lesions along with 

mild to moderate inflammatory activity (Klineova and Lublin, 2018). 

The different pathological changes in MS patients at various stages need different therapeutic 

strategies. In RRMS the immune reaction is the primary pathological factor, which makes 

immunomodulatory therapy effective. Treatment for RRMS includes interferon β, glatiramer 

acetate, and siponimod, as well as newly introduced monoclonal antibodies and immunosuppressive 

drugs. Using one or a combination of these therapies, depending on the patient’s individual 

condition, can effectively reduce the frequency of relapses. However, these treatments are still 

unable to prevent disease progression (Saleem et al., 2019). 

In the progressive stage, where neurodegeneration becomes dominant, immunotherapy is no longer 

the main approach. Instead, neuroprotective treatments are used to fight against myelin and nerve 

degeneration. As mentioned earlier, current MS treatments cannot fully prevent disease 

progression, therefore further research is needed to better understand the disease underlying 

mechanisms and develop new treatment strategies. 
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Figure 1 Clinical subtype of MS 
MS disease onset can start with CIS or RRMS or PPMS. The differentiation of MS subtypes is based on the 
clinical disease course, including the frequency of relapses and the presence or absence of remission phases. 
CIS (pink) can be reclassified as RRMS (purple) if a subsequent relapse happens. PPMS (orange) is characterized 
by continuous disease progression from the onset without periods of remission. In RRMS, after repeated 
relapses and remissions, symptoms often become less reversible. Eventually, the RRMS transition into a phase 
of continuous progression without further relapses, known as SPMS (blue). 

 

1.2. Pathology of MS 

Corresponding to the clinical phenotype of MS, its key pathological features include 

neuroinflammation and demyelinating lesions that are distributed across both in space and time. In 

the early days the understanding of the MS pathology came from postmortem autopsies. First 

reports of a summarization of the MS pathological features were published by Charcot (Charcot, 

1868) and Bourneville (Bourneville and Guérard, 1869). Both researchers observed MS plaques 

throughout the brain and spinal cord, that are showing spatial and temporal dissemination. Spatial 

dissemination means the presence of plaques were in multiple regions within the same patient, 

affecting both the brain and spinal cord. Their distribution is unrelated to any specific vascular 

supply regions or other anatomical divisions (Lumsden, 1970). The temporal dissemination shows 

that lesions found within the same patients were at different stages of disease progression. Some 

lesions exhibited acute features, such as tissue edema, poorly defined edges, obvious myelin 

swelling and lymphocytes and macrophages infiltration under the microscope (Hickey, 1999). Older 

lesions displayed more chronic changes, including well-defined boundaries, reduced edema. Under 

the microscope neurologist could observe gliosis and fewer inflammatory cells infiltration, which 

were mainly found at the lesion edges in contrast to the characteristics of acute lesions (Hickey, 

1999). Axonal loss was also commonly observed in older lesions (Hickey, 1999).  

The development of MRI technology has greatly improved our understanding of the pathological 

changes in MS. Unlike postmortem samples, MRI imaging allows for real-time observation of 
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changes that are happening in the CNS of living patients. In MRI scans, T1-weighted imaging provides 

a view of the CNS anatomy reveals variations in tissue composition. The inflammatory and 

demyelinating lesions contain more water, which makes them appear as lower-signal areas 

compared to surrounding unaffected tissue on T1-weighted images (Hemond and Bakshi, 2018). 

Gadolinium-enhanced T1 imaging further helps assess blood-brain barrier (BBB) integrity. 

Gadolinium shows high-signal in T1 sequences. When gadolinium is injected intravenously in 

patients, it leaks into CNS parenchyma if the BBB is impaired. The leakage creates high-signal areas, 

often surrounded by low-signal edemas (Hemond and Bakshi, 2018). Research has also shown that 

gadolinium leakage happens at the same time as the massive infiltration of peripheral lymphocytes 

into the CNS (Hemond and Bakshi, 2018).  

T2-weighted imaging and fluid-attenuated inversion recovery (FLAIR) imaging are even more 

sensitive to MS lesions, showing them as oval-shaped high-signal areas, often with a central vein 

visible in the middle of the lesion (Hemond and Bakshi, 2018). High signals on T2 sequences indicate 

pathological changes such as inflammation, demyelination, edema, axonal damage, or Wallerian 

degeneration (Hemond and Bakshi, 2018). These MRI-detected lesions are able to point out 

significant histological changes.  

Different subtypes of MS also exhibit varied pathology changes. In RRMS, white matter is mostly 

affected by lesions, which are primarily characterized by inflammatory demyelination. Massive 

inflammatory cells are found within these lesions, including T cells, B cells, macrophages, and 

activated microglia (Kutzelnigg et al., 2005, Pender and Greer, 2007). Myelin changes in RRMS are 

mainly presenting as a myelin loss, while axons remain mostly intact (Kutzelnigg et al., 2005, Pender 

and Greer, 2007). In contrast to the presentation of RRMS, pathological changes found in SPMS and 

PPMS patients are mainly identified as cortical demyelination, marked by significant loss of myelin 

and axons. The distribution of inflammatory cells is more diffused and milder than RRMS, with 

mononuclear cell infiltration observed in the meninges (Kutzelnigg et al., 2005, Pender and Greer, 

2007). 

As summary of all pathological changes in MS, it is clear that immune cell infiltration plays a critical 

role in disease pathology. In the early stages, massive infiltration of T cells and activated microglia 

(Ulvestad et al., 1994) are particularly crucial for disease onset and progression. These activated 

immune cells contribute to BBB disruptions and demyelination. Histological research has also 

detected myelin degradation products within infiltrating immune cells in MS lesions (Babinski, 1885). 

In later stages, such as in SPMS, although the immune response is no longer the primary pathological 

change, ectopic B-cell lymphoid-like follicles have been found in the meninges (Serafini et al., 2004). 
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These follicles contain B cells, plasma cells, T cells, and dendritic cells (DCs), indicating that chronic 

inflammatory stimulation might contribute to continued disease progression. 

1.3. Immunology of MS  

The CNS has been wrongly believed to be an immune-privileged site for a long time. Early studies 

reported that tissue grafts within the CNS were less likely to be rejected (Shirai, 1921, Medawar, 

1948) and that bacterial or viral antigens introduced into the CNS could escape from the systemic 

immune recognition (Galea et al., 2007). Another factor supporting this concept was the historical 

lack of identified conventional lymphatic vessels within the CNS (Wood, 2015). However, 

development in imaging technology has revealed that T cells can cross the BBB even under normal 

conditions, though in limited numbers (Nishihara et al., 2020). And more directly evidence, immune 

cells are found in the immune-privileged CNS of MS patients (Lock et al., 2002).The exchange of 

soluble substances between CSF and interstitial fluid (ISF), followed by drainage to deep cervical 

lymph nodes (dcLNs), also indicates the existence of a lymphatic system function in the CNS 

(Aspelund et al., 2015).  

In MS patients the disruption of the BBB allows large numbers of peripheral immune cells, primarily 

lymphocytes, to infiltrate the CNS. This is an early pathological feature of the disease. MRI scans 

show that newly formed or active lesions often exhibit inflammatory changes as a primary 

characteristic (Rocca et al., 2024). Lesions in gray matter, particularly those near the meninges, 

frequently display inflammatory infiltration into the adjacent meninges during early stages (Howell 

et al., 2011). This implies that soluble mediators released by the immune cells that infiltrated into 

the meninges might lead to the formation of those gray matter lesions (Howell et al., 2011). 

The effectiveness of immunosuppressive therapy further highlights the central role of the immune 

system in MS. Early immune intervention can help reduce long-term disability in patients (Attfield et 

al., 2022). Oligoclonal bands (OCBs) are widely present in the CSF of MS patients and are produced 

by B cells in the CSF (Obermeier et al., 2008). These OCBs mainly consist of antibodies targeting 

intracellular proteins, suggesting that B cells likely become more active after the initial immune 

response in the CNS (Sospedra and Martin, 2005, Kaskow and Baecher-Allan, 2018). They further 

amplify the immune cascade and contribute to widespread damage to CNS tissues. However, to 

date, no common specific autoantigens have been identified in MS patients.  

The relationship between CNS inflammation and MS pathology raises an important question: Is 

immune infiltration a cause or a consequence of the disease? As described above, genetic and 

environmental factors showed a significant impact on MS susceptibility, with genetic factors 
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accounting for approximately 30% of the risk (Genet, 2013). GWAS analysis has identified more than 

100 single nucleotide polymorphisms (SNPs) associated with MS, many of which are linked to T cell 

differentiation and function (Consortium et al., 2013). Among them, HLA class II alleles, such as 

DRB1*1501, DRB1*0301, and DRB1*1303, are the most highly correlated. These alleles increase MS 

susceptibility by regulating antigen presentation and T cell activation. On the other hand, 

environmental factors such as gut microbiota composition, EBV infection, smoking, and vitamin D 

deficiency contribute to disease susceptibility by promoting abnormal T cell activation and impairing 

regulatory T cells (Tregs) function (Ascherio et al., 2010, Levin et al., 2010, Berer et al., 2011). The 

most commonly used animal model of MS, experimental autoimmune encephalomyelitis (EAE), 

further confirms the role of T cells in MS. It confirmed that peripheral activated autoreactive T cells 

are able to migrate into the CNS, further disrupt the BBB, trigger immune responses, and cause 

neurological deficits (Fletcher et al., 2010). 

In summary, the immune system plays a crucial role in MS pathogenesis, with T cells being central to 

disease initiation and progression. Understanding how these immune cells contribute step-by-step 

to disease onset and how other immune components participate in this complex process remains 

the key to advancing MS research and treatment. 

1.4. Animal Model of MS 

To further uncover mechanisms of MS and develop potential therapeutic approaches, finding an 

appropriate animal model to replicate the disease onset and pathological changes is essential. Due 

to the complex pathology and unclear causes of MS, no single animal model can fully replicate all 

aspects of the disease. The application of a specific animal model depends on the specific topic or 

stage of MS being studied. For example, in the research focused on demyelination and remyelination 

in MS, chemically induced demyelination models are commonly used. Typical agents include 

ethidium bromide, lysolecithin, lipopolysaccharide, and cuprizone (Dedoni et al., 2023). Although 

chemically induced demyelination models offer a reliable and standardized method for studying 

demyelination, it still differs fundamentally from the demyelination process occurs in MS. While 

peripheral immune cell infiltration also occurs in these models, the immune response is secondary to 

the tissue damage, leading them unsuitable for exploring the early immune-mediated processes of 

MS pathogenesis. 

The EAE model is currently the most widely used animal model for investigating autoimmune attack 

in MS. Its main mechanism involves artificially inducing CNS-specific immune reactivity, particularly 

immune activation against specific myelin proteins. Activated autoreactive peripheral immune cells 

migrate to the CNS and attack myelin proteins, triggering an inflammatory immune response. 
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Nowadays mice are the most commonly used animal for EAE establishment. Different to spatial 

dissemination in MS, in EAE the spinal cord is typically the most affected CNS region. Clinical 

symptoms in an experimental animal include ascending paralysis, beginning with tail weakness and 

progressing to the hind and forelimbs (McRae et al., 1992, Batoulis et al., 2011, Rangachari and 

Kuchroo, 2013). Overall, the EAE model effectively mimics an autoimmune mediated spinal cord 

inflammation, with the key process involving the migration of peripherally activated autoreactive T 

cells into the CNS.  

EAE can be classified into three types based on the method of induction: active EAE, passive EAE, 

and spontaneous EAE. In 1925, the first active EAE model was introduced. At the time, researchers 

used human spinal cord homogenates to immunize rabbits, leading to spinal cord inflammation and 

neurological deficits (Koritschoner and Schweinburg, 1925). Later, a similar method was used to 

induce EAE in monkeys through multiple times of immunization with normal rabbit brain tissue 

(Stromnes and Goverman, 2006). Since then, active EAE models have been mainly induced by 

subcutaneous injection of CNS-derived peptides such as myelin oligodendrocyte glycoprotein 

(MOG), myelin basic protein (MBP), or proteolipid protein (PLP). They are emulsified in complete 

Freund's adjuvant (CFA) containing heat-killed Mycobacterium tuberculosis and then injected into 

mice. Myeloid immune cells then phagocytose the mixture and present the antigen to lymphocytes, 

initiating the immune response (Lazarević et al., 2024). In active EAE models, the clinical features 

exhibited, including acute, chronic, and relapsing-remitting forms, depends on several factors, such 

as the animal strain, the specific antigen used, and any additional adjuvants administered (Levine et 

al., 1966, Tsunoda et al., 2000). For example, PLP immunization induces a relapsing-remitting disease 

course in mice (Tuohy et al., 1989), while MOG immunization typically leads to a chronic disease 

phenotype (Tompkins et al., 2002). The distinct characteristics of these active EAE models allow 

researchers to investigate more specific aspects of MS pathogenesis and treatment. 

As research progressed, CD4+ T cells were identified as the key mediator of MS pathogenesis. To 

directly examine their role, passive EAE models were introduced. These models are induced by the 

intravenous or intraperitoneal transfer of pre-activated myelin-reactive CD4+ T cells into recipient 

animals, which then develop EAE symptoms (Robinson et al., 2014). When studying CD4+ T cells, 

passive EAE offers significant advantages over the active models. First, the disease is induced by 

CD4+ T cells which is in contrast to active EAE which immunization induce activation of different 

immune cell types. In addition, it allows researchers to modify T cells in vitro and use well-matched 

control T cells. This enables precise research of gene expression, migration, and cellular function of 

CD4+ T cells during EAE. Additionally, passive EAE in rats is highly reproducible and stable, making it a 

valuable tool for investigating the specific role of CD4+ T cells in autoimmune neuroinflammation. 
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Spontaneous EAE is a type of disease model that naturally occurs by genetically modifying the T cell 

receptor (TCR) in mice to specifically recognize CNS-related antigens, such as the MOG, MBP, or PLP. 

The underlying theory of spontaneous EAE is based on the abnormal recognition and attack of CNS 

self-antigens by T cells, mimicking the initiation and progression of autoimmune attacks in MS. 

Commonly used spontaneous EAE models include the MBP Ac1-10-specific TCR transgenic mice 

(Goverman et al., 1993), the MOG35-55-specific 2D2 mice (Bettelli et al., 2003), and the PLP139-151-

specific TCR transgenic mice (Waldner et al., 2000, Croxford et al., 2011). These models particularly 

help us gain a deeper understand of factors that contribute to the onset of CNS autoimmunity. 

However, spontaneous EAE models also show obvious limitations, such as inconsistent disease 

onset, significant variability in incidence, and a strong dependence on specific genetic backgrounds 

and environmental conditions (Croxford et al., 2011). 

In conclusion, although the EAE model, despite being widely used in MS related animal research, has 

its limitations. Many EAE models cannot fully replicate the complexity of MS. In addition, MS is 

induced by artificial stimulation such as immunization, T cell transfer or transgenic mice which have 

high proportion of autoreactive T cells while trigger of MS is still largely unknown. Therefore, it is 

crucial to carefully select the most suitable EAE model for each research objective, acknowledging 

the inherent limitations of each approach. 

1.5. Role of Immune Cells in MS 

1.5.1 CD4+ T Cells in MS/EAE 

As mentioned above, CD4+ T cells have been widely recognized as the key initiators of MS and EAE. 

Numerous clinical, histological, and experimental studies have shown that these cells play a critical 

role in both the initiation and progression of the disease (Kunkl et al., 2020, Schafflick et al., 2020). 

Among CD4+ T cells, the T helper 1 (Th1) and T helper 17 (Th17) subsets are pointed out in the 

MS/EAE (Voskuhl et al., 1993, McKenzie et al., 2006). Although Th1 and Th17 cells have distinct 

functions, both can independently induce the passive EAE model through adoptive transfer activated 

Th1/Th17 cells (Domingues et al., 2010), which confirmed their pathogenic role in the disease. The 

differentiation of naive T cells into Th1 cells is primarily driven by IL-12 and interferon-γ (IFN-γ) 

(Romagnani et al., 2009). Under IL-12 stimulation, STAT4 in T cells is activated, promoting Th1 

differentiation (Murphy et al., 1999). IFN-γ further enhances Th1 differentiation by activating STAT1 

(Murphy et al., 1999). 

The main function of Th1 cells is to activate macrophages and cytotoxic T lymphocytes, enhancing 

the immune response by secreting cytokines such as IFN-γ, tumor necrosis factor-β (TNF-β), and IL-2 
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(Kunkl et al., 2020). In MS and EAE, Th1 cells contribute to CNS inflammation by releasing IFN-γ and 

TNF-β at lesion sites, leading to BBB disruptions, myelin damage, and axonal degeneration. 

Additionally, Th1 cells recruit other immune cells, such as monocytes and macrophages, into the 

CNS, further intensifying inflammation and tissue destruction (Kunkl et al., 2020). In the early stages 

of active MS lesions, levels of Th1-related cytokines, such as IFN-γ, increase at the lesion site (Lock et 

al., 2002). Although the pathogenic role of IFN-γ in the MS/EAE is clear, the effectiveness of anti-IFN-

γ treatment is still controversial. Mice lacking IFN-γ or STAT1 did not develop resistance to EAE; 

instead, they experienced more severe EAE symptoms (Gran et al., 2004, Ferber et al., 1996). While 

a lack of T-bet in mice, the key transcription factor guiding T cell differentiation into the Th1 

phenotype, creates resistance to developing EAE (Nath et al., 2006).  

Th17 cells are another important subset of CD4+ T cells and play crucial role in the pathogenesis of 

MS/EAE. Several cytokines, including IL-1β (Sato et al., 2023), IL-6 (Kimura and Kishimoto, 2010), IL-

23 (Stritesky et al., 2008), and TGF-β (Choi et al., 2021), have been reported to induce Th17 

differentiation. These cells are named for their hallmark expression of IL-17 but also produce IL-21 

and IL-22 (Nalbant, 2019). Notably, IL-23 knockout mice exhibit an impaired Th17 response and 

resistance to EAE (Awasthi et al., 2009). IL-17, a highly proinflammatory cytokine, is particularly 

destructive to the BBB (Huppert et al., 2010). Within the CNS, IL-17 stimulates microglia (Sasaki et 

al., 2020), astrocytes (You et al., 2017), and oligodendrocytes (Wang et al., 2017), amplifying their 

inflammatory gene expression. This cascade of immune activation exacerbates neuroinflammation, 

intensifies immune responses within CNS lesions, and ultimately contributes to tissue damages. 

1.5.2 CD8+ T Cells in MS/EAE 

As the understanding of MS/EAE deepens, the role of CD8+ T cells is gaining increasing attention. 

While CD4+ T cells have been firmly proven as the main drivers of MS/EAE, growing evidence points 

that CD8+ T cells also play an important role in disease onset and progression. In fact, the number of 

CD8+ T cells in MS lesions has been confirmed to be far greater than the number of CD4+ T cells 

(Battistini et al., 2003). They are often found near oligodendrocytes and demyelinated axons, and 

their activity shows a clear association with the axonal damage (Liblau et al., 2002, Neumann et al., 

2002, Frischer et al., 2009), which suggests that CD8+ T cells may contribute to CNS damage through 

direct mechanisms. 

From numerous immunology studies, the cellular function of CD8+ T cells is being widely accepted as 

eliminating target cells via cytotoxic effects by releasing cytotoxic molecules such as granzyme B and 

perforin, as well as through Fas/FasL-mediated cytotoxic pathways (Medana et al., 2000, Giuliani et 

al., 2003). Additionally, CD8+ T cells secrete pro-inflammatory cytokines like IFN-γ and IL-17, further 
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amplifying the inflammatory response. These cytokines not only cause direct damage to CNS tissues 

but also enhance inflammation by recruiting other immune cells, such as CD4+ T cells and monocytes 

(Biddison et al., 1998). In MS lesions, CD8+ T cells have been proven by studies to contribute to CNS 

damage through above mentioned mechanisms. First, they induce cytotoxic effects, leading to 

demyelination and axonal injury. For example, in vitro study has shown that CD8+ T cells can rapidly 

trigger axonal transection upon contact with neurons expressing MHC class I (Medana et al., 2001). 

CD8+ T cells also activate microglia and astrocytes by secreting pro-inflammatory cytokines like IFN-γ 

and IL-17, worsening inflammation and tissue damage (Salou et al., 2015). In RRMS patients, CD8+ T 

cells were found to be significantly reactive to CNS peptides than those from healthy controls, 

whereas CD4+ T cells did not show this difference (Crawford et al., 2004). Animal models provide 

additional evidence of CD8+ T cell involvement in MS/EAE. For example, transferring MOG35-55-

specific CD8+ T cells into C57BL/6 mice induces a more severe disease than the traditional EAE model 

(Sun et al., 2001). 

In summary, CD8+ T cells contribute to CNS damage in MS and EAE through cytotoxicity and 

secretion of pro-inflammatory cytokines. Their high numbers in lesions, strong migration ability, and 

antigen-specific responses further support their important role in disease pathology. However, the 

exact mechanisms of CD8+ T cell activity in MS require further study. 

1.5.3 B Cells in MS/EAE 

In the MS patients B cells, plasmablasts, and plasma cells are found in the CSF, meninges, and 

parenchyma (Michel et al., 2015). Over 90% of MS patients exhibit OCBs, which represent 

intrathecally produced antibodies, in the CSF (Link and Huang, 2006). These intrathecal antibodies 

are produced by clonally expanded B cells and are likely the result of secondary immune responses 

during CNS damage (Brandle et al., 2016). Post-mortem studies have demonstrated the presence of 

B cells and plasma cells in perivascular demyelinating lesions (Lassmann et al., 2007, Barnett et al., 

2009) and, notably, they are also found within ectopic follicle-like aggregates in the leptomeninges 

(Serafini et al., 2004). These aggregates are composed of B cells, plasma cells, T cells, and follicular 

DCs. They are frequently observed in SPMS patients and are associated with greater disease severity 

(Howell et al., 2011). The aggregates secrete cytotoxic factors that diffuse into the gray matter, 

creating a gradient of neuronal damage, demyelination and microglia activation from the meninges 

to deeper CNS tissues (Magliozzi et al., 2010). 

The functional contributions of B cells extend beyond their antibody-secreting capabilities. They 

could serve as APCs and secrete pro-inflammatory cytokines such as IL-6, which amplify immune 

responses (Getahun and Cambier, 2019). In EAE models, MOG-specific B cells have been shown to 
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promote disease by activating pathogenic T cells and accelerating disease onset through IL-6-driven 

myeloid expansion, rather than directly via antibody production (Thomann et al., 2023). B cell-

depleting therapies, such as rituximab and ocrelizumab, have demonstrated significant efficacy in 

reducing relapse rates and inflammatory lesions in RRMS (Cross et al., 2006, Hauser et al., 2008, del 

Pilar Martin et al., 2009). These therapies target CD20-expressing B cells, efficiently deplete memory 

and naive B cells but cannot target plasmablasts or plasma cells, as these lack CD20 expression. 

Consequently, the clinical benefits of these therapies are attributed to reduced antigen presentation 

and cytokine production rather than decreases in antibody levels (Hauser et al., 2008, Hauser et al., 

2017).  

1.5.4 Myeloid Cells in MS/EAE 

As mentioned above, the CNS is a unique system that lacks a typical lymphatic structure. Its fragile 

parenchyma, which has a rich blood supply, is mechanically protected by the meninges and a dense 

BBB, keeping it relatively isolated from the peripheral immune system. Under normal conditions, 

peripheral immune cells rarely migrate to the CNS for patrolling. Instead, special groups of myeloid 

cells residing in the CNS, such as microglia and CNS-associated macrophages (CAMs), are responsible 

for maintaining immune homeostasis within the CNS (Herz et al., 2017). 

Microglia are the resident macrophages of the CNS, continuously monitoring for pathogens and 

damage through their highly dynamic processes and extensive expression of immune receptors 

(Galatro et al., 2017, Prinz et al., 2019). During CNS inflammation, their roles become more complex 

and diverse, ranging from promoting neuroinflammation and tissue damage to facilitating repair and 

regeneration. The specific function of microglia depends on the local environment and activation 

state.  

Microglial activation is an early and persistent feature of MS/EAE lesions. Even before the onset of 

clinical symptoms, microglia become activated by serum proteins such as fibrinogen (Davalos et al., 

2012). Fibrinogen crosses the BBB, guides and activates microglia aggregate around blood vessels in 

the perivascular area. Activated microglia then release reactive free radicals, pro-inflammatory 

cytokines, and chemoattractants, initiating a mild neuroinflammation and recruiting peripheral 

immune cells into the CNS (Maggi et al., 2014). Studies have shown that depletion of microglia can 

attenuate disease severity and demyelination in EAE (Heppner et al., 2005). This highlights the 

potential role of microglia in driving disease onset and promoting T cell infiltration. However, 

microglia are not only active during the disease onset, but continuously play a role throughout the 

entire course of MS. In MS patients, the microglial activation has been observed to correlate with 

disability progression (Politis et al., 2012).  
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In demyelinating MS lesions, activated microglia contribute to oligodendrocyte and axonal damage. 

They were found to exacerbate neuronal injury by producing pro-inflammatory cytokines such as 

TNF and release reactive oxygen species and nitric oxide (Takeuchi et al., 2006). Additionally, 

microglia can interact directly with infiltrating T cells, enhancing their reactivation (Strachan-Whaley 

et al., 2014). For instance, in vitro studies have demonstrated that microglia preactivated with IFN-γ 

can effectively induce the proliferation of naive T cells and activate pro-inflammatory Th1 cells 

(Aloisi et al., 1999). This interaction creates a self-reinforcing loop of inflammation, as activated T 

cells further stimulate microglia to produce additional inflammatory mediators. Microglia can also 

show anti-inflammatory and reparative functions under certain conditions. Within MS and EAE 

lesions, microglia can adopt diverse activation states, ranging from pro-inflammatory (M1-like) to 

anti-inflammatory and reparative (M2-like) phenotypes (Lloyd and Miron, 2019). Pro-inflammatory 

microglia dominate early lesion formation, but during the resolution phase or remission in EAE, anti-

inflammatory alternatively activated microglia emerge that are thought to promote tissue repair 

(Lloyd and Miron, 2019).  

CNS-associated macrophages (CAMs), located at CNS interface regions such as the perivascular 

space, leptomeninges, and choroid plexus, serve as critical mediators at the border of peripheral 

circulation and CNS systems (Dermitzakis et al., 2023). Notably, perivascular CAMs reside between 

the endothelial and parenchymal basement membranes of post-capillary venules, where they 

encounter infiltrating leukocytes (Mishra and Yong, 2016). These macrophages present self-antigens 

to infiltrating T cells, reactivating them and driving their effector functions. Reactivated effector T 

cells, such as Th1 and Th17 cells, release cytokines and proinflammatory molecules that induce a 

proinflammatory phenotype in CAMs. This self-amplifying inflammatory loop disrupts the BBB, 

increasing the infiltration of activated T cells and other immune cells into the CNS. In summary, 

CAMs contribute significantly to the initiation and maintenance of neuroinflammation. 

Another major group of myeloid cells, called monocytes, infiltrate CNS lesions from the bloodstream 

and differentiate into macrophages. This makes them play a direct role in demyelination. These cells 

accumulate at lesion sites, phagocytose myelin debris. Inhibiting monocyte migration markedly 

reduces EAE severity (Agrawal et al., 2011). In MS patients, monocyte profiles differ from control 

group, showing higher levels of pro-inflammatory profiles in circulation during active disease states 

(Chuluundorj et al., 2014, Waschbisch et al., 2016). To disrupt the BBB and access the CNS, 

monocytes need to express matrix metalloproteinases (MMPs), which degrade extracellular matrix 

components (Wells et al., 2015). Multiple studies have proven that monocytes produce significant 

amounts of MMPs during EAE (Yong et al., 2001, Nuttall et al., 2007). Once infiltrated into the CNS, 

the monocytes contribute to the local immune responses by secreting cytokines and chemokines 
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that recruit additional immune cells and further amplify inflammation (Benveniste, 1997, King et al., 

2009). The monocytes differentiate into macrophages, which exhibit remarkable functional plasticity 

depending on the local environment. Traditionally classified into pro-inflammatory (M1) and anti-

inflammatory (M2) phenotypes. M1 macrophages, mediated by IFN-γ and lipopolysaccharides, 

generate oxidative stress and release inflammatory mediators that exacerbate tissue injury (Nikic et 

al., 2011, van Horssen et al., 2011, Mossakowski et al., 2015). Conversely, M2 macrophages, which 

are mediated by IL-4, IL-10, and IL-13, display enhanced phagocytic activity, secrete regulatory 

cytokines like IL-10, and support tissue repair, including remyelination (Murray et al., 2014).  

DCs, another myeloid cell subtype, play a pivotal role in antigen presentation and T cell activation, 

bridging innate and adaptive immunity (Eisenbarth, 2019). DCs have been found within the CNS 

during EAE, where they function as key APCs (Mundt et al., 2019). Moreover, in MS, DCs in 

circulation and in the CSF exhibit increased expression of costimulatory molecules and increased 

pro-inflammatory cytokines, such as IFN-γ, TNF, and IL-6 (Mishra and Yong, 2016). The enhanced 

pro-inflammatory profile of DCs correlates with disease activity, as evidenced by increased numbers 

of DCs in the CSF during relapse. Although once thought to exist primarily in peripheral 

compartments, accumulating evidence indicates that dendritic cells migrate to the CNS during MS 

and EAE, contributing directly to the local immune response (Clarkson et al., 2014). 

In summary the immune system's balance is disrupted in MS/EAE, with various immune cells 

contributing to inflammation and neurodegeneration. Among these, CD4+ T cells are identified as the 

initiators of disease, making them central to understanding MS pathogenesis. These CNS 

autoreactive T cells escape tolerance, become activated in the periphery, migrate to the CNS, and 

trigger local inflammation by interacting with resident immune cells like microglia, macrophages, 

and DCs. This inflammatory cascade recruits additional immune cells, including CD8+ T cells and B 

cells, amplifying CNS damage.  
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Figure 2 Role of Immune Cells in MS 
Multiple immune cells, including Th1, Th17, and CD8+ T cells, along with B cells, monocytes, macrophages, and 
microglia, work together to drive inflammation in CNS lesions during MS. Peripherally activated CD4+ T cells 
differentiate into Th1 and Th17 subsets in response to specific cytokine signals. When they reach the CNS 
vasculature, Th1 cells secrete IFN-γ and TGF-β, while Th17 cells produce IL-17, both of which contribute to BBB 
disruption. Once inside the CNS, these cells further amplify inflammation and trigger myelin and neuronal loss 
by releasing distinct proinflammatory cytokines. As MS progresses, CD8+ T cells infiltrate CNS lesions as well, 
causing additional myelin damage and tissue destruction through direct cytotoxicity and the secretion of 
proinflammatory cytokines, including IL-17 and IFN-γ. Meanwhile, B cells secrete antibodies, produce 
proinflammatory cytokines such as IL-6, and act as APCs to activate infiltrating T cells. Moreover, monocytes 
from the peripheral migrate to CNS blood vessels, where they release MMPs, further weakening the BBB. 
Upon entering the CNS parenchyma, they differentiate into macrophages, which adopt either an M1 or M2 
phenotype depending on the surrounding cytokine environment. M1 macrophages produce large amounts of 
reactive oxygen species (ROS) and proinflammatory cytokines like IL-6 and TNF-α, driving tissue damage. In 
contrast, M2 macrophages secrete anti-inflammatory cytokines such as IL-10, playing a role in controlling 
inflammation and promoting tissue repair. Activated microglia in MS function in a similar manner to 
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macrophages, releasing ROS and inflammatory cytokines (IL-6, TNF-α) that worsen tissue damage. In addition, 
they interact with infiltrating CD4+ T cells to enhance Th1 activation, further intensifying neuroinflammation. 
The red labels in the figure highlight the key factors responsible for myelin and neuronal loss.  

 

1.6. CD4+ T Cell Pathogenicity 

1.6.1. Autoreactive T Cells Appear in the Circulation 

CNS autoreactive CD4+ T cells are widely regarded as the primary initiators of MS/EAE. While a small 

population of autoreactive T cells exists commonly in healthy individuals (Danke et al., 2004), these 

cells typically remain quiescent and do not provoke autoimmune diseases. The reason of their 

existence in the periphery, particularly in MS remains unclear, thymic education disruptions and 

degeneracy of T cell recognition might be the factors leading it.  

1.6.1.1 Thymic Education Disruption 

T cells originate in the bone marrow and mature in the thymus. During their development, immature 

T cells randomly express unique TCRs generated through random recombination of gene segments 

to generate a highly diverse repertoire capable of recognizing various antigens presented by MHC 

molecules. Positive selection ensures that T cells can recognize self-MHC molecules, while negative 

selection eliminates T cells that strongly bind to self-MHC molecules. Cells that successfully pass 

these processes mature into functional CD4+ or CD8+ single-positive T cells, joining the circulating 

pool of naive T cells prepared to recognize foreign antigens (Kaskow and Baecher-Allan, 2018). 

However, some autoreactive T cells with low-affinity TCRs can escape negative selection and enter 

the peripheral immune system as naive CD4+ T cells. Tregs, a special subset of autoreactive T cells 

that arise during thymic selection under physiological conditions, are critical for maintaining immune 

tolerance (Sakaguchi et al., 2007). Beyond Tregs, a small population of autoreactive CD4+ T cells 

persists in healthy individuals as well as MS patients, typically remaining quiescent (Danke et al., 

2004). 

Normally APCs in thymus, including medullary thymic epithelial cells (mTECs) and DCs, express the 

autoimmune regulator (AIRE), enabling the presentation of tissue-specific antigens (TSAs) to 

immature T cells (Yu et al., 2015, Perry et al., 2014). Autoreactive T cells are then either inactivated 

or eliminated in a process known as negative selection. Deficiencies in AIRE expression or genetic 

factors, such as certain HLA alleles, can impair negative selection, resulting in the escape of 

autoreactive T cells into the circulation and increasing the risk of autoimmune diseases. For example, 
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it has been reported that AIRE knockout mice can develop spontaneous autoimmune disease with 

lymphocytes infiltration into multiple organs and tissues (Nalawade et al., 2018).  

The gut microbiota also plays a critical role in thymic education. The microbiome itself and its 

metabolites contribute to immune homeostasis and have been implicated in the regulation of 

immune tolerance. Dysbiosis of the gut microbiota has been linked to a range of autoimmune 

diseases, including MS (Yurkovetskiy et al., 2015). Germ-free (GF) mice exhibit thymic growth 

deficits, pointing out the importance of gut microbes in thymic development (Bealmear and Wilson, 

1966, Wilson et al., 1965). The microbiota influences thymic function through two primary 

mechanisms (Kawakami and Wekerle, 2024). One is the soluble compounds, like bacterial 

metabolites and other molecules for example short-chain fatty acids (SCFAs). They enter the 

bloodstream, reach the thymus, and influence T cell maturation. Another mechanism are signals 

carried by macrophages and DCs, who are directly transmitted to the thymus. These signals can 

reach the thymus via leaky medullary blood vessels, bypassing the cortex, and influencing T cell 

maturation and the antigen-specific repertoire within the medulla. Bacterial components can 

activate pattern recognition receptors on thymic epithelial cells, inducing the AIRE and TSAs 

expression, leading to the elimination of autoreactive T cells. However, reduced AIRE expression in 

GF mice impairs this process, leading to the survival of autoreactive T cells (Nakajima et al., 2014). 

Additionally, SCFAs metabolites produced by dietary fiber digestion, enhance AIRE expression and 

promote Treg differentiation by binding to G-protein-coupled receptors (GPCRs) on thymic epithelial 

cells (Ni et al., 2023). Together, these pathways highlight the essential role of gut microbiota in 

shaping the T cell repertoire and maintaining immune tolerance. 

Therefore, dysfunction of the gut microbiota may disrupt thymic education, allowing autoreactive T 

cells to escape into circulation and contribute to autoimmune disease development in distant 

organs. While experimental evidence supports the role of the microbiota in regulating thymic 

education, direct evidence linking specific microbial populations to the leakage of CNS autoreactive T 

cells remains incomplete. 

1.6.1.2 Degeneracy of T Cell Recognition 

The pathogenesis of MS is complex, with no single self-antigen identified as solely responsible for 

driving the autoimmune response. Among the proposed mechanisms, degeneracy of T cell 

recognition and molecular mimicry have emerged as a theory with high likelihood, thus offering 

insights into how autoreactive T cells emerge and contribute to the disease. 
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Degeneracy of T cell recognition refers to the capacity of T cells to recognize and respond to a wide 

variety of antigens due to the structural flexibility of degenerated TCRs (Joshi et al., 2001). This 

degeneracy of T cell recognition is not limited to recognizing specific peptides but can also interact 

with multiple structurally similar antigens, including both microbial peptides and self-antigens. They 

may even bind directly to MHC molecules without requiring specific peptide presentation (Markovic-

Plese, 2009). While this flexibility enhances adaptive immunity by enabling a broad response to 

diverse pathogens, it also increases the likelihood of autoreactivity, as degenerated TCRs can 

mistakenly recognize self-antigens. Research has estimated that a single TCR can potentially interact 

with up to 106 ligands under physiological conditions (Mason, 1998), providing a broad spectrum of 

antigen recognition but simultaneously predisposing the immune system to errors that can lead to 

autoimmune diseases. 

In MS, degeneracy of T cell recognition appears to be important in the activation of CNS autoreactive 

CD4+ T cells. While the frequency of these autoreactive CD4+ T cells in the circulation is similar 

between MS patients and healthy controls (Ngono et al., 2012), these cells in MS patients exhibit 

enhanced proinflammatory properties, as demonstrated by their higher production of 

proinflammatory cytokines (Cao et al., 2015, Paroni et al., 2017). This suggests that functional, rather 

than numerical, differences in T cells drive disease pathogenesis. Importantly, studies have found a 

greater proportion of autoreactive T cells showed highly degenerated T cell recognition in MS 

patients compared to healthy individuals (Bielekova et al., 2000). These autoreactive T cell with 

degenerated T cell recognition are thought to be repeatedly activated and proliferate in vivo, leading 

to an expansion of their precursor populations in MS. Therefore, degeneracy of T cell recognition 

could be the reason for the existence of autoreactive CD4+ T cells. Originally these CD4+ T cells 

should be reactive to pathogen peptides, however degeneracy of T cell recognition leads them to 

also react to self-antigen. 

 

1.6.2. Autoreactive T Cells Activated in the Peripheral 

Under physiological conditions, antigens targeted by autoreactive T cells are restricted within the 

CNS and remain isolated from the peripheral circulation and lymphatic system due to the dense BBB 

protection and lack of a CNS draining lymphatic system. While the presence of CNS autoreactive 

CD4+ T cells is a necessary condition for the development of EAE, their activation is the critical 

initiating step that determines whether the disease will occur. In EAE models, particularly adoptive 

transfer EAE models, disease induction requires the transfer of activated autoreactive T cells into 

recipient animals. These T cells are typically activated ex vivo using specific myelin-derived antigens 
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(Holda et al., 1980, Panitch, 1980) or nonspecific mitogenic agents (Panitch, 1980, Takenaka et al., 

1986), such as lectins, to mimic their activation in vivo. Importantly, inactivated or naive T cells fail to 

induce EAE (Peters and Hinrichs, 1982, Panitch, 1980), highlighting the necessity of their prior 

activation. In addition, autoreactive T cells are activated by immunized antigen in active EAE models. 

Therefore, these transfer and active EAE models are not suitable to study natural stimulation of 

autoreactive T cells in the periphery. Nevertheless, the investigation to identify the natural 

stimulation were carried out.  

1.6.2.1 Gut Microbiota Activate CNS Autoreactive CD4+ T cells 

Gut microbiota studies have made people realize the close connection between microbes and the 

immune system. The gut microbiota was found not only indispensable in immune system 

maturation, but also helps to maintain immune balance by educating immune cells, promoting 

tolerance to commensal microbes, and regulating inflammatory responses. The balanced gut 

microbiota ensures the immune system proper reaction to external antigens while preventing 

attacks on self-antigens. On the contrary, the absence/ unbalanced gut microbiota led to immune 

dysregulation and an increased risk of autoimmune diseases. Indeed, microbiota can stimulate 

autoreactive T cells in the periphery. 

For example, it was shown that in relapsing-remitting (RR) mice, transgenic modified TCR specific to 

MOG peptide 92-106 on the CD4+ T cells led to spontaneous development of EAE in most of the mice 

(Berer et al., 2011). However, when mice were kept in GF condition, they rarely develop EAE (Berer 

et al., 2011). The result suggests that without gut microbiota, MOG-reactive CD4+ T cells fail to 

activate. When GF mice were immunized with MOG or received pre-activated MOG reactive T cells, 

they started to develop EAE symptoms. This finding is a firm evidence that gut microbiota is the 

indispensable factor to activated autoreactive CD4+ T cells (Berer et al., 2011).  

By combining intravital imaging with calcium-sensing protein Twitch-2B, the activation of 

autoreactive CD4+ T cells in the small intestinal lamina propria has been successfully visualized. 

When the same experimental setup was applied to GF 2D2 mice or after administering an anti-MHC 

class II antibody, the activation signals were obviously weakened (Bauer et al., 2023). Additionally, 

specific bacterial strains within the human gut microbiota have been linked to MS. For example, 

Lactobacillus reuteri mimics the MOG epitope, directly triggering T cell activation, while members of 

the Erysipelothrix family act as adjuvants, enhancing Th17 polarization and function, ultimately 

leading to more severe EAE symptoms (Miyauchi et al., 2020). 

1.6.2.2 Lungs as an Alternative Site of T Cell Activation 
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Beyond the gut, the lung is another main site for peripheral T cell activation, especially under extra 

environmental triggers, such as smoking, air pollution, and viral respiratory infections (e.g. 

influenza). These factors induce local inflammation and irritation in the lungs, creating a 

microenvironment that supports T cell activation. In smoking-related lung inflammation, T cells were 

found displaying high proliferative and activated phenotype. Also, these environmental factors 

triggered lung inflammation has been proved to exacerbate MS development and increase the risk 

of disease onset (Wu et al., 2023, Marrodan et al., 2019, Hedström et al., 2023).  

Studies combining additional lung inflammation, caused by smoking or infection, with the EAE model 

have shown that lung inflammation indeed can activate autoreactive T cells. Once activated in the 

lung, these T cells can migrate directly to the CNS and initiate autoimmunity (Odoardi et al., 2012).  

1.6.2.3 T Cell Activated via Molecular Mimicry 

As previous described, the gut and lung are two sites that induce autoreactive T cells activation 

which further contributes to MS/EAE. However, CNS-related antigens are not naturally present in 

these organs. This raises an important question: how are these cells activated in the periphery? 

Indeed, molecular mimicry can explain how microbiota activate peripheral CNS self-reactive T cells. 

Molecular mimicry means microbial peptides share a similar structure as self-antigens, allowing T 

cells to cross-react with both of them. In MS, molecular mimicry is a research hotspot, particularly in 

relation to key myelin proteins such as MBP, MOG, and PLP. Researchers want to find out the exact 

mechanisms driving autoreactive T cell activation and the factors that trigger this immune response. 

Bacterial peptides from gut commensals, including from Bacteroides and Bifidobacterium species, 

have been revealed to share a sequence homology with regions of MBP, providing a molecular basis 

for their ability to activate autoreactive T cells (Westall, 2006). These microbial peptides not only 

mimic myelin epitopes but are also accompanied by bacterial adjuvants like N-acetylmuramyl 

dipeptide, which enhance the immune response, functioning similar as adjuvants used in EAE models 

(Elsayed et al., 2022).  

Viruses can also induce molecular mimicry during MS/EAE, with the influenza virus serving as a 

promising example. T cell clones derived from MS patients react with both viral hemagglutinin (HA) 

and myelin-derived peptides (Markovic-Plese et al., 2005), despite minimal sequence similarity 

(Markovic-Plese et al., 2005). Different from the molecular mimicry of bacteria and myelin proteins 

as mentioned above, there was no obvious structural overlap found between viral hemagglutinin 

(HA) and myelin proteins, which shows researchers TCR recognition is actually more flexible than we 

thought.  
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Among viruses, EBV stands out as being strongly correlated with MS. EBV is a DNA virus that 

establishes a lifelong latency in B cells, and an infection in later life has been shown to significantly 

increase the risk of MS (Libbey et al., 2007). A Study by Lang et al. found that CD4+ T cells from an 

MS patient could recognize both MBP85–99 and an EBV DNA polymerase peptide (EBV627–641) (Libbey 

et al., 2007, Lang et al., 2002). Further structural analyses of MHC-peptide complexes revealed that 

the TCR contact surfaces for DRB1*1501 MBP85–99 and DRB5*0101 EBV627–641 were highly similar, 

implying the TCR cross-reaction is due to molecular mimicry.  

Whether gut bacteria, influenza, or the EBV virus, all have shown potential molecular mimicry in 

activating CNS autoreactive CD4+ T cells in the periphery. This peripheral activation, combined with 

subsequent CNS infiltration, plays a key role in MS pathogenesis and underscores the complex 

interplay between environmental factors, immune dysregulation, and genetic susceptibility. 

1.6.2.4 CNS Antigen Leak to the Peripheral Activate CD4+ T cells 

In addition to the activation of autoreactive T cell through molecular mimicry, there is evidence that 

even in a healthy state, the CNS is functionally connected to the dcLNs via meningeal lymphatic 

vessels, providing another pathway for the activation of autoreactive T cells (Louveau et al., 2015). 

Antigens from the CNS, transported via the glymphatic system and meningeal lymphatics, can be 

presented in dcLNs under both healthy and inflammatory conditions (Louveau et al., 2015). During 

inflammation, DCs, who captured CNS antigen in dcLNs may present through MHC-II. This could 

potentially activate CNS autoreactive T cells. This process has been shown to involve in EAE 

pathogenesis, as disrupting meningeal lymphatic drainage or removing dcLNs delays the onset of 

disease (Louveau et al., 2015).  

In addition to traditional sites of T cell activation, studies have suggested that early BBB disruptions 

may also contribute to the peripheral activation of T cells. Two-photon microscopy in EAE models 

has revealed that transient vessel leakage happens in the CNS vessels shortly after disease induction 

(Barkauskas et al., 2015). These leakages occur before immune cell infiltration, which shows as a 

potential way of CNS antigen leakage to the peripheral. However, while these findings suggest a 

possible link between BBB disruptions and peripheral T cell activation, up to date data cannot 

provide a clear conclusion. Such events are more likely to exacerbate pre-existing autoimmune 

responses rather than serve as the primary trigger for autoreactive T cell activation. 
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1.6.3. Migration of CNS Autoreactive CD4+ T Cells 

The second critical step in the onset of MS/EAE is the migration of activated autoreactive CD4+ T 

cells to the CNS. This process involves two main stages: first, autoreactive T cells phenotypic shift 

from an activated phenotype to a migratory phenotype; and second, the migration of these cells to 

the CNS, including rolling, crawling, adhesion, and extravasation. Both experimental and clinical 

studies have demonstrated that blocking T cell migration to the CNS is an effective strategy to 

prevent neuroinflammation and delay the onset of neurological symptoms, underscoring the 

importance of this process in disease pathogenesis. 

1.6.3.1 Acquisition of Migratory Phenotype in Peripheral Tissues 

In the transfer EAE model induced by MBP-reactive T cells (TMBP cells) for instance, T cells are 

activated in vitro before transferring into the recipient animals. However, it has been shown that 

they don’t directly migrate to the CNS. The TMBP cells disappear from circulation shortly after 

injection, only to reappear in large numbers in the blood on around two days post-transfer (Flügel et 

al., 2001). In this phase, the TMBP cells accumulate in peripheral tissues. For example, TMBP cells 

transiently localize in the parathymic lymph nodes (ptLNs) within 12-36 hours, subsequently 

appearing in the spleen by 60 hours. Between 60-80 hours, TMBP cells begin to infiltrate the CNS in 

large numbers, coinciding with a sharp decline in their numbers in the spleen (Flügel et al., 2001). 

Interestingly, Ovalbumin (OVA) specific T cells (TOVA-GFP cells), which are not reactive to CNS antigens, 

follow a similar distribution pattern initially, but fail to infiltrate the CNS. They instead accumulate in 

peripheral lymph nodes (LNs) (Flügel et al., 2001). This delay of infiltration occurs at the same time 

as their accumulation and further modulation in the lung, spleen, and LNs. Among those peripheral 

organs, spleen and lung, TMBP cells were found to experience significant phenotypic changes, with 

increased expression of migration-related molecules (Odoardi et al., 2012). For example, the TMBP 

cells downregulate activation markers such as pro-inflammatory cytokines, co-stimulatory 

molecules, and cell cycle-related genes, IL-2R (CD25) and OX-40 while expressing MHC class II 

molecules. Simultaneously, these cells upregulate the genes associated with cell motility, such as 

chemokine receptors, like C-C chemokine receptor 2 (Ccr2), and migration related GPCRs - 

sphingosine-1-phosphate receptor 1 (S1pr1), adhesion molecules like Itgb7 and transcription factors 

Klf2 (Odoardi et al., 2012). This phenotypic shift reduces the inflammatory and proliferative 

properties of these cells while enhancing their motility and capacity to adhere to endothelial cells, 

key features required for CNS infiltration (Flügel et al., 2001, Odoardi et al., 2012). Indeed, when 

spleen- or lung-derived migratory T cells are transferred into naive recipient animals, induce EAE 

symptoms more rapidly than in vitro-activated T cells. This points out that TMBP cells phenotype 
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move to migratory phenotype within the spleen and lung (Flügel et al., 2001, Odoardi et al., 2012). 

However, detailed mechanism of the phenotypic change is still largely unknown. 

1.6.3.2 Molecules Associate with T Cell Migration to CNS Blood Vessels 

CD4+ T cells exit peripheral organs and enter the bloodstream, followed by reaching the CNS blood 

vessels. This process is the result of the coordinated function of multiple migration related 

molecules, including adhesion molecules, chemokines, and sphingosine-1-phosphate (S1p) related 

molecules. While the exact molecular mechanisms mediating T cell trafficking between peripheral 

organs and blood circulation in MS/EAE remain unclear, we introduced two important molecules 

relevant to our study, Ccr7 and S1pr1, about their roles in directing the migration of autoreactive T 

cells into and out of peripheral organs during the early phase of EAE/MS. 

Ccl19/Ccl21 and Ccr7 

As the previously described, it was shown that in the initial phase of autoreactive T cell migration 

during EAE, T cells first accumulate in secondary lymphoid organs (SLOs) before progressing toward 

the CNS. Ccr7 should be discussed first, as it is the key homing molecule that guides T cell migration 

into SLOs. 

Ccr7 is abundantly expressed on naive T cells and central memory T cells, ensuring their homing and 

residing in SLOs under homeostatic conditions. Its ligand, Ccl21, is widely found on high endothelial 

venules (HEVs). HEV is a specialized post-capillary vascular structures within LNs paracortical regions 

(Masopust and Schenkel, 2013). Ccl21 is immobilized on HEVs by binding to heparin 

glycosaminoglycans, creating a chemokine gradient that attracts Ccr7-expressing T cells (Masopust 

and Schenkel, 2013). Upon engaging Ccl21, Ccr7 signaling induces the expression of lymphocyte 

function-associated antigen 1 (LFA1) on T cells. LFA1 binds to intercellular adhesion molecule 1 

(ICAM1) on HEVs, slowing down T cells movement and mediating their rolling which then promote 

their transmigration into the LNs (Masopust and Schenkel, 2013). Although Ccr7 is a powerful 

mediator of T cell homing to SLOs, it is not indispensable for all subsets. Alternative pathways 

involving molecules such as α4β7 integrin, which interacts with mucosal vascular addressin cell 

adhesion molecule 1 (MADCAM1) in gut-associated SLOs (Bargatze et al., 1995), or CXC-chemokine 

receptor 4 (Cxcr4), which in some condition replace for Ccr7 function in T cells homing to LNs 

(Scimone et al., 2004, Okada et al., 2002). 

Once inside the SLOs, Ccr7 continues to function on T cells, especially in the T cell zones (Worbs et 

al., 2007). Within T cell zones, Ccr7 ligands, Ccl19 and Ccl21 are also abundantly present (Okada and 

Cyster, 2007). Some chemoattractants, when they are without the concentration gradient, can 
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function to promote immune cells movement through a process known as chemokinesis (Okada and 

Cyster, 2007). The interaction between Ccr7 on T cells and its ligands within LNs, especially T cell 

zone as previous described, leads to chemokinesis. This enhances the T cell motility, meaning these T 

cells have higher ability to scan APCs as well as higher efficiency of antigen recognition (Okada and 

Cyster, 2007).  

In MS, evidence shows that Ccr7 might function in immune surveillance and immune activation as 

well as lymphocyte migration. For example, while Ccr7+ T cells are found in high abundance in the 

CSF of MS patients, at the same time the T cells within the parenchymal MS lesions lack Ccr7 

expression (Kivisakk et al., 2004). This Ccr7 expression absence on T cells supports those effector T 

cells to infiltrate into inflammatory lesions, where they execute their pathogenic functions. 

Therapeutic strategies such as IFN-β treatment have shown the function in modulating Ccr7 

expression. By upregulating Ccr7 on lymphocytes, IFN-β treatment redirects their migration from 

sites of CNS inflammation back to SLOs, reducing the extent of neuroinflammation (Vallittu et al., 

2007). Further investigation into Ccr7 in EAE models confirmed its critical role in T cell migration. In 

active EAE, CD4+ T cells lacking Ccr7 failed to effectively initiate the autoimmune cascade (Belikan et 

al., 2018). On the contrary, in passive EAE using in vitro activated Ccr7 deficient Th17 cells are still 

capable to induce EAE with disease onset and severity comparable to those induced by Ccr7 

sufficient Th17 cells (Belikan et al., 2018). These results suggest that while Ccr7 is essential for the 

early activation and priming of T cells, it is dispensable for their subsequent migration and effector 

functions within the CNS once T cells being primed and released into the circulation. Advanced 

imaging techniques, such as two-photon laser scanning microscopy, have further clarified the 

function of Ccr7. Studies tracking Ccr7-deficient and wild-type CD4+ T cells in CNS inflammatory 

lesions revealed no significant differences in their motility or dynamics (Belikan et al., 2018). This 

reinforces the conclusion that Ccr7 primary role lies in the initiation of the autoimmune response 

rather than in the later phases of CNS infiltration and tissue damage (Belikan et al., 2018). In 

summary, Ccr7 serves as a prominent pathway to mediate T cell migration to SLOs in the early stage 

of MS/EAE. Additionally, Ccr7 ensures effective interactions with APCs within the SLOs, facilitating 

the activation of autoreactive T cells, if there is corresponding antigen existing. 

S1p and S1pr1 

S1pr1 is a GPCR that plays a central role in regulating T cell trafficking by responding to S1p, a 

bioactive lipid mediator. S1p is distributed in a concentration gradient, with a high concentration in 

the blood and lymph, and a low concentration in tissues and SLOs, such as LNs (Hla et al., 2008). This 
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gradient creates directional cues that guide T cell movement, ensuring immune cells patrol around 

and migrate to sites of inflammation.  

The interaction between S1p and S1pr1 provides positive attraction for leaving SLOs, so that T cells 

could egress from SLOs to blood against Ccl19, Ccl21/ Ccr7 signaling. S1p is synthesized by 

erythrocytes and endothelial cells through the phosphorylation of sphingosine by sphingosine 

kinases 1 and 2 (Sphk1/2) (Garris et al., 2014). It is subsequently secreted into the blood plasma, 

where it is maintained at high concentrations. Within lymphoid tissues, however, S1p levels are kept 

low due to its degradation by S1p lyase (Breart et al., 2011). In the absence of S1pr1 signaling, 

lymphocytes fail to exit the thymus or SLOs, as demonstrated in bone marrow chimeric mice using 

fetal liver from S1pr1 knockout embryos (Matloubian et al., 2004), proving the function of S1p/S1pr1 

signaling in regulating immune cell migration. 

Expression of S1pr1 is controlled by CD69. Activation through TCR triggers the upregulation of CD69, 

a surface marker that directly interacts with and inhibits S1pr1 expression on the cell surface 

(Baeyens et al., 2015). This inhibition counteracts the egress-promoting signals generated by S1p, 

ensuring that newly activated T cells remain in the SLOs for sufficient time to undergo full activation 

and differentiation under the effect of APCs. As T cells complete their activation and the expression 

of CD69 decreased, S1pr1 can be gradually re-expressed on the cell surface (Laidlaw et al., 2019). 

This recover of surface S1pr1 responsiveness allows T cells to sense the S1p gradient again and guide 

them to egress from the SLOs and their subsequent entry into the bloodstream. This makes T cell 

migration to a target organ/ tissue possible. 

Once T cells enter the bloodstream, the high concentrations of S1p induce an internalization of 

S1pr1, temporarily turning the cells unresponsive to S1p signaling to allows T cells to migrate against 

the S1p concentration gradient to tissues with lower S1p concentrations (Garris et al., 2014). 

Research using T cell specific S1pr1 knockout mice proved its central role in lymphocyte egress. 

These mice exhibit lymphopenia, with T cells failing to exit from the thymus (Allende et al., 2004). 

Similarly, disruption of the S1p gradient, such as inhibiting of S1p lyase, results in impaired T cell 

migration and a reduction in peripheral T cell counts (Garris et al., 2014). In adoptive transfer EAE 

models, loss of S1pr1 signaling in T cells significantly reduces disease severity by impairing their 

ability of exit from the SLOs (Kendirli et al., 2023b).In summary, T cell entry to lymph node and their 

exit are predominantly regulated by a balance between opposing signals mediated by Ccr7 and 

S1pr1 (Pham et al., 2008). 

The central role of S1pr1 in T cell trafficking from SLOs to blood circulation has made it as an 

optional target for therapeutic intervention in MS. Fingolimod (FTY720) is the first S1pr1 modulator 
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approved for MS treatment. Fingolimod acts as a functional antagonist by inducing S1pr1 

internalization and degradation (Mackay et al., 2015). This traps lymphocytes within SLOs, 

preventing their egress into the bloodstream. As a result, fewer lymphocytes are available for the 

CNS infiltration in MS patients (Cyster and Schwab, 2012). Clinical studies have shown that 

fingolimod effectively reduces relapse rates and slows disease progression in MS patients (Zecca et 

al., 2018).  

 

1.6.4. Crawling and Extravasation 

Once T cells reach CNS vasculature, the next phase of migration begins. The early interaction 

between T cells and the vascular endothelium is induced by leukocyte margination, a phenomenon 

in which leukocytes tend to be positioned closer to the vascular wall than the rapidly flowing center 

of the vessel (Holman et al., 2011). The following steps of CD4+ T cell migration across the BBB 

include rolling and crawling on the endothelium, then extravasation. The detail of each step remains 

unclear during MS. Here, combined insights from general T cell migration mechanisms with MS/EAE-

specific studies to describe how CD4+ T cells likely cross the BBB during MS/EAE are discussed. 

In general, the earliest molecular contact between T cells and the endothelium is the binding 

between P-selectin glycoprotein ligand-1 (PSGL-1, which is expressed on T cells), and its receptor P-

selectin (expressed on endothelial cells). This step is also referred to as rolling. However, in MS/EAE, 

the PSGL-1/P-selectin interaction in CD4+ T cells appears to be dispensable. When researchers used 

CD4+/CD8+ T cells from acute RRMS patients peripheral blood to evaluate their adhesion capacity to 

the CNS blood vessels in mice, they found that the PSGL-1/P-selectin induce the CD8+ T cell adhesion 

to the endothelium, but had no effect on CD4+ T cells (Battistini et al., 2003). Furthermore, in the 

MOG induced active EAE model, knocking out PSGL-1 had no impact on EAE onset (Bill et al., 2011). 

The dispensability of PSGL-1/P-selectin in CD4+ T cell migration during MS/EAE also explains the 

absence of rolling behavior in autoreactive T cells within meningeal microvessels. When researchers 

used intravital fluorescence videomicroscopy to directly observe how autoreactive T cells cross the 

BBB during EAE, they identified a unique phenomenon, without rolling, autoreactive CD4+ T cells 

immediately started crawling in the spinal cord white matter microvasculature (Vajkoczy et al., 

2001). Similar behavior has been observed in non-inflamed retinal microvessels, where activated T 

cells stopped abruptly, without reducing their speed by rolling (Xu et al., 2003). It remains unclear 

whether this phenomenon is unique to the CNS and why it happens.  
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Crawling is widely recognized as a key step to determine whether T cells can exit the blood vessels, 

mainly mediated by integrins and their ligands. Integrins such as LFA1 (integrin αLβ2) and very late 

activation antigen 4 (VLA4; integrin α4β1) are highly expressed in the CD4+ T cells (Bertoni et al., 

2018). In general, intracellular signals within T cells can activate integrins on the surface. This leads 

their conformational changes and aggregation on the cell surface, thereby increasing their affinity 

for ligands and mediating their cell-to-cell/extracellular matrix adhesion (Ginsberg, 2014). In 

EAE/MS, an upregulation of ICAM1 (ligand for LFA1) and VCAM1 (ligand for VLA4) were observed on 

endothelial cells of the BBB (Duan et al., 2013). Moreover, staining around CNS vessels where ICAM1 

and VCAM1 were upregulated revealed the presence of inflammatory cells with high LFA1 and VLA4 

expression (Engelhardt and Ransohoff, 2012). 

Especially VLA4, has been shown to be critical in mediating the infiltration of autoreactive T cells 

during MS/EAE. Natalizumab, currently used in the clinical therapy of RRMS patients, is a 

monoclonal antibody against integrin α4 (Itga4, CD49d), a subunit of VLA4 (Hutchinson, 2007). 

Another subunit that forms VLA4 is integrin β1 (Itgb1, CD29). The genome-wide CRISPR/Cas9 

screening results that were previously published by our group further confirmed the critical role of 

Itga4 in mediating T cell migration into the CNS, as it was the most prominent regulator (Kendirli et 

al., 2023b). Furthermore, single gene knockout of Itga4 on TMBP completely prevented the onset of 

adoptive transfer EAE (Kendirli et al., 2023b). Clinical data show that patients treated with 

Natalizumab only had a low number of CD4+ T cells in their CSF (Stuve et al., 2006), further 

confirming the essential role of Itga4 and its effect on VLA4 in CD4+ T cell migration to the CNS. It is 

still unclear what role LFA1 plays in the infiltration of autoreactive CD4+ T cells into the CNS during 

MS/EAE. LFA1 is formed by integrin αL (ItgaL, CD11a) and integrin β2 (Itgb2, CD18) chains. Although 

immunological studies have clearly shown that LFA1 is involved in the mechanisms of immune cell 

crawling on the vascular endothelium, thereby promoting their infiltration into inflammatory tissues 

(Shi and Shao, 2023). In EAE, the role of LFA1 in T cell pathogenicity through its impact on migration 

remains controversial (Cannella et al., 1993, Gordon et al., 1995, Wang et al., 2007, Dugger et al., 

2009).  

In the adoptive transfer EAE model in Lewis rats, two days after TMBP cell injection, these 

autoreactive cells begin to appear in the leptomeningeal blood vessels, with most exhibiting crawling 

behavior (Bartholomaus et al., 2009). Further mechanisms were explored in this study by 

intravenously injecting anti-VLA4 antibodies during T cell crawling on leptomeningeal blood vessels. 

This treatment caused TMBP cells to rapidly detach from the surface of CNS blood vessels and cease 

movement within minutes. However, no such effect was observed following the injection of anti-

LFA1 antibodies (Bartholomaus et al., 2009). During the crawling process, T cells look for a suitable 
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exit point. The microvascular endothelial cells of the CNS have a distinct structure compared to 

those in other organs and tissues. They lack pores and form highly complex, continuous tight 

junctions (Engelhardt, 2010). People speculate that due to the dense structure of these endothelial 

cells, the crawling time of T cells before CNS vascular infiltration is significantly longer than the 

crawling time during an inflammatory infiltration in other parts. How these T cells cross the 

endothelium after crawling during MS/EAE remains unclear. However, it is clear that only highly 

activated T cells can penetrate CNS blood vessels. This is the case independent of their ability to 

recognise CNS-specific antigens (Hickey, 1991, Wekerle et al., 1986). One prevailing hypothesis is 

that T cells must first induce endothelial activation before extravasation into the perivascular space, 

which may also explain the prolonged time required for this process (Engelhardt, 2010). 

 

1.6.5. Activation of CNS Autoreactive T Cells after Infiltration 

Once autoreactive T cells exit the brain blood vessels, they first enter the perivascular space 

(Archambault et al., 2005). In the perivascular space, T cells interact with local APCs, including 

perivascular macrophages and dendritic cells. This interaction is crucial for the reactivation of these 

autoreactive CD4+ T cells within the CNS. This further advances the local immune reaction and 

neurodegeneration. By combining intravital imaging combing with calcium-sensing proteins and 

nuclear factor of activated T cells (NFAT)-based sensors, the activation of autoreactive T cells upon 

contact with APCs in the perivascular space has been directly visualized (Kyratsous et al., 2017, Pesic 

et al., 2013). This signaling is antigen-specific, as demonstrated by studies where MBP-specific T cells 

showed a robust T cell activation which was detected by calcium activity, while OVA-specific T cells 

in the same region exhibited no such responses (Kyratsous et al., 2017). Furthermore, blocking MHC 

class II molecules on APCs significantly reduced calcium signaling and EAE severity. This confirms the 

antigen dependency of these interactions and the importance of the reactivation of T cells to the 

EAE development (Kyratsous et al., 2017). 

Following reactivation, these T cells produce pro-inflammatory cytokines, including TNFα, MIP1α, 

and MCP1, which recruit additional immune cells such as macrophages, B cells, and endogenous T 

cells to the CNS (Kawakami et al., 2004). These recruited cells exacerbate inflammation and 

contribute to tissue damage. Experimental evidence supports the direct link between T cell 

reactivation and disease severity, as only reactivated T cells in the CNS induce strong EAE (Kawakami 

et al., 2004).  
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After activation by perivascular APCs, autoreactive T cells migrate deeper into the CNS, including the 

meninges and parenchyma (Bartholomaus et al., 2009). The next state of T cells after inducing CNS 

inflammatory lesion varies. Some T cells, particularly CD8+ T cells, persist as tissue-resident memory 

T cells, capable of reactivating and inducing inflammation during subsequent immune challenges 

(Sasaki et al., 2014, Machado-Santos et al., 2018). However, in models such as the Lewis rat EAE 

model, all autoreactive T cells are eliminated from the CNS during the recovery phase, likely through 

apoptosis or FasL-mediated mechanisms (Flügel et al., 2001, Kawakami et al., 2005). Despite this 

clearance, a subset of autoreactive T cells persists in the peripheral organs as memory T cells, 

retaining the potential to re-initiate inflammation during future episodes (Kawakami et al., 2005). 

To summarize this section, the migration and reactivation of T cells within the CNS are critical steps 

in the pathogenesis of EAE and MS. These processes are orchestrated by intricate interactions 

between T cells and endothelial cells/APCs, driven by antigen presentation and pro-inflammatory 

signaling. Targeting key steps in this cascade, such as antigen presentation or cytokine signaling, 

offers promising therapeutic avenues for controlling CNS autoimmunity. By unraveling the complex 

dynamics of T cell interaction with other cells such as endothelial cells and CNS APCs, we can gain 

deeper insights into the mechanisms underlying neuroinflammation and develop more effective 

treatments for diseases like MS. 

 

1.7. CRISPR/Cas9 Screening Identifies Genes Regulating T Cell Migration during 

MS/EAE 

To investigate the molecular mechanisms of T cell interaction with other cells as potential 

therapeutic targets for MS, our group, including Dr. Katrin Franziska Lämmle, in collaboration with 

group of Prof. Kerschensteiner including Dr. Arek Kendirli, performed a genome-wide CRISPR/Cas9 

screening using the adoptive transfer EAE models in Lewis rat. First, we generated rat primary CD4+ 

TMBP cells stably expressing Cas9 and EGFP. Once the functionality and stability of Cas9 were 

validated, a genome-wide sgRNA library was transduced into these Cas9 expressing TMBP cells. The 

library comprised 87,690 sgRNAs targeting 21,410 genes and 396 miRNAs (4 sgRNAs per gene), along 

with 800 non-targeting (NT) control sgRNAs together with BFP for tracking (Kendirli et al., 2023b). 

The experimental setup ensured that each Cas9 expressing TMBP cell received only one sgRNA by 

controlling the ratio of retrovirus to T cells, thereby enabling single-gene knockout in individual cells. 

After transduction, the Cas9-sgRNA TMBP cells were activated and intravenously injected into 

recipient rats. According to previous results, the injected TMBP cells begin a massive migration from 
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the peripheral organ such as the spleen into the CNS via the blood, coinciding with a significant 

weight loss of the recipient rats with progressive clinical symptoms on day3 after T cells transfer. To 

analyze the impact of sgRNA on T cell migration, the Cas9-sgRNA TMBP cells were isolated from 

peripheral compartments, including blood and spleen as well as CNS compartments, such as spinal 

cord leptomeninges and spinal cord parenchyma. Genomic DNA was extracted from isolated T cells 

and submitted for next-generation sequencing (NGS) after PCR amplification of sgRNA region. SgRNA 

counts in each compartment were analyzed using the MAGeCK software, designed to identify 

significant hits from CRISPR/Cas9 screens (Li et al., 2014, Kendirli et al., 2023b) (Figure 3A). Although 

many genes are identified as potential regulators of T cell migration into the CNS, the result was 

noisy presumably due to huge number of sgRNA used. To reduce the noise and increase accuracy, a 

validation screening was performed with a refined sgRNA library containing 12,000 sgRNAs (6 

sgRNAs per gene) targeting 1,950 candidate genes which were selected according to the result from 

the initial screening (Kendirli et al., 2023b). By comparing sgRNA counts in different compartments, 

we identified genes that either facilitated or hindered T cell migration into the CNS (Figure 3B) 

(Lämmle, 2023). The distribution of sgRNA copy numbers between “peripheral compartments” and 

“CNS compartments” provided insights into the roles of specific genes in regulating T cell migration 

to the CNS during EAE. Genes with sgRNA enrichment in peripheral compartments compared to CNS 

compartments were inferred to promote T cell migration to the CNS, whereas genes showing the 

reverse pattern were suggested to inhibit migration. The effect of sgRNA was analyzed by comparing 

spleen or blood versus meninges or parenchyma. We have analyzed the mode of action for some 

genes, including Itga4, Hsp90b1 and Grk2, there are still many genes need to be analyzed. Among 

the identified genes, I am interested in the transcription factor found to regulate autoreactive T cell 

migration from the screening result (Figure 3B), Krüppel-like factor 2 (Klf2).  
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Figure 3 Genome-wide CRISPR/Cas9 Screening of TMBP Cells Migration in the EAE Model 
A). Experimental Design. TMBP Cas9-EGFP+ cells by introducing Cas9 nuclease and EGFP coding sequences into 

rat primary TMBP cells using retroviral transduction. A genome-wide sgRNA library co-expressing BFP was then 

introduced into these Cas9-EGFP⁺ cells, creating single-gene knockout (KO) TMBP cells (EGFP⁺BFP⁺). These 

modified cells were injected into rats, and three days post-injection, the rats were sacrificed to isolate the 

administered T cells from both peripheral compartments (blood and spleen) and CNS compartments (spinal 

cord leptomeninges and parenchyma). Genomic DNA was then extracted from GFP⁺BFP⁺ TMBP cells and 

analyzed by next-generation sequencing (NGS) to reveal sgRNA distribution. B). Candidate Genes 

Influencing T Migration Identified Though Validation CRISPR/Cas9 Screening. Two-step screenings 

provided candidates of crucial regulators in T cell migration from the peripheral to the CNS compartments. 

sgRNAs enriched in the periphery (left, purple) indicated deletion of the gene impaired migration to the CNS, 

whereas sgRNAs enriched in the CNS (right, yellow) suggested enhanced migration. The heatmap in the center 

displays the top 15 candidate genes identified based on difference in sgRNA abundance between peripheral 

and CNS compartments. Stars indicate p-value<0.05. cited from (Lämmle, 2023) 

 

1.8. Krüppel-like Factor 2 

Klf2 is a member of the Krüppel-like factor family of transcription factors. In vertebrates, the Klf 

family includes 17 members. They play essential roles in regulating diverse biological processes, such 

as cell proliferation, differentiation, survival, and tissue development (Turpaev, 2020, Oishi and 

Manabe, 2018). Klf proteins are characterized by a conserved C-terminal domain containing three 
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zinc fingers, each composed of 21-23 amino acids (Turpaev, 2020), that bind GC-rich motifs to 

regulate the expression of target genes (Turner and Crossley, 1999). The DNA-binding specificity of 

Klf proteins is determined by the C-terminal domain (Stubbs et al., 2011). In contrast, the N-terminal 

domains of Klf proteins mediate the interactions with other transcription factors and co-regulators 

(Pollak et al., 2018).  

Klf2, initially named Lung Klf (LKlf) because it was first discovered to be highly expressed in the lung 

(Kuo et al., 1997). Following research revealed that it is widely expressed in various tissues, including 

in the spleen, thymus, heart, adipose tissue, skeletal muscle, and vascular endothelium (Turpaev, 

2020, Anderson et al., 1995). Efforts to generate Klf2 knockout mice have shown that embryos 

lacking Klf2 do not survive to birth due to hemorrhaging caused by defective blood vessel formation 

and abnormalities in the tunica media (Wittner and Schuh, 2021). These findings underscore the 

critical role of Klf2 in embryonic vascular development and endothelial cell function. Beyond its 

developmental effect, Klf2 has been also shown to be involved in processes such as mast cell 

physiology and adipogenesis, as well as in pathological conditions including atherosclerosis, 

thrombosis, and certain lymphomas such as marginal zone B-cell lymphoma (Wittner and Schuh, 

2021). Furthermore, Klf2 is also expressed in various immune cell subsets, including B cells, T cells, 

NK cells, macrophages, and monocytes. Its expression is closely linked to the differentiation and 

activation states of these cells, highlighting its pivotal role in regulating immune responses (Wittner 

and Schuh, 2021). 

 

1.8.1. Klf2 in T Cells 

Klf2 expression in T cells is tightly regulated throughout their development, activation, and 

differentiation. It’s function in T cells includes maintaining immune cell quiescence, proliferation, 

activation, adhesion, and migration (Wittner and Schuh, 2021). More specifically, Klf2 is highly 

expressed in single-positive CD4+ and CD8+ T cells and remains prominent in naïve and memory T 

cells (Jha and Das, 2017). However, upon TCR activation, Klf2 expression is rapidly downregulated 

(Hart et al., 2012). When peripheral T cells lose Klf2, they exhibit spontaneous activation and 

increased apoptosis (Kuo et al., 1997), directly revealing its role in maintaining T cell quiescence and 

promoting survival. Meanwhile, forced Klf2 expression in Jurkat T cells kept them in a quiescent 

state, with reduced cell size, lower protein synthesis, and decreased expression of activation 

markers (Kuo et al., 1997, Buckley et al., 2001b). Mechanistically, Klf2 achieves this by suppressing 

the expression of c-Myc. And when T cells lack Klf2, Fas-mediated apoptosis has been identified as 

the primary pathway that leads to cell death (Kuo et al., 1997). 
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Klf2 also plays a critical role in regulating the cell cycle and proliferation. By directly binding to the 

promoter of the cell cycle inhibitor p21WAF1/CIP1, Klf2 induces its expression, thereby halting cell 

division and enforcing a quiescent phenotype (Wu and Lingrel, 2004). Additionally, Klf2 represses 

human telomerase reverse transcriptase (hTERT) by binding to CpG-rich sequences in its promoter. 

This effectively inhibits telomerase activity and maintains T cells in a resting state (Wittner and 

Schuh, 2021, Mizuguchi et al., 2021). Upon TCR engagement, Klf2 is rapidly downregulated at both 

the transcriptional and protein levels through a complex signaling cascade involving Akt (protein 

kinase B), mitogen-activated protein kinases (MAPK), and extracellular signal-regulated kinases 

(ERK1/2) (Preston et al., 2013). This regulation is mediated by ubiquitination and proteasomal 

degradation of Klf2, coupled with reduced mRNA expression. Continuous TCR signaling and cytokine 

stimulation sustain Klf2 downregulation, while the cessation of these signals allows for its re-

expression (Preston et al., 2013). In memory T cells, low levels of cytokines such as IL-2, IL-7, and IL-

15 restore Klf2 expression, ensuring the survival and readiness of memory T cells for subsequent 

immune responses (Takada et al., 2011). 

 

1.8.2. Klf2 in T Cell Migration 

Another critical regulatory function of Klf2 in T cells is its role in controlling migration by 

orchestrating the expression of genes that regulate egress, homing, and tissue retention. This begins 

during T cell development in the thymus and extends to the movement of T cells within peripheral 

tissues, ensuring that they are properly distributed and responsive to immune challenges. Mature 

CD4+ and CD8+ single-positive T cells rely heavily on S1pr1 for thymic egress into the bloodstream. 

S1p, a bioactive lipid mediator, establishes a concentration gradient that guides S1pr1-expressing 

cells into circulation. During thymocyte maturation, S1pr1 expression increases (Allende et al., 

2004), making these cells sensitive to S1p gradients. Chromatin immunoprecipitation (ChIP) assays 

have demonstrated that Klf2 directly binds to the S1pr1 promoter to regulate its expression (Carlson 

et al., 2006). When thymocytes lack Klf2, they accumulate in the thymus, and peripheral CD4+ and 

CD8+ T cells are nearly absent due to impaired S1pr1 expression (Matloubian et al., 2004). 

In addition to S1pr1, Klf2 also regulates L-selectin (CD62L), which mediates T cell trafficking to SLOs 

(Bai et al., 2007). By inducing the expression of both S1pr1 and CD62L, Klf2 coordinates T cell egress 

from the thymus and migration into lymphoid tissues. However, these two molecules have opposing 

functions, and the mechanisms how Klf2 selectively regulates their activity remain unclear. Klf2 has 

also been implicated in the regulation of CXCR3 in CD8+ T cells. When Klf2 is absent, the resulting 

overproduction of IL-4 leads to the upregulation of CXCR3, enabling T cells to migrate to inflamed 
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tissues by responding to chemokine gradients such as CXCL10 (Weinreich et al., 2009a). This 

suggests that Klf2 dysfunction may drive the accumulation of activated T cells in non-lymphoid 

tissues. Furthermore, Klf2 directly targets the Itgb7 promoter, guiding activated CD8+ T cells to 

mucosal inductive sites such as Peyer’s patches and effector sites like the lamina propria (Wittner 

and Schuh, 2021). 

Through its regulation of adhesion molecules, chemokine receptors, and integrins, Klf2 ensures 

precise localization and functionality of T cells. In addition, Klf2 enables the transition between 

quiescent, activated, and memory states while maintaining the spatial and temporal fidelity of 

immune responses. Despite these advances, the mechanisms by which Klf2 operates in specific T cell 

subtypes and at specific time points remain incompletely understood, representing a crucial area for 

future research. These multifaceted roles highlight Klf2’s significance as a master regulator of T cell 

migration and its potential as a therapeutic target in immune-mediated diseases. 
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OBJECTIVES 

The effective treatment of MS remains a global challenge. As a result of increasing knowledge about 

MS pathogenesis, clinicians now have more effective therapeutic options. Especially the 

development of disease-modifying therapies (DMTs) has greatly improved the quality of life of MS 

patients. In general, these therapies are designed to target specific stages of the immune response, 

thereby reducing immune activity in the CNS of MS patients. However, they cannot solve all 

problems. To date, no treatment can completely cease MS progression, and the strong immune 

suppression from DMTs increases the risk of severe infections. Based on the current situations, the 

ultimate goal of our research is to find potential targets to provide new ideas for improving DMTs. 

Ideally, these therapies should inhibit the infiltration of autoreactive T cells into the CNS while 

avoiding broad immune suppression.  

In the early stages of MS, CD4+ autoreactive T cells are fundamental for disease onset. These cells 

are first activated in the periphery, while at the same time also undergoing modifications to acquire 

migratory capacity, becoming "migratory T cells". Unlike pure "activated T cells," which lack the 

ability to migrate, migratory T cells rely on multiple molecular mechanisms to move from secondary 

lymphoid organs into the bloodstream, to reach brain blood vessels, and to undergo crawling and 

extravasation to infiltrate the CNS. Once inside the CNS, they recognize specific antigens, trigger 

focal inflammation, and cause tissue damage. How those activated autoreactive CD4+ T cells gain 

migratory capacity in the periphery remains unclear. Our group previously conducted a genome-

wide CRISPR/Cas9 screening in EAE, and revealed genes that influence the migration of CD4+ 

autoreactive T cells to the CNS. From the screening result, our study is interested in the transcription 

factors found CRISPR/Cas9 screening data in inducing CD4+ T cell migration to the CNS, since they 

might be the key reason how autoreactive T cells gain migratory function to the CNS in periphery.  

Our first goal is to investigate how these transcription factors influence T cell migration, determine 

which stage of the migration process they primarily regulate and to uncover the molecular 

mechanisms involved. 

The second goal of our study is to compare the transcription factors we identify, and their 

downstream effector molecules that regulate CD4+ T cell migration in EAE, with our previous single-

cell RNA sequencing data of CD4+ T cells migrating to the CNS in MS patients. This comparison will 

help us understand whether the discovered targets in the EAE model are also meaningful and 

effective in MS patients.
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2. MATERIAL AND METHODS  

2.1. Material  

2.1.1. Animals 

The Lewis rats used in the experiments were originally obtained from Charles River or Janvier 

Laboratories and subsequently maintained and bred in the Core Facility Animal Models of the 

Biomedical Center, LMU. All animal care and experimental procedures were conducted in strict 

accordance with the Animal Welfare Acts and received approval from the local regulatory authority 

(Regierung von Oberbayern). The rats were housed under controlled environmental conditions, 

including stable temperature and humidity, with a fixed light/dark cycle. Both male and female rats 

were used in the study, with the age of the experimental animals ranging from 5 to 20 weeks. 

 

2.1.2. Solutions, Reagents, and Media 

Table 2.1.2.1-Solutions, reagents, and media for cell culture 

Medium Name Component Concentration Supplier 

EH  DMEM 97.5 % (v/v) Sigma 

1M HEPES Buffer, PH 7.4 2.5 % (v/v) Sigma 

TCM DMEM 1L Sigma 

L-Glutamine solution 2mM Sigma 

100X Pen/Strep stock   100 µg/ml Sigma 

L-asparagine (monohydrate) 36 mg/L Sigma 

100mM Sodium-Pyruvate 1 mM Sigma 

Non-essential amino acids 10ml/L Sigma 

β-Mercaptoethanol  4 µl/L Merck  

TCGF medium TCM  88 % (v/v) - 

Horse serum  10 % (v/v) Gibco 

IL-2 enriched supernatant from 
ConA-stimulated EL4.IL-2 Cells 

2% (v/v) - 

RM  TCM 99% (v/v) - 

Rat serum 1% (v/v) - 

TCM with 10% FBS  
 
 

TCM 90% (v/v) - 

FBS 
10% (v/v) Merck 

FM Horse serum 50% (v/v)  Gibco 

EH 40% (v/v) - 

Dimethyl Sulfoxide solution 10% (v/v) Sigma 

 H2O 95% (v/v) - 

Nycoprep  Nycodenz  141 g/L Serumwerk 

NaCl  3 g/L Roth  

100mM Tricine  5% (v/v) Sigma 

10X PBS (pH 7.4)  H2O  90 % (v/v) - 

NaCl  1.4 M Roth  

Na2HPO4 100 mM Roth  
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KCl  27 mM Merck 

KH2PO4 18 mM Merck 

1X PBS H2O 90% (v/v) - 

10X PBS 10% (v/v) - 

 

Table 2.1.2.2-Solutions, reagents, and media for cell staining 

Medium Name Component Concentration Supplier 

FACS buffer 1X PBS 99% (v/v) - 

Rat serum 1% (v/v) - 

NaN₃ 0.05% (v/v) Roth  

2% PFA H2O 1L - 

Paraformaldehyde 20g Merck 

PB Buffer H2O 90% (v/v) - 

10X Permeabilization wash 
buffer 

10% (v/v) Biolegend 

 

Table 2.1.2.3-Solutions, reagents, and media for bacteria culture and molecular biology 

experiments 

Medium Name Component Concentration Supplier 

Lysis Buffer  1M Tris (PH 8.0) 100 µl/ml Sigma 

3M NaCl 40 µl/ml Roth 

0.5M EDTA (pH 8.0) 10 µl/ml Merck  

Tween 20 5 µl/ml Sigma 

10X TAE 
 

Trizma base 48.9 g/L Sigma 

Acetic acid, ≥99.8% 11.4 ml/L Sigma 

EDTA 3.7 g/L Merck 

1X TAE H2O 90% (v/v) - 

 10X TAE 10% (v/v) - 

1% Agarose gel 1X TAE 50 ml - 

Agarose 0.5 g Biozym 

Midori green advance 3 µl Nippon genetics 

LB medium H2O 1 L - 

Tryptone 10 g Sigma 

Yeast extract 5 g Sigma 

NaCl 5 g Roth 

LB plate LB medium 1 L - 

Bacto agar 15 g Fisher scientific 

Ampicillin 100 mg/L Sigma  

 

2.1.3. Antibodies, cell stimulators and chemoattractant 

Table 2.1.3.1-Primary antibodies 

Name Host species, fluorescent Clone. isotype Supplier 

Mouse isotype 
control  

Mouse, unconjugated 
MOPC31C, 
IgG1 

Sigma  
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Mouse isotype 
control 

Mouse, unconjugated 
MG2a-53, 
IgG2a 

Biolegend 

Mouse isotype 
control 

Mouse, PE conjugated 
MOPC-21, 
IgG1 

BD 

Hamster isotype 
control 

Armenian hamster, 
unconjugated 

Ha4/8, IgG2 BD 

Goat isotype 
control 

Goat, unconjugated IgG Santa Cruz  

Rabbit isotype 
control 

Rabbit, unconjugated RbNP15, IgG Invitrogen  

Anti-rat CD11a Mouse, unconjugated Wt.1, IgG2a Biolegend 

Anti-rat CD18 Mouse, unconjugated Wt.3, IgG1 ThermoFischer 

Anti-rat CD25 Mouse, unconjugated OX39, IgG1 ThermoFischer 

Anti-rat CD29 
Armenian hamster, 
unconjugated 

HMβ1-1, IgG Biolegend 

Anti-rat CD49d Mouse, unconjugated TA-2, IgG1 ThermoFischer 

Anti-rat CD134 Mouse, unconjugated OX40, IgG2b Serotec 

Anti-rat TCRβ Mouse, unconjugated R73, IgG1 Serotec 

Anti-rat IFNγ Mouse, unconjugated DB1, IgG1 eBioscience 

Anti-mouse IL-17A Rat, PE conjugated 
TC11-18H10, 
IgG1 

BD 

Anti-mouse/rat 
TNF-α  

Armenian hamster, 
unconjugated 

TN3-19.12, IgG Biolegend 

Anti-rat CCR7 Goat, unconjugated A19, IgG Santa Cruz 

Anti-mouse/rat 
S1PR1 

Rabbit, unconjugated JM10-66, IgG Invitrogen 

Anti-mouse/rat 
KLF2 

Rabbit, unconjugated -, IgG Sigma 

 

Table 2.1.3.2-Secondary antibodies 

Name Host species, fluorescent Supplier 

Anti-mouse IgG 
(H+L) 

Donkey, APC conjugated 
Jackson 
ImmunoResearch 

Anti-american 
hamster IgG (H+L) 

Goat, APC conjugated 
Jackson  
ImmunoResearch 

Anti-goat IgG 
(H+L) 

Donkey, AF647 conjugated 
Jackson  
ImmunoResearch 

Anti-rabbit IgG 
(H+L) 

Goat, AF647 conjugated 
Jackson  
ImmunoResearch 

 

Table 2.1.3.3-Cell stimulators and chemoattractant 

Name Stock Concentration Supplier 

Brefeldin A 5 mg/ml (EtOH) Biolegend  

phorbol 12 
myristat 13-acetat 
(PMA) 

1 mg/ml (DMSO) Sigma 

Ionomycin 1 mM (EtOH) Sigma 
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CCL5 100 ng/ µl (0.1% BSA) PeproTech 

S1p 100 µM Tocris Bioscience 

 

2.1.4. Regents and kits 

Table 2.1.4.1-Regents and kits for molecular biology experiment  

Name Application Supplier 

TRIzol® Reagenz 
RNA 
extraction 

Invitrogen  

LunaScript® RT SuperMix Kit 
cDNA 
synthesis 

New England 
Biolabs 

2 × qPCRBIO SyGreen Mix  
Separate-ROX 

qPCR PCRbiosystems 

Hard-Shell® 96-well PCR plates qPCR Bio-Rad 

FastGene® Optima HotStart ReadyMix PCR Nippon genetics  

FastGene® Gel/PCR Extraction Kit 
DNA 
purification 

Nippon genetics 

CutSmartTM Buffer cloning 
New England 
Biolabs 

EcoRI-HFTM cloning 
New England 
Biolabs 

SacII cloning New England Biolabs 

T4 DNA Ligase (5 U/μl) cloning ThermoFischer 

Macherey-NagelTM NucleoBondTM Xtra 
Midi EF 

Plasmid 
extraction 

Macherey-Nagel 

P4 Primary Cell 4D-Nucleofector® X Kit S Gene edit Lonza 

 

2.1.5. MBP Antigens  

The MBP antigen used for in vitro activation and culture of TMBP cells was prepared from frozen 

guinea pig brain following the described protocol (Campbell et al., 1973). 

 

2.1.6. Oligonucleotides  

Table 2.1.6.1-sgRNA for CRISPR/Cas9 knockout and corresponding primers for TIDE sequencing 

Target gene sgRNA sequence primer sequence 

Itga4 GATGCTGTTGCTGTACTTCG 
TGCTGCACTTCATCTCTTGG 

GCGTGGCGTTAAAGTTGAAA 

Klf2 TGAGGACCTAAACAGCGTGC 
GAAGCGGCCGTGTAGAG 

GTTTTGCCTGGCTTGTTGAC 

S1pr1 GCGGCTTCGAGTCCTCACCA 
TCTGTCTGCCTCAGTCTTCA 

AGACCTGATCTCCACCCTTC 

Foxo1 AGAGAGCGAGGACTTCGCGC 
TCTCCTGGTACTCTCTGCTG 

AACTAGCCAACTTCCAAGCC 

Ccr7 CAGCGTCCAGATGCCTATAC 
AGCAGAAACTCATAGCCAGC 

ACTCACTCAGGGTTTAAGGGA 
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NT GCTGCATGGGGCGCGAATCA - 

 

Table 2.1.6.2-qPCR primers  

Target gene primer sequence 

β-actin 
CAGGGTGTGATGGTGGGTATGG 

AGTTGGTGACAATGCCGTGTTC 

S1pr1 
TTCAGCCTCCTTGCTATCGC 

AGGATGAGGGAGATGACCCAG 
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2.2. Methods  

2.2.1. TMBP Cell Culture 

Thymocyte Isolation and Inactivation   

To prepare APCs for the TMBP cells in vitro activation and culture, thymocytes were isolated from 

male rats (2–3 months old). The rats were sacrificed, and the thoracic cavity was exposed using 

sterile surgical scissors and forceps. The thymus was carefully removed with sterile forceps and 

immediately placed in cold, sterile EH medium.   

The extracted thymus was mechanically dissociated by a sterile metal strainer to obtain a single-cell 

thymocyte suspension in cold EH medium. The suspension was then centrifuged at 400 × g for 5 

minutes at 4°C. After centrifugation, the supernatant was discarded, and the pellet was resuspended 

in 10 mL of cold EH medium. Thymocytes were inactivated by adding mitomycin C to a final 

concentration of 2.5 µg/mL, followed by incubation in a 37°C water bath for 30 minutes.   

To remove residual mitomycin C, thymocytes were washed three times with cold PBS. For each 

wash, cold PBS was added to fill a 50 mL centrifuge tube, followed by centrifugation at 400 × g for 5 

minutes at 4°C. After the final wash, thymocytes were resuspended in 10 mL of EH medium. Cell 

viability and concentration were assessed using Trypan blue staining and a hemocytometer. The 

inactivated thymocytes were stored at 4°C and used for in vitro activation and culture of TMBP cells 

within three days. 

 

TMBP cell culture 

TMBP cell clones were previously established in the laboratory from Lewis rats immunized with MBP, 

as described by (Kawakami et al., 2004). These cell stocks are stored in liquid nitrogen, with each 

cryovial clearly labeled with the clone number and last culture date. 

For TMBP cell culture, fresh RM medium was prepared (valid for up to three days). Frozen TMBP cells 

were rapidly thawed by brief incubation in a 37°C water bath. The thawed cell suspension was 

immediately transferred to a centrifuge tube containing 10 mL of EH medium. After cell counting 

with a hemocytometer, 3.5 × 10⁶ TMBP cells were plated per 6 cm dish along with 70–100 × 10⁶ 

mitomycin C-treated thymocytes and MBP antigen at a final concentration of 10 µg/mL, using RM 

medium as the culture medium and cultured in a 10% CO₂ incubator. 

Following activation, the TMBP cells gradually increased in size. On day 2, when TMBP cells exhibited 

peak activation and maximal cell size, they were either used for intravenous injection into Lewis rats 

to induce EAE or supplemented with extra TCGF medium, an IL-2-containing culture medium that 

promotes T cell proliferation. The culture was continued for four additional days in a 10% CO₂ 

incubator, during which the cell population expanded while cell size gradually decreased. By day 6, 

TMBP cells reached their smallest size. At this point, cells were harvested for either co-culturing with 

thymocytes and MBP antigen for the next activation and culture cycle or resuspending in FM 

medium and transferred to cryovials for short-term storage at -80°C or long-term storage in liquid 

nitrogen. 

 

2.2.2. Gene Editing  

Plasmid preparation  

The plasmid pMSCV-IRES-EGFP-neo, generously provided by PD Dr. Naoto Kawakami, was 

maintained in E. coli DH5α and stored at -80°C. A small amount of E. coli containing the plasmid was 

taken from the cryotube and transferred into 3 ml of LB medium containing ampicillin. The culture 

was incubated overnight at 37°C with constant shaking at 180 rpm. Plasmid DNA was subsequently 
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isolated using the Macherey-NagelTM NucleoBondTM Xtra Midi EF kit according to the manufacturer’s 

protocol. 

 

S1pr1 overexpression plasmid construction 

The S1pr1 cDNA was synthesised through trizol extraction of mRNA from rat splenocyte, followed by 

cDNA synthesis via using LunaScript® RT SuperMix Kit. After PCR amplification of S1pr1, the PCR 

product and the plasmid pMSCV-IRES-EGFP-neo was cut with same restriction enzyme. After the 

complete cutting, T4 DNA Ligase was used to ligate the S1pr1 cDNA with the plasmid. Then the 

ligated product was transformed to the 5-alpha competent E. Coli to get the clone containing 

pMSCV-IRES-S1pr1-EGFP-neo plasmid. The detail as follow: 

 

restriction enzyme cutting target plasmid 

The following form shows the components of the cutting system with the target plasmid, incubate 

them on 37°C for 3 hours. 

pMSCV-IRES-EGFP-neo 5 µg 

CutSmartTM Buffer 5 µl 

EcoRI-HFTM 0.5 µl 

SacII 0.5 µl 

H2O Fill to 50 µl 

 

restriction enzyme cutting insert gene 

The following form shows the components of the cutting system with the S1pr1 insert DNA, incubate 

them on 37°C for 3 hours. 

Insert DNA 3 µg 

CutSmartTM Buffer 3 µl 

EcoRI-HFTM 0.3 µl 

SacII 0.3 µl 

H2O Fill to 30 µl 

 

Purify the plasmid and insert DNA separately  

After incubation with restriction enzymes, gel electrophoresis was performed at 90V for 30 minutes 

to separate DNA fragments based on size. Afterwards, The DNA bands were visualized using a UV 

transilluminator (UVT-22, Herolab). Based on the experimental design, the fully digested plasmid and 

the inserted fragment were cut at their respective expected lengths. The collected DNA fragments 

were subsequently purified using the FastGene® Gel/PCR Extraction Kit, following the 

manufacturer’s protocol. 

 

Ligation between digested plasmid and the inserted fragment 

The concentration of the purified, fully digested plasmid and target gene was measured using a 

Nanodrop Spectrophotometer (Nanodrop2000, Thermofisher). Then the ligation reaction was 

prepared according to the table below and incubated at 22°C for 1 hour. 

Digested plasmid (size: 7871 bp) 50 ng 

Digested insert DNA (size: 1214 bp) 50 ng 

T4 DNA Ligase 0.2 µl 

T4 DNA Ligation Buffer 2 µl 

H2O Fill to 20 µl 
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Transformation  

The ligation reaction was heat-inactivated by incubation at 65°C for 10 minutes. Subsequently, 2.5 µl 

of the ligated product was added to 50 µl of 5-alpha competent E. coli (New England BioLabs, 

C2987I) and transformed according to the manufacturer’s protocol. 

 

Bacterial Colony Selection and Construct Validation 

The transformed E. Coli was seeded onto a 10 cm LB agar plate containing ampicillin and incubated 

at 37°C overnight. Six bacterial colonies of appropriate size were then picked from the agar plate and 

placed in different tubes of LB culture medium containing ampicillin, and shaken at 180 rpm at 37 °C 

overnight in a shaker. DNA was then extracted using the QIAprep Spin Miniprep Kit, and cut by 

restriction enzymes as described in the table below. After incubation at 37°C for 1 hour, gel 

electrophoresis was performed at 90V for 30 minutes to separate DNA to identify the clone which 

contains desired plasmid. 

DNA from picked colonies 2 µl 

CutSmartTM Buffer 1 µl 

EcoRI-HFTM 0.2 µl 

SacII 0.2 µl 

H2O Fill to 10 µl 

 

Plasmid working solution Preparation 

A single bacterial colony containing the target plasmid was selected and initially cultured in 3 ml of LB 
medium supplemented with ampicillin, under 37°C with shaking at 180 rpm overnight. To obtain a 
higher yield of plasmid DNA, the overnight culture was expanded by transferring it into 300 ml of fresh 
LB medium containing ampicillin, followed by incubation under the same conditions. Plasmid DNA was 
then extracted using the NucleoBond® Xtra Midi EF kit according to the manufacturer's protocol. The 
DNA concentration was measured using a Nanodrop Spectrophotometer (Nanodrop2000, 
Thermofisher), and the plasmid was diluted in sterile water to a final working concentration of 1 µg/µl. 
 

HEK-293 cell culture  

HEK-293 cells were maintained in 10 cm culture dishes using TCM supplemented with 10% FBS in a 

10% CO₂ incubator. Once the cells filled the dish, by blowing cells gently detached them from the 

dish, collected by centrifugation, and resuspended in FM medium at a concentration of 1 × 10⁶ 

cells/ml and transferred to cryovials for short-term storage at -80°C or long-term storage in liquid 

nitrogen. 

 

HEK Cell Transfection and Virus Concentration 

HEK-293 cells were plated at a density of 1.2x106 HEK293 T cells per 10 cm culture dish and cultured 

for 24 hours in 10ml TCM with 10 % FBS in a 10% CO₂ incubator. On the next day, which count as 

first day of HEK cell transfection, the target plasmid was transfected into HEK cells following a two-

solution protocol. Solution A and Solution B were prepared according to the below table, incubated 

separately at room temperature for 5 minutes, and then combined by adding Solution B into 

Solution A. The mixture was vortexed briefly and incubated for another 20 minutes at room 

temperature before being added dropwise to HEK cells at a volume of 1 ml per 10 cm dish. The cells 

were incubated overnight in a 5% CO₂ incubator.   

 

Solution A          per 100mm dish 

TCM 500 µl 

Target plasmid 6 µg  
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pCL-ECO 3.5 µg  

Solution B 

TCM 500 µl 

PEI Max 20 µl 

 

On the next day (second day), the culture medium was replaced with 8 ml of fresh TCM with 10% 

FBS, then the cells were further cultured at 37°C in 10% CO₂ incubator. On the third day, the 

supernatant was collected, centrifuged at 2000 × g for 10 minutes under room temperature to 

remove debris, and stored at 4°C. The transfected HEK cells were further cultured with fresh 8 ml 

TCM with 10% FBS. On the fourth day, the supernatant was again collected, centrifuged at 2000 g for 

10 minutes, and pooled with the supernatant from the previous day.   

To concentrate the virus, the pooled supernatant was first filtered through a 0.45 µm filter. The 

virus-containing medium was then processed using Amicon® Ultra – 15 centrifugal filters (Merck 

Millipore Ltd.) by adding 13 ml per filter unit and centrifuging at 4000 × g for 20 minutes at room 

temperature. The virus concentrate retained in the upper chamber was collected while the lower 

filtrate was discarded. This process was repeated until all medium was processed. Finally, the 

concentrated virus was then stored at -80°C for further use. 

 

TMBP cells purification 

To purify TMBP cells from thymocytes, the cells were collected from the culture dish and centrifuged 

at 400 g for 5 minutes. Then pellet was resuspended in 5 ml of EH medium and the suspension was 

carefully layered over 3 ml of Nycoprep solution. A well-prepared gradient is indicated by a distinct 

interface between the clear Nycoprep solution and the red EH suspension before centrifugation. The 

tube was then centrifuged at 675 × g, 10 minutes at room temperature, using a low acceleration and 

braking setting. Following centrifugation, a white flocculent layer at the interface contains the 

purified TMBP cells. This cells layer was collected in a fresh centrifuge tube, then washed once with 

cold PBS and centrifuged at 400 × g for 5 minutes. 

 

Retroviral transduction of TMBP cells 

For retroviral transduction of TMBP cells, purified TMBP cells from Nycoprep separation on the second 

day of in vitro culture were counted using a hemocytometer. A total of 2 × 106 TMBP cells in 500 µl of 

TCGF medium supplemented with 8 µg/ml polybrene were plated per well in a 12-well plate. Next, 

100 µl of concentrated virus solution was added to each well, followed by centrifugation at 2000 × g 

for 90 minutes at room temperature to enhance viral uptake. After centrifugation, 1 ml of fresh 

TCGF medium per well was added, and the plate was incubated in 10% CO2 incubator for 24 hours. 

Following incubation, antibiotic selection was applied. On the sixth day of in vitro culture, the 

transduced TMBP cells were either restimulated and expanded according to experimental 

requirements or cryopreserved at -80°C or in liquid nitrogen for long-term storage. 

 

CRISPR/Cas9 single gene knockout in TMBP cells  

For single-gene knockout in TMBP cells using CRISPR/Cas9, the RNP complex was preassembled in 

vitro and then introduced into the cells via electroporation. The sgRNAs were designed using the 

GPP sgRNA designer and synthesized by Integrated DNA Technologies (IDT). The electroporation 

procedure was performed using the Amaxa 4D-Nucleofector system with the P4 Primary Cell 4D-

Nucleofector® X Kit S (Lonza). 

To assemble the RNP complex, 0.75 µl of Alt-R CRISPR-Cas9 tracrRNA (200 pmol/µl, IDT) was mixed 

with 0.75 µl of Alt-R CRISPR-Cas9 crRNA (200 pmol/µl, IDT) specific to the target gene. The mixture 

was incubated at 95°C 5 minutes, followed by a gradual temperature decrease to 70°C with the 
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speed of 0.5°C /sec. It was then held at 70°C 1 minute before being cooled to room temperature. 

Then 7.5 µg of Alt-R S.p. HiFi Cas9 Nuclease V3 (IDT) was added and incubated at room temperature 

20 minutes to form the complete RNP complex. 

For electroporation, TMBP cells that had been stimulated in vitro for 48 hours were purified via 

Nycoprep separation. The electroporation buffer was freshly prepared with 18 µl of P4 stock 

solution, 4 µl of supplement 1, and 1 µl of electroporation enhancer (100 µM, IDT) for each reaction. 

A total of 21 µl of electroporation buffer was taken and used to resuspend 2 × 10⁶cells per reaction. 

The prepared TMBP cell suspension was then rapidly mixed with the RNP complex and transferred 

into a nucleofection cuvette. Electroporation was conducted using the pulse code CM137. 

Immediately after electroporation, the cells were transferred into 3 ml/well of pre-warmed TCGF 

medium in a 6-well plate and incubated at 10% CO2 incubator for later usage. 

 

Tide sequencing 

To verify the success of single-gene knockout in TMBP cells, TIDE sequencing was performed. 1 × 10⁶

cell number of TMBP cells processed with RNP-mediated CRISPR/Cas9 editing were collected for 

analysis on the sixth day of in vitro culture. Then the culture medium was completely removed by 

washing with PBS. The cells were then lysed by adding 500 µl of lysis buffer per sample, followed by 

overnight incubation at 56°C. After lysis, the samples were heated to 95°C for 10 minutes and 

subsequently cooled on ice.   

Genomic DNA was then precipitated by adding 350 µl of isopropanol, gently mixing, and incubating 

at room temperature for 10 minutes. Afterwards, the samples were centrifuged at 16,000 × g for 10 

minutes at 4°C. The resulting DNA pellet was washed with 1 ml of 70% ethanol per sample, followed 

by another centrifugation at 16,000 × g for 5 minutes at 4°C. The supernatant was carefully 

removed, and the DNA pellet was dried at 56°C until it became transparent. Once fully dried, the 

DNA was resuspended in 50 µl of nuclease-free water.   

For PCR amplification, 1 µl of the gene-specific TIDE sequencing primer working solution, 1 µl of the 

extracted DNA sample, 8 µl of nuclease-free water, and 10 µl of 2 × Optima PCR HotStart Polymerase 

(FastGene) were combined to prepare the PCR reaction mix. The PCR products were analyzed by 

electrophoresis on a 1% agarose gel prepared in 1× TAE buffer. DNA fragments corresponding to the 

expected size were visualized under UV light and purified using a FastGene® Gel/PCR Extraction Kit. 

The final DNA volume was adjusted to 20 µl, and the samples were submitted for Sanger sequencing 

at the LMU Biozentrum sequencing service, following their sample preparation guidelines. The 

sequencing data were analyzed using the ICE (Inference of CRISPR Edits) v2 software tool (Conant et 

al., 2022)to determine knockout efficiency. 

 

2.2.3. Quantitative Real-time-PCR 

mRNA extraction 

In vitro cultured target TMBP cells were purified via Nycoprep separation. A total of 3 × 106 cells per 

group were transferred to a new tube, washed once with cold PBS and centrifuged at 400 × g for 5 

minutes at 4°C. The supernatant was completely discarded, and 1ml of Trizol was added for cell lysis. 

The cells were thoroughly pipetted and incubated on ice for 5 minutes. After the incubation, 0.2ml 

chloroform was added on the top, vortexed and centrifuged at 12,000 × g for 15 minutes at 4°C. The 

colorless upper layer was carefully transferred to a new tube, mixed with 0.5ml isopropanol, 

vortexed and incubated on ice for 10 minutes. The mixture was then centrifuged at 12,000 × g for 10 

minutes at 4°C. The supernatant was removed and the mRNA pellet was washed with 1 ml of 70% 

ethanol per sample, followed by another centrifugation at 7,500 × g for 10 minutes at 4°C. The 

supernatant was carefully removed, and the RNA pellet was dried by air. Once fully dried, the mRNA 
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sample was resuspended in 10 µl of nuclease-free water. Samples were stored on ice for short term 

and -80°C for long term.  

 

cDNA synthesis 

RNA concentration was measured using a Nanodrop Spectrophotometer (Nanodrop2000, 
Thermofisher), then synthesized cDNA using the LunaScript® RT SuperMix Kit according to the 
manufacturer's instruction. 
 

qPCR 

The cDNA was diluted 1:10, then the qPCR reaction system was prepared according to the table 

below. Each reaction (20 µl) was added to Hard-shell® 96-well PCR plate, with duplicate wells set for 

each group.  

 

2 × qPCRBIO SyGreen Mix  
Separate-ROX 

10 µl 

gene-specific qPCR primer 
working solution 

0.8 µl 

Diluted cDNA 5 µl 

H2O 4.2 

 

 

2.2.4. Flow Cytometry 

Cell surface staining 

T cell suspensions designated for staining were transferred into a 96-well V-bottom plate, with wells 

allocated for unstained controls, isotype controls, and distinct markers staining. Each well contained 

an adequate number of cells to ensure reliable analysis. Initially, the T cells were resuspended in 

FACS buffer and incubated on ice for 20 minutes to block nonspecific binding. Following incubation, 

the cells were centrifuged at 400 × g for 3 minutes at 4°C, the supernatant was discarded, and the 

cell pellet was resuspended in 100 µl of staining solution containing the primary antibody, diluted at 

1:100 in FACS buffer. The cells were incubated on ice for 30 minutes, followed by centrifugation at 

400 × g for 3 minutes at 4°C. To remove unbound antibodies, the cells were washed three times with 

FACS buffer with the same centrifugation conditions. 

Subsequently, the cells were resuspended in 100 µl of secondary antibody solution, prepared at a 

1:500 dilution in FACS buffer, and incubated on ice in the dark for 45 minutes. After incubation, the 

cells were centrifuged at 400 × g for 3 minutes at 4°C, and the secondary antibody solution was 

discarded. The samples were then washed once with FACS buffer, followed by two additional washes 

with ice-cold PBS, with centrifugation at 400 × g for 3 minutes at 4°C for each step. Finally, the 

stained cells were resuspended in 100 µl of ice-cold PBS and kept on ice in the dark until flow 

cytometry analysis was performed using a CytoFlex S flow cytometer (Beckman Coulter). 

 

Cytokine staining 

T cell suspensions were transferred into 96-well V-bottom plates, with separate wells designated for 

unstimulated and stimulated groups. Each group included a negative control, isotype control, and 

distinct cytokines staining. The cells were centrifuged at 400 × g for 3 minutes at room temperature, 

and the supernatant was removed. The unstimulated group was resuspended in 100 µl RM medium 

containing 5 µM Brefeldin A (Sigma Aldrich), ensuring thorough mixing. In the stimulated group, cells 

were resuspended in RM medium supplemented with 100 ng/ml phorbol 12-myristate 13-acetate 
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(PMA), 100 nM ionomycin, and 5 µM Brefeldin A. The cells were then incubated at 10% CO2 

incubator for 4 hours. After incubation, the cells were centrifuged at 400 × g for 3 minutes at 4°C, 

the supernatant was discarded, and the cells were resuspended in 150 µl of 2% paraformaldehyde 

(PFA). The samples were incubated on ice for 15 minutes to fix, followed by another centrifugation 

under the same conditions. The cells were then resuspended in 150 µl PBS and stored at 4°C until 

further staining, which was always performed within three days. 

For intracellular staining, the fixed cells were first washed with PB buffer (Biolegend) and 

resuspended in 150 µl PB buffer per well. The samples were incubated on ice for 15 minutes to 

permeabilize the membrane, followed by centrifugation at 400 × g for 3 minutes at 4°C. After 

discarding the supernatant, the cells were resuspended in 100 µl of primary antibody solution, 

prepared by diluting the antibody at 1:100 in PB buffer. If the primary antibody was conjugated with 

fluorescence, all subsequent steps were performed in the dark. The cells were incubated on ice for 

30 minutes and then washed three times with PB buffer to remove unbound antibodies. 

Next, the secondary antibody was added at a 1:500 dilution in PB buffer (100 µl per well) and 

incubated on ice in the dark for 45 minutes. After incubation, the cells were washed once with PB 

buffer, followed by two additional washes with PBS, using centrifugation at 400 × g for 3 minutes at 

4°C for each step. The stained cells were then resuspended in PBS, kept on ice in the dark, and 

analyzed using a CytoFlex S flow cytometer (Beckman Coulter). 

 

 

2.2.5. Transwell Chemotactic Assay 

For the transwell chemotaxis assay, TMBP cells activated and cultured for six days were used. On the 

sixth day, T cells were collected and purified using Nycoprep gradient centrifugation. The purified 

cells were counted using a hemocytometer, and specific gene knockout (KO) TMBP-GFP cells were 

mixed with NT control TMBP-BFP cells in a 1:1 ratio. The final cell suspension was prepared at a 

concentration of 1.3 × 106 T cells/ml in TCM medium, ensuring that each 75 µl medium contained 0.1 

× 106 T cells. 

The assay was performed using a 96-well transwell chamber with a 5 µm pore size (Corning). First, 

75 µl of the prepared T cell mixture was carefully added to the upper chamber of each transwell 

insert. The plate was incubated at 10% CO2 incubator for 30 minutes to allow the T cells to settle at 

the bottom of the upper chamber. During this time, the lower chamber remained empty. 

After the settling period, 235 µl of TCM medium containing either no chemoattractant (negative 

control), 30 ng/ml recombinant CCL5 (positive control), or S1p at 100 nM, 50 nM, or 10 nM was 

added to the lower chambers. Additionally, a reference well was set up by adding the mixed cell 

suspension directly into the lower chamber to determine the original GFP/BFP ratio before 

migration. The plate was then incubated at 10% CO2 incubator for 4 hours without disturbance. 

Following incubation, the medium from the lower chambers was carefully collected and transferred 

into a 96-well V-bottom plate. The collected cells were centrifuged at 400 × g for 3 minutes at 4°C, 

the supernatant was discarded, and the cells were resuspended in 50 µl of cold PBS per well. The 

samples were kept on ice until analysis by using a CytoFlex S flow cytometer (Beckman Coulter). 

 

 

2.2.6. Rat EAE model 

Adoptive transfer EAE 

T cells that had been in vitro activated for 48 hours were collected from culture dishes, and their 

numbers were determined using a hemocytometer. A total of 1 × 106 T cells per rat were moved to 
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new centrifuge tube and were centrifuged at 400 × g for 5 minutes at room temperature. The 

supernatant was discarded, and the cell pellet was then resuspended in 1 ml of pre-warmed EH 

medium per rat. 

The prepared T cell suspension was administered to recipient rats via intravenous injection through 

the tail vein. The body weight of each rat was recorded immediately after injection as the baseline 

measurement. Following cell transfer, body weight and EAE score were monitored daily to assess 

disease progression. 

EAE score was according to the following scale: 0 - no observable clinical symptoms, 0.5 - mild tail 

weakness, 1 - complete tail paralysis, 1.5 - unsteady gait or difficulty in righting reflex, 2 - Hind limb 

paresis, 2.5 - Hind limb paresis with dragging of one foot, 3 - complete hind limb paralysis 

 

In vivo Migration assay  

To analyze the in vivo migration of gene-modified T cells, specific gene-knockout TMBP-GFP cells and NT 

control TMBP-BFP cells were collected after 48 hours of in vitro activation. The cell number was 

determined using a hemocytometer, and a mixture containing 3 × 106 TMBP-GFP and 3 × 106 TMBP-BFP 

cells per animal was prepared. The mixed cells were injected as described above.  

Three days post-injection, the rats were sacrificed for tissue collection and analysis of T cell 

distribution. Blood (6 ml) was drawn via cardiac puncture using a heparin-pretreated syringe. 

Cerebrospinal fluid (CSF) was collected from the foramen magnum (0.1 ml). The spleen, parathymic 

lymph nodes, spinal cord leptomeninges, and spinal cord parenchyma were carefully dissected and 

placed in cold EH buffer on ice for further processing. 

 

In vivo Migration assay tissue/organ processing and TMBP cell isolation 

The collected blood was diluted 1:1 with room-temperature PBS and carefully layered onto 3 ml 

Nycoprep. Each rat required two Nycoprep gradient tubes for blood processing (a total of 12 ml 

diluted blood). Gradient centrifugation was performed at 800 × g for 30 minutes with slow 

acceleration and deceleration settings. Following centrifugation, the white cell layer was collected, 

washed with PBS (400 × g, 5 min, 4°C), resuspended in 3 ml EH medium and placed on ice for 

subsequent analysis. 

The collected CSF was diluted with an equal volume of PBS and stored on ice for further analysis. 

Spleen and parathymic Lymph Nodes were processed into a single-cell suspension using sterile metal 

strainer. The resulting suspension was centrifuged at 400 × g for 5 minutes at 4°C. The supernatant 

was discarded, and the splenocyte pellet was resuspended in 5 ml ACK lysis buffer and incubated at 

room temperature for 2 minutes to remove red blood cells. The sample was then washed by filling 

the tube with PBS and centrifuging at 400 × g for 5 minutes at 4°C. The final cell suspension was 

prepared in 10 ml EH medium, filtered through a 40 µm cell strainers (Greiner Bio-One GmbH) to 

remove debris, and stored on ice until analysis. For parathymic lymph nodes sample, the 

supernatant was discarded, and the cells were resuspended in 1 ml EH medium and stored on ice 

until analysis. 

The leptomeninges and spinal cord parenchyma were processed separately into single-cell 

suspensions using sterile metal strainers. The spinal cord parenchyma cell suspensions were placed 

on ice until analysis, and the leptomeninges cell suspensions were centrifuged at 400 × g for 5 

minutes at 4°C. The supernatant was removed, and the cells were resuspended in 1 ml EH buffer and 

stored on ice. 

Following tissue processing, the proportions of GFP+ and BFP+ T cells in each sample were analyzed 

using a CytoFlex S flow cytometer (Beckman Coulter). 
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2.2.7. Intravital Two-photon Imaging 

Animal Model and Surgical Procedures 

The EAE model used for two-photon intravital imaging followed the same protocol as the in vivo 

migration assay. Activated Klf2-KO TMBP-GFP and NT control TMBP-BFP cells were intravenously injected 

into recipient rats at an amount of 3 × 106 cells per group, in total 6 × 106 cells per animal. Body 

weight and EAE scores were recorded daily to monitor disease progression. On the third day post-

injection, when a significant reduction in body weight was observed, intravital two-photon imaging 

was performed to analyze T cell migration in the leptomeninges.  

The surgical procedures were conducted as previously established in our laboratory (Bartholomaus 

et al., 2009). Anesthesia was induced by intramuscular injection of MMF (2 mg/kg Midazolam, 150 

µg/kg Medetomidine, and 5 µg/kg Fentanyl). Once the animals were stabilized under anesthesia, a 

catheter was inserted into the tail vein for the intravenous administration of 100 µg Texas-Red 

conjugated to 70 kDa dextran (Invitrogen/ThermoFisher) to visualize the blood plasma. 

A tracheotomy was performed following a midline incision of the neck, and mechanical ventilation 

was initiated to maintain stable respiration and remained anesthetized with continuous delivery of 

1.5–2.0% isoflurane. To expose the leptomeninges, the animals were placed in a prone position on a 

platform. A 3 cm midline incision was made at the Th12/13 vertebral level, and the paraspinal 

muscles were carefully dissected. To minimize movement artifacts during imaging, three vertebrae 

were stabilized bilaterally using a custom-made fixation platform, and the rat was gently elevated. A 

dental drill (Foredom) was used to thin and remove the dorsal portion of a vertebra. 

For imaging stabilization, low-melting-point agarose was carefully applied around the exposed area, 

forming a containment ring. The cavity was then filled with PBS to maintain tissue hydration during 

imaging. The spinal cord leptomeninges was imaged in vivo using a Leica SP8 two-photon 

microscope equipped with a water-immersion 25× objective lens (N.A.: 1.00, WD: 2.6 mm). A pulsed 

laser (InSight DS+ Single, Spectra Physics) was tuned to 840 nm to excite BFP and EGFP fluorescence. 

Following emission signals were detected, BFP: 400-463nm, GFP: 505nm-567nm, and Texas Red: 

578nm-644nm Image acquisition covered a field of around 440 µm × 440 µm, with a resolution of 

512 × 512 pixels and a Z-stack depth of ~60 µm, using 1–2 µm intervals. 

 

Image acquisition and analysis 

Time-lapse image sequences were recorded using LAS X software (Leica) and processed using ImageJ 

(NIH). A Gaussian blur filter (1-pixel cutoff) was applied before generating maximum Z-projections. 

When required, background subtraction was performed to enhance contrast. Fluorescence intensity 

adjustments were made through linear contrast and brightness corrections. 

 

 

2.2.8. Bioinformatic Analysis 

The bioinformatics analysis and graphical representation of the results (Figure 18) in this study were 

conducted by Clara de la Rosa del Val. The analytical methods employed were consistent with those 

previously described in the publication by Dr. Arek Kendirli and Clara de la Rosa del Val (Kendirli et 

al., 2023b). 
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2.2.9. Statistical Analysis  

Flow cytometry data were analyzed using FlowJo (version 10+), statistical analyses and 

corresponding figures were processed using GraphPad Prism 7. Specific statistical methods applied 

in the analyses are detailed in the respective figure legends. Data are presented as mean ± standard 

deviation (SD), with statistical significance indicated by p-values as follows: * p<0.05, ** p<0.01, *** 

p<0.001, **** p≤0.0001, and NS for non-significant differences. 
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3. RESULTS 

3.1. Genome-wide CRISPR/Cas9 Screening of TMBP Cells Migration in EAE Model 

As described above, crucial regulators influence T cell migration were identified from genome-wide 

CRISPR/Cas9 screening. From those candidate genes, we need further validation of their actual 

effect in T cell migration and related mechanisms. Since the ultimate goal was to find potential 

therapeutic targets for MS treatment, we focused on genes whose deletion reduces T cell migration 

into the CNS (Figure 3B). This analysis identified several key genes, including Itga4, Hsp90b1, Grk2, 

Cxcr3, and Gnai2, which were further validated that these genes are indeed crucial regulators of T 

cell migration into the CNS (Kendirli et al., 2023b). In addition, we revealed the mechanism of action. 

Specifically, the deletion of Hsp90b1 led to reduced surface expression of Itga4, as Hsp90b1 is 

required for transporting Itga4 from the Golgi to the cell membrane. Given that Itga4 is essential for 

T cell adhesion to endothelial cells (Holman et al., 2011), the loss of either Itga4 or Hsp90b1 

impaired T cell migration into the CNS and subsequently reduced EAE development. 

Among these expanded candidates, the Foxo1 and Klf2 related signaling pathway emerged as an 

interesting topic of exploration. Foxo1, a member of the forkhead box O (Foxo) transcription factor 

subfamily, is known for its critical role in regulating genes associated with T cell memory. For 

instance, Foxo1 enhances T cell factor (Tcf) expression, which mediates the development of central 

memory T cells in mice (Doan et al., 2024). Specific deletion of Foxo1 in T cells leads to an 

accumulation of single-positive thymocytes and dramatic reduction in CD4+ and CD8+ T cells in the 

peripheral blood circulation (Gubbels Bupp et al., 2009). Transcriptomic analyses of Foxo1-deficient 

T cells have revealed downregulation of key trafficking molecules, including L-selectin (Sell), S1pr1, 

Klf2, and Ccr7 (Gubbels Bupp et al., 2009). These changes explain the impaired migration of Foxo1-

knockout (KO) T cells exit from the thymus to the peripheral circulation.  

Klf2 was identified as a critical regulator of T cell migration and was also reported to function 

downstream of Foxo1 (Kerdiles et al., 2009). Previous findings by Odoardi et al. demonstrated that 

Klf2 is the most upregulated gene in T cells with a migratory phenotype, the T cells which are ready 

to migrate into the CNS, at the transcriptomic level (Odoardi et al., 2012). Alongside the Klf2, other 

migration-associated genes, including S1pr1, Itgb7, Ccr2, Sytl1, and Rhoh, were also upregulated in 

the T cells with migratory phenotype, with S1pr1 and Itgb7 being under the transcriptional control of 

Klf2 (Odoardi et al., 2012). These results position Klf2 as a key marker of migratory CD4+ T cells. 
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3.2. CRISPR-Cas9 Klf2 Knockout does not Alter Activated T Cell Activation and 

Function 

Although two rounds of CRISPR/Cas9 screening identified Klf2 as a candidate gene significantly 

influencing TMBP cell migration to the CNS during EAE (Figure 3B), the possibility of false-positive 

results remains possible. Reduction in TMBP cell migration to the CNS sometimes may not only due to 

the impaired migration-associated mechanisms but also from changes in T cell activation and 

proliferation. To further discuss how Klf2 functions, we established Klf2-KO TMBP cells to test their 

exact role in T cells during EAE. For accurate and efficient genome editing, we employed transient 

delivery of Cas9 protein complexed with Klf2 sgRNA, known as the ribonucleoprotein (RNP) system 

(Zhang et al., 2021). This method minimizes cell stress compared to double-viral transduction 

systems that require in vivo transcription and translation of Cas9, which can disrupt normal cellular 

functions and prolong in vitro culture. The RNP approach also has been proven could reduce off-

target effects, insertional mutagenesis, and immune responses while maintaining high editing 

efficiency (Zhang et al., 2021). 

To be able to track these edited cells in animals, TMBP cells were first transduced with EGFP for 

experimental T cells and BFP for control T cells. RNP-mediated CRISPR/Cas9 genome editing was 

then applied to generate Klf2-KO TMBP-GFP cells and control TMBP-BFP cells which were transfected with 

non-targeted sgRNA (NT) (Figure 4A). Knockout efficiency was validated using TIDE sequencing, and 

the KO score was above 60% (Figure 4B), meaning successful Klf2-KO in the majority of the cell 

population. 

To evaluate the impact of Klf2 deficiency on T cell proliferation and phenotype, we compared Klf2-

KO and NT TMBP cells number under standard in vitro culture conditions. In this system, rat primary 

TMBP cells were activated using mitomycin C-treated thymocytes (as antigen presenting cells, APCs) 

and MBP protein. The first two days of culture, termed the "restimulation phase" represents the 

activation period of our rat primary TMBP cells. Especially on the day 2 of culture, the cells exhibit 

peak protein synthesis and the largest observed cell size. This phase was followed by the "expansion 

phase" (from day 3 to day 6), during which IL-2 was supplemented to promote proliferation (Nelson 

and Willerford, 1998). While Klf2-KO and NT TMBP cells exhibited comparable numbers during the 

restimulation phase, Klf2-KO cells displayed a slightly enhanced proliferative capacity after entering 

the expansion phase, with cell numbers reaching approximately 1.5-fold that of NT controls by day 4 

(Figure 4C). 

About the activation status, we analyzed classic T cell surface activation markers expression on our 

Klf2-KO cells, including CD25 (IL-2 receptor alpha chain), CD134 (OX40 receptor), and the TCRβ (T cell 

receptor beta chain). By day 2 of activation, when T cells were at their peak activation state, Klf2-KO 
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TMBP cells expressed CD25 and CD134 at levels comparable to NT controls. TCRβ expression was 

slightly elevated in Klf2-KO cells, but the difference did not reach statistical significance (Figure 4D, 

F). 

Beyond evaluating activation markers, we also tested integrin expression to initially explore whether 

Klf2 deficiency influences T cell adhesion and migration. Integrins are critical mediators of T cell 

trafficking, as they facilitate interactions with endothelial cells and coordinate responses to 

chemokines and antigenic signals, thereby regulating cellular motility and tissue infiltration (Bertoni 

et al., 2018). Considering their central role in immune cell localization, any dysregulation in integrin 

expression could significantly impact T cell function. 

Flow cytometric analysis of key integrins, integrin α4 (CD49d) and integrin β1 (CD29), which form the 

VLA4 complex, as well as integrin αL (CD11a) and integrin β2 (CD18), components of the LFA1 

complex, revealed no significant differences in expression levels between Klf2-KO and NT TMBP cells 

(Figure 4E, F). Therefore, in vitro Klf2 deletion does not obviously influence the integrin expression. 

 

 

 

     

Figure continues on next page 
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Figure 4 Activated Klf2-KO TMBP Cells Proliferation, Activation and Adhesion in vitro 
A). CRISPR/Cas9-mediated Klf2-KO. Rat primary TMBP cells were first transduced with a retroviral vector 

encoding EGFP. Then further introduced Cas9 and Klf2 sgRNA to TMBP-GFP cells by electroporation to achieve RNP-

mediated CRISPR/Cas9 genome editing. B). TIDE Sequence Result. DNA sequence of the Klf2-KO and NT TMBP 

cells including KO intervention area was compared by ICE (Inference of CRISPR Edit) approach. C). Klf2-KO T 

Cells Proliferation. Klf2-KO and NT TMBP cells were co-cultured and their cell number was counted daily using 

flow cytometry from day 0 to day 6 under standard TMBP in vitro culture condition. Day 0 to 2 are considered as 

the restimulation phase of TMBP cells, and day 2 to 6 are extension phase. The ratio of Klf2-KO T cells to NT TMBP 

cells was then calculated. Data represent N=2 independent experiments. D,E). Activation (D) and Adhesion 

(E) Markers Expression in Klf2-KO T Cells. Flow cytometry plots show the surface expression of activation and 

adhesion markers in Klf2-KO and NT TMBP cells on day 2 post-activation. Gating strategy: lymphocytes →single 

cells → BFP+ or GFP+ populations. The expression was assessed using APC fluorescence. F). Quantification of 

Activation and Adhesion Markers Expression in Klf2-KO T Cells. The activation markers and adhesion 

molecules level were quantified by calculating the ΔMFI (MFI- MFI of isotype control) and normalizing it to the 

ΔMFI of NT control cells. MFI values were obtained using FlowJo. Statistical analysis was performed using two-

way ANOVA with multiple comparisons. Data is presented as mean ± SD (N = 3). 
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3.3. Klf2 KO TMBP Cells Fails to Induce EAE and Accumulate in the SLOs 

From the in vitro phenotype and proliferation analysis, Klf2-KO T cells displayed a mild increase in 

proliferative capacity and a comparable activation status as NT controls cells, proving that they were 

functionally able to induce EAE. This raised the question of whether Klf2 deletion affected their 

migratory ability in vivo. To answer this, we adoptively transferred Klf2-KO TMBP cells into rats and 

monitored clinical scores and body weight over time. As a reference, NT TMBP cells were injected in 

parallel to establish a standard EAE model. We also compared Klf2-KO TMBP cells EAE induction ability 

with Itga4-KO TMBP cells EAE induction, which has been already published (Kendirli et al., 2023). 

Surprisingly, Klf2-KO TMBP cells failed to induce any signs of EAE, similar with the outcome observed 

with Itga4-KO cells (Figure 5A). Rats injected with Klf2-KO cells showed no weight loss or 

neurological symptoms, indicating a complete inability to trigger the disease. Combing with the 

slightly enhanced Klf2-KO cells proliferation under in vitro culture condition, we could conclude that 

their failure to induce EAE was not due to intrinsic functional defects or proliferation impairment but 

rather to an impaired ability to reach the CNS. 

Although both Klf2-KO and Itga4-KO T cells resulted in an absence of EAE symptoms, their underlying 

migration behaviors were markedly different, as revealed by our genome-wide CRISPR/Cas9 screen 

(Figure 3B). Itga4-KO prevented TMBP cells from migrating into the CNS from both the blood and 

spleen. While Klf2-KO specifically impaired migration from the spleen to the CNS. Although our 

screening did not directly assess how Klf2-KO affects TMBP cells trafficking between the spleen and 

blood, the statistical analysis showed no significant difference in Klf2-KO TMBP cell amount between 

the blood and CNS (Figure 3B). This implies that in the absence of Klf2, TMBP cells may have a stronger 

tendency to remain in the spleen than circulating in the blood.  

For a more detailed look at the distribution pattern of Klf2-KO T cells in our adoptive EAE model and 

to determine which migration step Klf2 primarily regulates, we performed adoptive transfer EAE 

model to observe Klf2-KO cells in vivo distribution patterns (Figure 5B). Klf2-KO TMBP-GFP cells and NT 

TMBP-BFP cells were activated in vitro for two days. At the time point of their peak activation, the cells 

were mixed at a 1:1 ratio and intravenously injected into the same recipient rat. By day 3 post-

injection, when NT TMBP cells had begun infiltrating the CNS, evidenced by obvious weight loss in the 

host, we harvested and analyzed cell distribution across multiple compartments, including 

peripheral blood, spleen, ptLNs, CSF, spinal cord leptomeninges, and spinal cord parenchyma (Figure 

5B). 

Klf2-KO TMBP cells exhibited a unique regionally concentrated distribution pattern, characterized by a 

significant accumulation in SLOs, particularly in the ptLNs, where their numbers were nearly ten-fold 

higher than NT TMBP cells (Figure 5C, D). Also, their accumulation in the spleen was elevated, 
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approximately two to four-fold compared to control cells (Figure 5C, D). The accumulation in the 

spleen was notably less pronounced than in the ptLNs. Only a small fraction of Klf2-KO cells 

successfully entered the CNS, and their distribution among the spinal cord leptomeninges, CSF, and 

parenchyma showed no difference (Figure 5D). 

These findings suggest that Klf2 might play a role in facilitating T cell egress from SLOs. Unlike Itga4, 

which primarily mediates adhesion-dependent trafficking (Kendirli et al., 2023), Klf2 appears to be 

more likely to function in the T cells traffic between SLOs and bloodstream.  

 

 

 

 

 

 

Figure continues on next page 
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Figure 5 Klf2-KO TMBP Cells EAE Model and in vivo Distribution Pattern 
A). EAE clinical course by Klf2-KO and NT TMBP Cells. Clinical scores (bars) and relative body weight changes 

(lines) were monitored in rats following NT (blue), Itga4-KO (green) or Klf2-KO (pink) TMBP cell injection, body 

weights are normalized to day 0 (pre-injection). Each group: N = 3, mean ± SD. For comparison, the Itga4-KO 

TMBP cell data is included (Kendirli et al., 2023b). B). Setting of the Klf2-KO TMBP Cell in vivo Distribution 

Pattern. NT TMBP-BFP cells and Klf2-KO TMBP-GFP cells were activated in vitro, mixed at a 1:1 ratio, and intravenously 

injected into rats. Clinical scores and body weight were monitored daily post-injection. On day 3, when 

significant weight loss was observed, rats were sacrificed, and organs/compartments were harvested, including 

peripheral compartments (spleen, ptLNs, and blood) and CNS compartments (CSF, spinal cord leptomeninges, 

and spinal cord parenchyma). Tissues were homogenized, and the ratios of GFP+ and BFP+ cells in different 

compartments were analyzed by flow cytometry. C). Flow Cytometry Analysis of NT and Klf2-KO TMBP Cell 

Distribution. Flow cytometry plots depict the proportion of Klf2-KO TMBP-GFP and NT TMBP-BFP cells across different 

organs and compartments on day 3 post-injection. Gating strategy: lymphocytes →single cells →BFP+ or GFP+ 

populations. BFP+ cells are gated in blue, and GFP+ cells in green. D) Quantification of Klf2-KO TMBP Cell 

Distribution in Organs. Cell counts for GFP+ and BFP+ populations were obtained via FlowJo analysis. To account 

for inter-individual variability, the upper bar chart shows GFP+/BFP+ ratio in all compartments examined. The 

lower chart only shows the cell ratio in CNS compartments. The GFP+/BFP+ ratio in each compartment was all 

normalized to the ratio in the blood of the same animal. A value of 1 indicates equal distribution between blood 

and the respective compartment, values >1 indicate Klf2-KO GFP+ cell accumulation in that compartment 

compared to blood, and values <1 indicate reduced presence relative to blood. Statistical analysis was performed 

using one-way ANOVA with multiple comparisons. Data is presented as mean ± SD (N = 8). 

 



RESULTS 

64 
 

3.4. Klf2 KO cells Exhibits High Activation Status in the SLOs 

To further explore the mechanisms underlying the preferential retention of Klf2-KO TMBP cells in 

SLOs, we first examined their activation status and cytokine production. GFP+ (Klf2-KO) and BFP+ (NT) 

TMBP cells from the spleen and ptLNs on day 3 post-intravenous administration in a Klf2-KO TMBP-

GFP/NT TMBP-BFP 1:1 co-transfer EAE model, were used for flow cytometry analysis (Figure 6A). TCR 

expression, the central receptor that induce CD4+ T cell activation via antigen recognition, was 

slightly upregulated in Klf2-KO T cells compared to NT T cells. In addition, the analysis of CD25 and 

CD134 expression revealed that CD25 expression was significantly upregulated in Klf2-KO TMBP cells 

than in NT control cells within ptLNs. Meanwhile their CD134 expression were not changed 

compared to control (Figure 6B, C). Both CD25 and CD134 serve as activation markers for T cells, as 

their expression levels increase upon T cell activation. However, their upregulation depends on 

different mechanisms. For instance, CD134 expression upregulation strictly regulated by TCR 

signaling (Redmond et al., 2009), CD25 expression upregulation can be induced by either TCR or IL-2 

induced STAT5 signaling way (Shatrova et al., 2016). Additionally, previous research from Dr. 

Kawakami revealed that in our rat primary TMBP cells model, TCR expression downregulates when T 

cells get activated in an antigen dependent manner (Aboul-Enein et al., 2004).  

Beyond activation markers, we assessed cytokine production, focusing on IFN-γ, IL-17A, and TNF-α, 

key effector molecules of Th1 and Th17 cells. Detecting cytokine expression is essential for 

understanding the functional properties of autoreactive T cells. Flow cytometry allows us to 

compare cytokine production between GFP+ (Klf2-KO) and BFP+ (NT control) T cells in tissue 

suspensions from the spleen and ptLNs. However, it is difficult to detect under standard intracellular 

staining protocols, as newly synthesized cytokines are rapidly secreted. Also, the overall amount of 

cytokines produced by each T cell is relatively low, making it difficult to detect subtle changes in 

expression.  

To overcome these limitations, we cultured cells ex vivo in the presence of brefeldin A, with or 

without additional stimulation by PMA and ionomycin. The analysis without stimulation shows 

baseline cytokine production, while one with stimulation reveal the potential to secrete cytokines. 

Brefeldin A was used to inhibit intracellular protein transport, ensuring that newly synthesized 

cytokines remained within the cells during the culture period, thereby reaching detectable levels 

(Schuerwegh et al., 2001). PMA and ionomycin, which activate the nuclear transcription factor-

kappa B (NF-κB) and NFAT signaling pathways (Lee et al., 2023), were included to amplify cytokine 

production. Cells cultured with only brefeldin A were designated as the “unstimulated”, while those 

exposed to brefeldin A along with PMA and ionomycin were classified as “stimulated”. 
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Klf2-KO cells from both the spleen and ptLNs exhibited slightly elevated levels of IFN-γ and IL-17A 

under unstimulated condition compared to NT cells, suggesting mildly heightened inflammatory 

phenotype. When extra stimulation was performed, TMBP cells isolated from both organs (ptLNs and 

the spleen) showed four distinct population based on IFN-γ and IL-17A staining: IFN-γ⁻IL-17A⁻ 

(nonpolarized), IFN-γ⁺IL-17A⁻ (Th1), IFN-γ⁻IL-17A⁺ (Th17), and IFN-γ⁺IL-17A⁺ (dual Th1/Th17) (Figure 

6D).  

PMA and ionomycin stimulation enhanced production of cytokines in general, but Klf2-KO TMBP cells 

displayed significantly increased IFN-γ and IL-17A production compared with NT controls. Another 

interesting result is despite their heightened production of IFN-γ and IL-17A, Klf2-KO TMBP cells did 

not exhibit any bias toward either the Th1 or Th17 lineage, maintaining a Th1/Th17 distribution 

similar to NT control cells (Figure 6D, E). Additionally, the expression of TNF-α upregulated only in 

the Klf2-KO cells collected from the ptLNs (Figure 6F), which is different than the IFN-γ and IL-17A 

production change. TNF-α has been widely admitted as a strong pro-inflammatory factor, which is 

secreted by inflammatory immune cells. Study also revealed that TNF-α is not only a product 

synthesized by CD4+ T cells, but also function as shaping Th1/Th17 polarization (Pesce et al., 2022). 

With the stimulation of TNF-α more cells differentiated to Th17 phenotype, alongside an enhanced 

capacity of in Th1 cells (Pesce et al., 2022).  

Taken together, we revealed that Klf2-KO T cells exhibited higher CD25 expression compared with 

NT control T cells in SLOs during EAE induction, which is different with the activation phenotype 

observed during standard in vitro culture. At the same time, Klf2-KO T cells produce more IFN-γ, IL-

17A and TNF-α compared to NT T cells, especially in ptLNs, where Klf2-KO T cells were highly 

accumulated during EAE. Despite showing marked pro-inflammatory profile in SLOs, Klf2 deficiency 

did not alter the Th1/Th17 differentiation. Considering the absence of MBP antigen in rat SLOs as 

well as a different upregulation between CD25 and CD134 as described before, high pro-

inflammatory profile in Klf2-KO T cells seem due to a failure to downregulate the pro-inflammatory 

function as control cells.  
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Figure 6 Phenotypic Analysis of Klf2-KO TMBP Cells in Spleen and ptLNs at the Onset of EAE 
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A). Experimental Design for Phenotypic Analysis of Klf2-KO TMBP Cells. NT TMBP-BFP and Klf2-KO TMBP-GFP cells were 

activated in vitro, mixed at a 1:1 ratio, and intravenously injected into rats. Three days post-injection, when 

significant weight loss was observed, rats were sacrificed, and GFP⁺/BFP⁺ TMBP cells were isolated from the 

spleen and ptLNs. Flow cytometry was performed to assess the expression of activation markers and cytokines. 

B). Activation Profile of Klf2-KO TMBP Cells. Flow cytometry plots depict the expression of surface activation 

markers on Klf2-KO TMBP cells (green) and NT TMBP cells (blue) in the spleen (top row) and ptLNs (bottom row). 

Gating strategy: lymphocytes → single cells → BFP⁺ or GFP⁺ populations → APC fluorescence detection. C). 

Quantification of Surface Activation Marker Expression. ΔMFI values (MFI - MFI isotype control) of surface 

activation markers in Klf2-KO TMBP cells were normalized to NT TMBP control cells. Statistical significance was 

determined using two-way ANOVA with multiple comparisons. Data is presented as mean ± SD (N = 3). D). IFN-

γ and IL-17A Production in Klf2-KO TMBP Cells. Flow cytometry plots illustrate IFN-γ and IL-17A expression in 

Klf2-KO (green) and NT TMBP cells (blue) from the spleen (top) and ptLNs (bottom). Left: cytokine expression in 

unstimulated group. Right: cytokine expression following ex vivo PMA/Ionomycin stimulation. Gating strategy: 

lymphocytes → single cells → BFP⁺ or GFP⁺ populations → APC and PE fluorescence detection. E). 

Quantification of IFN-γ⁺ and IL-17A⁺ Populations. The percentage of IFN-γ⁺ and IL-17A⁺ cells was quantified (N = 

1). F). TNF α Production in Klf2-KO TMBP Cells. Flow cytometry plots in the left illustrate TNF-α production in 

Klf2-KO (green) and NT TMBP cells (blue) from the spleen (top) and ptLNs (bottom) under ex vivo 

PMA/Ionomycin stimulation. Gating strategy: lymphocytes → single cells → BFP⁺ or GFP⁺ populations → APC 

fluorescence detection. Right dot plots show the quantified TNF-α production level with (left) and without 

(right) ex vivo PMA/Ionomycin stimulation. Quantification was performed by calculating the ΔMFI (MFI- MFI of 

isotype control) and normalizing it to the ΔMFI of NT control cells. MFI values were obtained using FlowJo. 

Statistical analysis was performed using two-way ANOVA with multiple comparisons. Data is presented as 

mean ± SD (N = 3). 

 

 

3.5. Klf2 KO TMBP Cells Exhibits Distinct Ccr7 Expression in SLOs 

For answering the question of why Klf2-KO TMBP cells stopped migrating into the CNS and instead 

accumulated in the SLOs, we first examined the key homing molecule Ccr7. Up to date, Ccr7 has 

been well-established as a classic homing molecule that induce both T cell entry into and retention 

within lymphoid nodes (Masopust and Schenkel, 2013). Ccr7, expressed on the surface, guides T cells 

to high endothelial venules (HEVs) where the Ccl21 (ligand of Ccr7) is abundantly expressed. It 

induces conformational changes in integrins expressed on T cells, enabling their interaction with 

ligands presented by HEVs, thereby further promoting the entire migration process into the LNs 

(Masopust and Schenkel, 2013). Within the LNs, especially in the T cell zone, Ccl19 (another ligand of 

Ccr7) and Ccl21 are highly abundant and act as the T cells retaining signals.  

During in vitro culture, the Ccr7 expression was comparable between Klf2-KO and NT TMBP cells 

(Figure 7A). When we quantified the expression levels by calculating ΔMFI values (Figure 7C), Klf2-KO 

TMBP cells showed a slight increased Ccr7 expression, but no statistical difference. Upon entering 

SLOs during adoptive transfer EAE, TMBP cells undergo a phenotypic transition, shifting from an 

activated state to a migratory phenotype characterized by upregulation of integrins and chemokine 

receptors required for CNS infiltration (Flügel et al., 2001). To test whether deletion of Klf2 change 

the expression of Ccr7 in migratory T cells, we next examined the Ccr7 expression in Klf2-KO and NT 
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TMBP cells isolated from the spleen and ptLNs by the third day post-intravenous injection in a 1:1 co-

transfer EAE model. Flow cytometry analysis revealed a pronounced increase in Ccr7 expression in 

Klf2-KO TMBP cells within the ptLNs. In the spleen, Ccr7 expression was also slightly upregulated, with 

the increase reaching statistical significance (Figure 7B, C). This increase expression of Ccr7 in ptLNs 

and the spleen happened together with their preferential retention of Klf2-KO cells in these organs. 

Combining with the previously described function of Ccr7, our results lead to the hypothesis that the 

overexpression of Ccr7 is a reason of Klf2 deficient TMBP cells highly accumulate in the SLOs.  

 

Figure 7 Expression of Ccr7 in Klf2-KO TMBP Cells 
A). Ccr7 Expression in vitro. Flow cytometry plots illustrate the expression of Ccr7 in Klf2-KO TMBP cells 

(green) compared to NT TMBP cells (blue) at day 2 of standard in vitro culture conditions. B). Ccr7 Expression 

in Klf2-KO TMBP Cells During EAE. Ccr7 expression in Klf2-KO TMBP cells (green) and NT TMBP cells (blue) from 

the spleen (left) and ptLNs (right) by the third day post-intravenous injection in a co-transfer EAE model. C). 

Quantification of Ccr7 Expression. ΔMFI values (MFI - MFI isotype control) of Ccr7 in Klf2-KO TMBP cells, 

normalized to NT TMBP control cells in different experimental conditions. Statistical analysis was performed 

using two-way ANOVA with multiple comparisons. Data is presented as mean ± SD (N = 3). 

 

3.6. Ccr7 Function in the T Cell Migration 

To confirm the hypothesis in the previous chapter and to investigate the function of Ccr7 in TMBP cells 

induced EAE model, we generated Ccr7-KO TMBP cells by applying the same RNP-mediated 

CRISPR/Cas9 genome editing approach as used for generating Klf2-KO TMBP cells. Knockout efficiency 

was validated using TIDE sequencing, and the KO score was above 60% (Figure 8A), confirming 

successful Ccr7-KO in the majority of the cell population. Afterwards, we conducted an adoptive 

transfer EAE model examining Ccr7-KO TMBP cells distribution in organs especially to SLOs. The overall 

process is shown as below (Figure 8B), after in vitro activation, Ccr7-KO TMBP-GFP cells were co-

transferred at a 1:1 ratio with NT TMBP-BFP control cells into recipient rats. On day 3 post-injection, a 

time point when rats began to significant loss weight, we harvested peripheral and CNS 

organs/compartments and analyzed the distribution of GFP+ and BFP+ cells (Figure 8B). 

By Flow cytometric analysis, we found that Ccr7-KO TMBP cells appear obviously less in the ptLNs 

compared to NT TMBP control cells, while their distribution in the spleen is comparable to the control 
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(Figure 8C, D). The unbalanced distribution between ptLNs and spleen from this experiment clearly 

pointed out that Ccr7 is specifically required for T cell recruitment into ptLNs, but dispensable for 

entering the spleen. It is also worth mentioning that Ccr7-KO TMBP cells exhibited no significant effect 

on T cell migration into the CSF, spinal cord leptomeninges, or parenchyma compared to NT controls 

(Figure 8C, D). Hence Ccr7 expression on the T cell surface appears essential for T cell migration to 

ptLNs, but has no influence on guiding/inhibiting TMBP cells to enter the spleen and the further 

infiltration into the CNS. 

Figure 8 in vivo Distribution Pattern of Ccr7-KO TMBP Cells in the EAE Model 
A). TIDE Sequence Result. DNA sequence of the Ccr7-KO and NT TMBP cells including KO intervention area was 

compared by the ICE (Inference of CRISPR Edit) approach. B). Experimental Design for Ccr7-KO TMBP Cell in 
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vivo Distribution Pattern. NT TMBP-BFP and Ccr7-KO TMBP-GFP cells were activated in vitro, mixed at a 1:1 ratio, 

and intravenously administered into rats. Clinical scores and body weights were recorded daily. On day 3 post-

injection, rats were sacrificed, and tissues including peripheral compartments (spleen, ptLNs, and blood) and 

CNS compartments (CSF, spinal cord leptomeninges, and spinal cord parenchyma) were collected. The 

distribution of GFP⁺ and BFP⁺ cells was assessed by flow cytometry. C). Flow Cytometry Analysis of Ccr7-KO 

TMBP Cell Distribution. Representative flow cytometry plots show the distribution of Ccr7-KO TMBP-GFP and NT 

TMBP-BFP cells across various compartments on day 3 post-injection. Gating strategy: lymphocytes → single cells 

→ BFP+ or GFP+ populations. BFP⁺ cells are gated in blue, and GFP⁺ cells in green. D). Quantitative Assessment 

of Ccr7-KO TMBP Cell Distribution in Organs. Numbers of GFP+ and BFP+ T cells in each organ were quantified 

by using FlowJo and used to calculate GFP+/BFP+ ratios in each organ. To correct for inter-individual variability, 

the GFP+/BFP+ ratio in each compartment was normalized to the ratio in blood. A value of 1 indicates 

proportional distribution relative to blood, values >1 denote enrichment in the given compartment, and values 

<1 suggest a lower presence compared to circulation. Statistical analysis was conducted using one-way ANOVA 

with multiple comparisons. Data is presented as mean ± SD (N = 3). 

 

3.7. Ccr7 Causes Klf2 KO T cells to Accumulate in the Lymph Nodes 

We revealed that T cells lacking Ccr7 fail to migrate to the ptLNs in the EAE model. To determine 

whether the abnormally high Ccr7 expression in Klf2-KO T cells is the exact reason of their 

accumulation in ptLNs, we generated a double knockout model targeting both Klf2 and Ccr7 in the 

same TMBP cell population. Via RNP-mediated CRISPR/Cas9 approach, we transiently delivered Klf2 

sgRNA together with Cas9 into pre-established Ccr7-KO TMBP-GFP cells (Figure 8A, 9A). Afterwards Klf2 

KO efficiency was validated at the DNA level, with knockout scores exceeding 60%, ensuring 

effective deletions conducted in both genes (Figure 9B). 

In the next step the migration ability of Ccr7&Klf2-KO TMBP-GFP cells was examined by using the similar 

adoptive transfer EAE model to observe gene edited TMBP cell distribution in organs as previously 

described. In this experiment, Ccr7&Klf2-KO TMBP-GFP cells and NT TMBP-BFP cells were activated in vitro, 

mixed at a 1:1 ratio, and intravenously injected into rats. On day 3 post-injection, when rats started 

obvious weight loss, we collected organs and compartments to test the distribution of GFP+ and BFP+ 

cells in both peripheral and CNS compartments (Figure 9C, D). To better understand the changes 

after Ccr7 deletion in Klf2-KO TMBP cells, we compared the distribution results of Ccr7&Klf2-KO TMBP 

cells with the previously described distribution patterns of Klf2-KO TMBP-GFP cells (Figure 9E). 

Ccr7&Klf2-KO TMBP showed a striking shift of the distribution pattern compared to Klf2-KO TMBP-GFP 

cells. Ccr7 deficiency leads Klf2-KO cells to no longer accumulate in ptLNs. In contrast, the 

accumulation in the spleen was not affected by the absence of Ccr7, where Ccr7&Klf2-KO and Klf2-

KO TMBP-GFP cells numbers were at a similar level above the NT control cells (Figure 9E). These results 

confirmed that high expression of Ccr7 indeed is an important cause for Klf2-KO cells accumulating 

in ptLNs. The number of Klf2-KO T cells in CNS compartments showed only a slight increase after 

Ccr7 deletion (although not statistically significant), suggesting that the reduced migration of Klf2-KO 
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cells in the CNS is not primarily due to high Ccr7 expression (Figure 9E) and additional unknown 

pathways contribute to inhibiting T cells infiltration into the CNS in the absence of the Klf2 

transcription factor.   

 

 

Figure continues on next page 
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Figure 9 Ccr7& Klf2-KO TMBP cells in vivo Distribution Pattern in EAE Model 
A). Generation of Ccr7& Klf2-KO TMBP-GFP Cells. Rat primary TMBP cells were first transduced with a retroviral 

vector encoding EGFP, yielding TMBP-GFP cells. To generate Ccr7-KO TMBP-GFP cells, Cas9 and sgKlf2 RNA were 

transiently introduced via RNP-mediated CRISPR/Cas9 genome editing (Ccr7-KO efficiency shown in Figure 8A). 

Following six days of in vitro culture, these Ccr7-KO TMBP-GFP cells were reactivated with fresh deactivated 

thymocytes and MBP. On day 2 post-activation, a second round of CRISPR/Cas9 editing was performed using 

sgKlf2 RNA, effectively knocking out Klf2 in the Ccr7-deficient TMBP-GFP cells. B). TIDE Sequence Result. DNA 

sequence of the Ccr7&Klf2-KO and NT TMBP cells including Klf2-KO intervention area was compared by the ICE 

(Inference of CRISPR Edit) approach. C). Experiment Design. NT TMBP-BFP cells and Ccr7& Klf2-KO TMBP-GFP cells 

were activated in vitro, mixed 1:1, and intravenously injected into rats. Clinical scores and body weights were 

monitored daily. On day 3, when significant weight loss was observed, rats were sacrificed, and peripheral 

(spleen, ptLNs, blood) and CNS (CSF, spinal cord leptomeninges, parenchyma) compartments were collected for 

flow cytometry analysis. D). Flow Cytometry Analysis of Ccr7& Klf2-KO TMBP cells Distribution. 

Representative flow cytometry plots show distribution of Ccr7& Klf2-KO TMBP-GFP cells (green gate) and NT TMBP-

BFP cells (blue gate) across different compartments on day 3. Gating strategy: lymphocytes → single cells → BFP+ 

or GFP+ populations. E). Quantification of Ccr7& Klf2-KO TMBP Cell Distribution in Organs. GFP+/BFP+ cell 

counts were normalized to the ratio in the blood of the same animal. Also the cells in vivo distribution pattern 
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between Ccr7&Klf2-KO TMBP cells and Klf2-KO TMBP cells was compared. A value of 1 indicates equal 

distribution, >1 reflects accumulation in the compartment, and <1 denotes reduced presence. Statistical analysis: 

one-way ANOVA with multiple comparisons. Data shown as mean ± SD (N = 3). 

 

 

3.8. S1pr1 Signaling Pathway in the Klf2-KO Cells 

Although elevated Ccr7 expression explains the preferential retention of Klf2-KO T cells in ptLNs, it 

could not explain for their accumulation in the spleen or their impaired migration ability into the 

CNS. Therefore, we turned our attention to another key molecule, S1pr1. S1pr1 is a GPCR that 

function as a strong driver for T cell to exit from lymphoid tissues into the blood circulation 

(Matloubian et al., 2004). Previous research has identified that Klf2 is the direct upstream 

transcription factor which promotes S1pr1 expression (Carlson et al., 2006). The way S1pr1 mediates 

cell migration relies on the concentrations difference of S1p among different tissues/organs. When 

the surrounding around T cells includes low concentration of S1p, S1pr1 present on the cell surface, 

mediating T cell migration towards high S1p concentration areas. When reaching the site with high 

S1p concentration (for example blood plasma), S1p immediately binds with S1pr1, mediating its 

internalization (Drouillard et al., 2018). Due to the high dynamics of S1pr1 localization between cell 

surface and cytoplasm as described, and the difficulty in finding anti-rat S1pr1 specific antibodies for 

staining, it is difficult to directly detect the level of S1pr1 expression on the T cells by flow cytometry 

staining in our study. Therefore, we conducted the transwell chemotaxis assay as compensatory 

experiments to indirectly validate the function of S1pr1 in T cell migration and to evaluate its 

expression level on different T cell groups. 

First, to prove the role of S1pr1 in T cell migration as well as establish the transwell chemotaxis 

assay, we performed the assay with S1pr1-KO TMBP cells. The S1pr1-KO TMBP cells were generated by 

Dr. Lämmle using RNP-mediated CRISPR/Cas9 genome editing, following the same method used to 

establish Klf2-KO and Ccr7-KO T cells, as described previously (Kendirli et al., 2023b). The transwell 

system includes three parts, an upper chamber to seed testing cells, a lower chamber containing 

corresponding chemoattractants, and a microporous membrane functioning as the separation 

between two chambers and to avoid cells passing through due to gravity but allowing the gradual 

diffusion of chemoattractants and permitting the cells active migration in response to chemotactic 

gradients (Figure 10A). Since massive S1p exist in serum, under standard serum-rich culture 

conditions, S1pr1 is always staying in an internalized condition in cells. As only S1pr1 expressed on 

the cell surface could respond to S1p concentration gradient, we had to recover its surface 

expression before the transwell chemotaxis assay.  
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Hence, we mixed S1pr1-KO TMBP-GFP cells and NT TMBP-BFP cells at a 1:1 ratio and seeded them in the 

upper chamber of a transwell system with serum-free medium. After a one-hour recovery 

incubation, different chemoattractants were added to the lower chamber. The cells were then left 

undisturbed for four hours, afterwards the ratio of GFP+ to BFP+ cells in the lower chamber was 

quantified by flow cytometry (Figure 10A). Compared to BFP+ NT control T cells, GFP+ S1pr1-KO T 

cells exhibited a markedly reduced response to S1p in a dose dependent manner (Figure 10B). This 

result confirmed the effectiveness of the transwell chemotaxis assay in evaluating the molecular 

function of S1pr1 in T cells. 

Therefore, in next step, we applied the transwell chemotaxis assay with Klf2-KO TMBP cells by mixing 

them with NT TMBP-BFP cells at a 1:1 ratio and placing them in the upper chamber. In the lower 

chamber we added a different concentration of S1p, after four hours incubation, same as the result 

with S1pr1-KO TMBP-GFP cells (Figure 10C). Compared to the BFP+ control T cells, GFP+ Klf2-KO T cells 

showed a remarkably reduced reaction for S1p chemotaxic signal. In contrast, GFP+ Klf2-KO T cells 

and BFP+ control T cells migrate similarly against the CCL5 chemotaxis gradient (Figure 10C). This 

significantly weakened responsiveness to S1p in Klf2-KO T cells, combined with the notably low 

S1pr1 mRNA expression under standard in vitro culture conditions (Figure 10D), strongly confirms 

that Klf2 deficiency leads to a marked reduction in S1pr1 expression. This might further explain their 

massive accumulation in SLOs during EAE.  

 

Figure 10 S1pr1 Expression and Functional Assessment in Klf2-KO TMBP Cells 
A). Experiment Design of the Transwell Chemotactic Assay. KO TMBP-GFP and NT TMBP-BFP cells were cultured 

in vitro for six days after their stimulation, mixed at a 1:1 ratio, and plated in the upper chamber of a transwell 

system. Cells were incubated in advance for 1 hour in serum-free medium to allow S1pr1 reappear on the 
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surface. The lower chamber contained either no chemoattractant (negative control), CCL5 (positive control), or 

varying concentrations of S1p. An additional "original ratio" control group was included by directly adding the 

mixed cell suspension into the lower chamber. After four hours, the proportion of GFP+ and BFP+ cells 

migrating into the lower chamber was quantified via flow cytometry. B, C). Quantification of S1pr1-KO TMBP 

Cells (B) and Klf2-KO TMBP Cells (C) in vitro Migration. GFP+/BFP+ ratios in the lower chamber were 

normalized to their respective baseline ratios from the "original ratio" group. A value of 1 indicates equal 

distribution, >1 signifies enhanced migratory capacity of GFP+ cells, and <1 reflects impaired migration. 

Statistical analysis was performed using one-way ANOVA with multiple comparisons. Data is presented as 

mean ± SD (N = 4). D). S1pr1 mRNA expression in Klf2-KO TMBP Cells. Relative mRNA expression of S1pr1 in 

Klf2-KO TMBP cells is normalized to NT TMBP controls. Statistical analysis was performed using unpaired t test. 

Data is presented as mean ± S.E.M (N = 4). 

 

3.9. S1pr1 Overexpression Reduces Klf2 KO T Cell Accumulation in the Lymph 

Nodes 

Klf2-KO T cells display impaired responsiveness to S1p chemotaxis, coupled with a significant 

reduction in S1pr1 mRNA levels, which firmly proved that S1pr1 expression is indeed visibly reduced. 

Given that S1pr1 is essential for T cell egress from lymphoid tissues, the expression deficiency likely 

contributes to their accumulation in SLOs. Therefore, to further validate the involvement of S1pr1 

deficiency in the reason of Klf2-KO T cells being trapped in the SLOs, we generated a retroviral 

construct encoding S1pr1 along with an EGFP reporter (Figure 11A). After the retroviral transduction 

to TMBP cells and selection of successfully transduced T cells with antibiotic, we obtained S1pr1OE 

(overexpressed) TMBP-GFP cells. In next step we knocked out Klf2 in S1pr1OE TMBP-GFP cells using RNP-

mediated CRISPR/Cas9 genome editing, generating S1pr1OE Klf2-KO TMBP-GFP cells (Figure 11A). 

Unfortunately, the highest Klf2 Knockout efficiency we could get in S1pr1OE Klf2-KO TMBP-GFP cells is 

only around 27% (Figure 11B). Nevertheless, we performed the transwell chemotaxis assay to 

confirm that S1pr1 overexpression restores its expression in Klf2-deficient T cells, similar as 

previously described (Figure 10A). Indeed, the S1pr1OE Klf2-KO TMBP-GFP cells shows as similar 

responsiveness to the chemotactic effect of S1P as NT control TMBP-BFP cells, which indirectly confirms 

the S1pr1 expression was successfully recovered (Figure 11C). 

Considering that around 27% of T cells still exhibit Klf2 deficiency, but S1pr1 expression has been 

fully recovered, we decided to still proceed with the in vivo migration assay to assess any changes in 

the distribution pattern. S1pr1OE Klf2-KO TMBP-GFP cells were mixed with NT TMBP-BFP cells in a 1:1 ratio 

and intravenously injected into the rat. Three days after injection, we compared the distribution of 

GFP+ cells and the BFP+ cells across various peripheral and CNS compartments (Figure 11D). 

Additionally, to provide a clearer assessment of how S1pr1 overexpression influences migratory 

behavior, the migration profile of S1pr1OE Klf2-KO TMBP-GFP cells was compared to the previously 
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shown Klf2-KO TMBP as well as the S1pr1-KO TMBP cells, which our group already published (Kendirli et 

al., 2023a) (Figure 11E). 

Compared to NT control TMBP cells injected into the same individual, S1pr1OE Klf2-KO TMBP-GFP cells 

showed a slightly higher number of cells in the spleen and ptLNs, while slightly fewer cells were 

distributed in the CNS compartment (Figure 11E). 

It is difficult to directly compare the S1pr1OE Klf2-KO TMBP-GFP cells distribution pattern with Klf2-KO 

cells due to differences in Klf2-KO efficiency. However, when comparing the distribution patterns of 

S1pr1-KO cells and Klf2-KO TMBP cells, we observe that S1pr1 primarily facilitates T cells egress from 

the ptLNs rather than from the spleen. The S1pr1-KO cells distribute in the spleen remains in the 

same level as that of NT control T cells (Figure 11E).  

As for the CNS infiltration, although the Klf2 KO efficiency is low, S1pr1OE Klf2-KO TMBP-GFP cells still 

exhibited reduced infiltration compared to NT control cells in the same individuals, even after S1pr1 

surface expression was restored (Figure 11E). This indicates that S1pr1 deficiency is not the main 

reason for Klf2-deficient T cells to fail to infiltrate the CNS. Instead, another pathway is likely 

responsible for this impairment. 

 

Figure continues on next page 
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Figure 11 S1pr1OE Klf2-KO TMBP Cells Distribution Pattern in the EAE Model 
A). Generation of S1pr1OE Klf2-KO TMBP cells and Further in vivo Distribution Pattern Evaluation. Rat 

primary TMBP cells were transduced with a retroviral vector encoding both S1pr1 and EGFP, generating 

S1pr1OETMBP-GFP cells. Klf2 knockout was then induced via RNP-mediated CRISPR/Cas9 genome editing, followed 

by Tide sequence validation. After activation with fresh deactivated thymocytes and MBP, cells were mixed 1:1 

with NT TMBP-BFP cells and intravenously injected into rats. Three days post-transfer, GFP+ and BFP+ cell 

distributions were analyzed across peripheral and CNS compartments. B). TIDE Sequence Result. DNA 

sequence of the S1pr1OEKlf2-KO and NT TMBP including Klf2-KO intervention area was compared by the ICE 

(Inference of CRISPR Edit) approach. C). S1pr1 Overexpression Validation. By Transwell Chemotactic Assay, 

same as Figure 10A, it was confirmed that S1pr1OEKlf2-KO TMBP-GFP express functional S1pr1 on the surface, 

control cells are NT TMBP-BFP cells. GFP+/BFP+ ratios in the lower chamber were normalized to their respective 

baseline ratios from the "original ratio" group. Statistical analysis was performed using one-way ANOVA with 

multiple comparisons. Data is presented as mean ± SD (N = 3). D). Distribution of S1pr1OE Klf2-KO TMBP Cells 

in vivo. Flow cytometry plots depict the localization of S1pr1OE Klf2-KO TMBP cells (green) and NT TMBP-BFP cells 

(blue) across different compartments on day 3. Gating: lymphocytes → single cells → BFP+ or GFP+ 

populations. E). Quantification of S1pr1OE Klf2-KO TMBP Cells Distribution in Organs. GFP+/BFP+ ratios were 

calculated in each organ and normalized to one in the blood within the same animal. Values >1 indicate 

compartmental accumulation, while values <1 reflect reduced migration. Statistical analysis: one-way ANOVA 

with multiple comparisons. Data presented as mean ± SD (N = 3). 
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3.10. Klf2 Affects T Cells Transmigration 

Although our results suggest that Klf2 deficiency led to a reduced S1pr1 expression and an enhanced 

Ccr7 expression, which were the two main reason for massive accumulation of Klf2-KO cells in SLOs. 

In addition, we also revealed that less Klf2-KO T cells migrate from blood to CNS compared to NT T 

cells (Figure 5D). To analyze which steps of T cell migration through the BBB is inhibited, we applied 

intravital two-photon imaging. With this method, we can directly visualize the process of how T cells 

slow down within the blood vessels of the leptomeninges in the rat spinal cord, gradually break 

through the BBB and infiltrate the CNS (Kawakami and Flügel, 2010). To this end, we injected a 1:1 

mixture of Klf2-KO TMBP-GFP cells and NT TMBP-BFP cells intravenously. On the third day post-injection, 

we imaged the dynamic changes in the presence, distribution, and movement of Klf2-KO TMBP-GFP 

cells and control NT TMBP-BFP cells within the leptomeninges blood vessels of the spinal cord (Figure 

12A).  

The result unfortunately was not satisfactory and failed to undoubtedly answer the question. During 

imaging, large numbers of both NT TMBP-BFP cells and Klf2-KO TMBP-GFP had already infiltrated the CNS, 

with only a few cells remaining in the leptomeninges blood vessels (Figure 12B). We speculate the 

main reason for observing so few GFP+ and BFP+ cells in the intraluminal space is that the imaging 

time point was too late. Nevertheless, from the imaging data, we identified only one Klf2-KO TMBP-GFP 

cell crawling along the intraluminal surface. This cell began crawling at the start of the recording (0 

min) and continued until 16 min but ultimately failed to cross the BBB. Instead, it ceased crawling, 

detached from the intraluminal surface, and remained within the blood vessel (Figure 12B). 

Additionally, we observed several Klf2-KO TMBP cells that remained within blood vessel area, while 

only one BFP+ NT control cell was found in there. The presence of more GFP+ Klf2-KO cells in this 

area compared to BFP+ control cells, combined with the observed dynamic movement of a GFP+ T 

cell on the intraluminal surface of the vessel (Figure 12B), suggests that Klf2 deficiency may impair 

the transmigration of T cells. However, given the limitations of the current imaging data, we plan to 

repeat this experiment in the future. As a supplementary approach, we have also analyzed the 

expression of integrins in these cells to evaluate their migratory capacity. 

 

Figure continues on next page 
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Figure 12 Leptomeningeal imaging following co-transfer of TMBP Klf2-KO cells 
A) Experimental design. TMBP Klf2-KO and TMBP NT cells were in vitro restimulated and were injected in a 1:1 

mix into rats. After three days intravital 2-photon imaging was performed. B) Time-lapse Images Tracking 

TMBP cells along the Meningeal Vasculature. Cyan indicates BFP+ TMBP NT cells, green indicates GFP+ 

TMBP Klf2-KO cells, solid arrows point to cells crawling on the intraluminal surface, and hollow arrows point to 

cells found in the blood vessels area.  

 

Since our result showed that Klf2-KO cells failed to migrate into the CNS, we further studied integrin 

expression on the Klf2-KO cells. If integrin expression is altered on the surface of the Klf2-KO cells, it 

could explain the infiltration impairment. Since T cells get phenotypical changes after being injected 

into the rats, we isolated them from the rat and further analyzed integrin expression as similar as 

those for detecting the activation of Klf2-KO cells (Figure 6A). On the third day after intravenous 

injection of a 1:1 mixture of Klf2-KO TMBP cells and NT TMBP-BFP cells, the expression of key integrin 

components (CD49d, CD29, CD11a and CD18) in the spleen and ptLNs was tested in both GFP+ and 

BFP+ T cells. We found a significant reduction in CD49d expression in Klf2-KO TMBP-GFP cells across 

both the spleen and ptLNs compared to NT TMBP-BFP cells in the same organs. Similarly, CD29 

expression was also decreased, particularly in ptLNs, though to a lesser extent than CD49d (Figure 

13). CD49d and CD29 together form the VLA4 complex, which mediate immune cell firm adhesion to 

VCAM1 on endothelial cells (Martin-Blondel et al., 2015). The downregulation of VLA4 lead to the 



RESULTS 

80 
 

impairment of the adhesion-dependent trafficking ability, as we published that Itga4-KO TMBP cells no 

longer migrate to the CNS compartments (Kendirli et al., 2023b). Conversely, CD11a and CD18 were 

significantly upregulated in Klf2-KO TMBP cells compared to NT controls (Figure 13). These two 

integrins form LFA1, another integrin mediating the looser interaction of immunce cells with 

endothelial cells, and proven to not be necessary for T cells extravasation into the CNS (Dominguez 

et al., 2015, Schläger et al., 2016).   

Figure 13 Integrins Expression in Klf2-KO TMBP Cells During EAE 
A). Expression in Klf2-KO TMBP Cells in vivo. Integrins expression in Klf2-KO TMBP cells (green) and NT TMBP 

cells (blue) from the spleen (top) and ptLNs (bottom) by the third day post-intravenous injection in a co-

transfer EAE model. B). Quantification of integrins Expression. ΔMFI values (MFI - MFI isotype control) of 

CD49d, CD29, CD11a and CD18 in Klf2-KO TMBP cells, normalized to NT TMBP control cells in different 

experimental conditions. Statistical analysis was performed using two-way ANOVA with multiple comparisons. 

Data is presented as mean ± SD (N = 3). 

 

3.11.  Foxo1 Regulates T Cell Migration  

Our above-described findings revealed that Klf2 is a critical transcription factor in regulating 

autoreactive T cell migration to the CNS, especially in their trafficking between SLOs and the 
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bloodstream during the early phase of EAE. Revisiting our CRIPR/Ca9 screening data (Figure 3B), we 

noticed another transcription factor, Foxo1, which also appears to play a role in T cell migration 

during EAE. Notably, Foxo1 has been reported as an upstream transcription factor inducing Klf2 

expression (Gubbels Bupp et al., 2009). When T cells are stimulated through the activation of TCR, 

cytokine receptors and chemokine receptors, the PI3K-AKT signaling pathway is activated (Han et al., 

2012). Phosphorylated AKT then enters the nucleus and induce Foxo1 phosphorylation, causing 

Foxo1 to exit the nucleus and relocate to the cytoplasm, thereby inhibiting its transcriptional activity 

(Han et al., 2012). During the steady states, Foxo1 promotes the expression of Klf2, Il-7ra, Tcf7, Ccr7 

and Sell (L-selectin) (Gubbels Bupp et al., 2009). Among these, Klf2 has been revealed as a key 

regulator of T cell migration into the CNS, while Ccr7 plays crucial role in promoting T cells retention 

in the lymph nodes, as shown in our study. Il-7ra encodes the IL-7 receptor α chain, which plays a 

crucial role in maintaining T cells survival by inhibiting the mitochondrial apoptotic pathway (Azizi et 

al., 2024). Tcf7 encodes T cells factor 1 (Tcf1), which has been linked to MS pathogenesis (Escobar et 

al., 2020). Research has shown that Tcf1 helps to suppress T cell differentiation towards Th1 cells, a 

key pathogenic T cells subtype in MS/EAE (Escobar et al., 2020). Meanwhile, L-selectin (encoded by 

Sell) is essential for T cell migration to the SLOs and it facilitates T cells rolling along the vascular 

endothelium in an inflamed area (Venturi et al., 2003). Given these background studies on Foxo1, we 

proposed Foxo1 as a strong regulator of autoreactive T cell migration in EAE. Therefore, to 

determine its exact role in T cell migration, uncover the related molecular mechanisms, and 

compare Foxo1 with Klf2 to identify the most potent target for regulating T cell migration in EAE, we 

used RNP-mediated CRISPR/Cas9 single-gene knockout technology to generate Foxo1-KO TMBP-GFP 

cells. 

At first, we adoptively transferred Foxo1-KO TMBP cells into rats and monitored their clinical scores 

and body weight over time. Unlike Itga4-KO and Klf2-KO TMBP cells, which failed to induce significant 

weight loss or neurological symptoms (Figure 5A), Foxo1-KO TMBP cells still induce EAE (Figure 14A). 

However, the onset of significant weight loss occurred approximately one day later than in NT TMBP 

cell-induced EAE. Similarly, neurological symptoms appeared with a one-day delay and were milder 

compared to those induced by NT control cells. 

For further understanding the detailed Foxo1-KO TMBP cells distribution in different organs during 

adoptive transfer EAE, we performed a co-transfer experiment in rats (Figure 14B). In this setup, in 

vitro activated Foxo1-KO TMBP-GFP cells were mixed with NT TMBP-BFP cells at a 1:1 ratio and then 

intravenous transferred into recipient rats. On day 3 post-injection, we harvested both peripheral 

and CNS compartments and tested the distribution of GFP+ (Foxo1-KO) and BFP+ (NT) cells by flow 

cytometry (Figure 14B). Compared with NT control cells, Foxo1 deficiency led to increased T cell 
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accumulation in the SLOs, particularly accumulation in the ptLNs showed statistically significant 

(Figure 14C, D left). In the spleen, Foxo1-KO TMBP cell numbers were slightly higher than NT cells, 

though the difference was not statistically significant. Another point to note is that Foxo1 deficiency 

did not affect T cell migration into the CNS. Across all tested CNS compartments, including CSF, 

spinal cord leptomeninges, and spinal cord parenchyma, Foxo1-KO TMBP cell numbers were 

comparable to those of control cells.  

Since Klf2 expression has been reported to be regulated by Foxo1, and Foxo1-KO cells exhibited a 

distribution pattern similar to Klf2-KO TMBP cells (Figure 5D), we generated a bar chart to further 

compare their distribution patterns in adoptive transfer EAE (Figure 14D right). Overall, Foxo1 

deficiency resulted in a much milder retention of TMBP cells in the SLOs compared to Klf2-KO cells, 

and their infiltration into the CNS was higher than T cells with Klf2 deficiency. To explain this weaker 

retention effect, we propose two possibilities: either Foxo1 is not a major regulator of Klf2 in 

autoreactive rat TMBP cells, or Foxo1 controls additional migration-related molecules. In the latter 

case, Foxo1 depletion may have disrupted the expression of other key regulators of T cell migration, 

counteracting the retention effect caused by Klf2 deficiency and allowing more T cells to enter the 

bloodstream. 
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Figure 14 Foxo1-KO TMBP cells EAE Model and in vivo Distribution Pattern 
A). EAE clinical course by Foxo1-KO and NT TMBP Cells. Clinical scores (bars) and relative body weight 

changes (lines) were monitored in rats following NT (blue) and Foxo1-KO (green) TMBP cells injection, body 

weights are normalized to day 0 (pre-injection). Mean ± SD (N=4). B). Experiment Design. NT TMBP-BFP cells 

and Foxo1-KO TMBP-GFP cells were activated in vitro, mixed 1:1, and intravenously injected into rats. Clinical 

scores and body weights were monitored daily. On day 3, when significant weight loss was observed, rats were 

sacrificed, and peripheral (spleen, ptLNs, blood) and CNS (CSF, spinal cord meninges, parenchyma) 

compartments were collected for flow cytometry analysis. C). Foxo1-KO TMBP Cells Distribution. 
Representative flow cytometry plots show distribution of Foxo1-KO TMBP-GFP cells (green gate) and NT TMBP-BFP 

cells (blue gate) across different compartments on day 3. Gating strategy: lymphocytes → single cells → BFP+ 

or GFP+ populations. D). Quantification of Foxo1-KO TMBP Cell Distribution in Organs. GFP+/BFP+ cell 

counts were normalized to the ratio in blood of the same animal (left chart). Also compared the cells in vivo 

distribution pattern between Foxo1-KO TMBP cells and Klf2-KO TMBP cells (right chart). A value of 1 indicates 

equal distribution, >1 reflects accumulation in the compartment, and <1 denotes reduced presence. Statistical 

analysis: one-way ANOVA with multiple comparisons. Data shown as mean ± SD (N = 4). 
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3.12. Foxo1 not only Regulates the Klf2 Expression, but also Ccr7 

To explore why Foxo1-KO cells exhibit only mild accumulation in SLOs despite it being a direct 

regulator of Klf2, we first examined the impact of Foxo1 deficiency on Klf2 expression. The Klf2 

transcription factor highly expressed in naive T cells and memory T cells (Endrizzi and Jameson, 

2003). When T cells are activated through TCR, downstream signaling pathways involving protein 

kinase B and the MAP kinases ERK1/2 lead to the downregulation of Klf2 expression (Preston et al., 

2013). Therefore, unlike previous analyses of activation phenotypes among in vitro cultured T cells, 

which typically uses the second day of culture as the peak activation time point, we chose to 

examine Klf2 expression on the sixth day of the in vitro TMBP cell culture. At this stage, the TMBP cells 

in our experiment exhibited the lowest activation levels, making Klf2 expression more detectable. As 

expected, Klf2 expression in Foxo1-KO TMBP cells at the day 6 under standard in vitro culture 

condition was lower than in control TMBP cells (Figure 15A). This confirms that Foxo1 positively 

regulates Klf2 expression in the TMBP cell. This is consistent with previous reports identifying Foxo1 as 

an upstream transcriptional activator of Klf2 (Kerdiles et al., 2009). 

However, if Klf2 were the sole effector downstream of Foxo1 in controlling T cell migration, Foxo1-

KO TMBP cells would be expected to exhibit a distribution pattern similar to Klf2-KO TMBP cells. 

Instead, our results show that Foxo1 deficiency leads to a much milder impairment in migration 

compared to Klf2 deficiency (Figure 14D right). Foxo1-KO cells, while also partially trapped in SLOs, 

were less restricted than Klf2-KO cells and maintained a greater CNS infiltration capacity. This 

discrepancy suggests that Foxo1 influences T cell migration through additional pathways in addition 

to its regulation of Klf2. 

A study has reported that Foxo1 directly regulates Ccr7 expression, with Foxo1-KO T cells showing 

reduced Ccr7 at both the mRNA and protein levels (Kerdiles et al., 2009). Combined with the findings 

in our study that the massive accumulation of Klf2-KO T cells in the ptLNs was driven by Ccr7 

overexpression, a Ccr7 expression reduced due to a Foxo1 deficiency could explain why Foxo1-KO 

cells exhibit only a mild retention in the ptLNs compared to Klf2-KO cells. Therefore, to verify this 

hypothesis, we examined the Ccr7 expression in rats three days after co-injecting Foxo1-KO and NT 

control cells. 

As previously described, Itga4 (CD49d) is a crucial marker for T cell infiltration into the CNS and was 

the top hit in our CRISPR/Cas9 screening (Figure 3B). Therefore, we analyzed CD49d expression with 

same approach.  

Unlike Klf2-KO TMBP cells, which showed an increased Ccr7 expression in the retained SLOs, Foxo1 

deficient TMBP cells did not exhibit any upregulation of Ccr7 in either the spleen or ptLNs (Figure 15B).  
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Foxo1 is observed to be an upstream regulator of Klf2 expression, as Foxo1-KO leads to a reduced 

Klf2 expression in T cells (Figure 15A). When T cells lose Klf2, from our above-described data, Ccr7 

expression was upregulated. However, the Ccr7 expression stays comparable to control T cells in 

Foxo1 depleted T cells. This can be explained by a potential upregulating effect directly between 

Foxo1 and Ccr7. 

In addition, Foxo1 deficient T cells showed no change in CD49d expression in the spleen and a 

slightly reduced expression in the ptLNs (Figure 15C). Overall, through the Foxo1-KO T cells model, 

we found it is not only the upstream transcription factor of Klf2, but it also induces Ccr7 expression, 

and without obvious effect on the T cell CD49d expression.  

 

Figure 15 Foxo1-KO TMBP Cells Expression of Klf2, Ccr7, and CD49d in the EAE Model 
A). Klf2 Expression. Flow cytometry plots compare Klf2 expression in Foxo1-KO TMBP-GFP (green) and NT TMBP-

BFP (blue) cells under in vitro culture condition. B). Ccr7 Expression. Ccr7 expression in Foxo1-KO TMBP-GFP and 

NT TMBP-BFP cells from spleen and ptLNs. C). CD49d Expression. CD49d expression in Foxo1-KO TMBP-GFP and NT 

TMBP-BFP cells from spleen and ptLNs. 

 

3.13. Activation and Migration are a Complex Balance 

When we observed that Klf2 deficiency led to the loss of the migratory ability in TMBP cells, including 

down regulation of S1pr1, causing them to be retained in SLOs, we also noted that these cells 

exhibited a significantly higher activation status, characterized by CD25, compared to NT TMBP control 

cells. The heightened activation status of Klf2-KO cells was observed only in vivo within the 

peripheral organs where they were retained (Figure 5,6). Additionally, the extent of CD25 
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upregulation varied depending on the degree of local cell accumulation. Therefore, we propose that 

an intrinsic link exists between migration impairment and heightened activation status. 

To understand how Klf2 regulates T cell activation, we found a study demonstrating that Klf2 inhibits 

nearly all downstream targets of nuclear factor-κB (NF-κB) in monocytes, including IL-1, IL-8, TNF, 

MCP-1, MIF, MIP, and CD40L (Das et al., 2006). NF-κB plays the role of a key proinflammatory 

transcription factor in T cells, which is activated through TCR signaling, and further promotes T cells 

proliferation, activation and differentiation (Liu et al., 2017). CREB binding protein (CBP)/p300 is 

widely recognized as a critical co-activator of NF-κB (Sheppard et al., 1999). Some studies have 

reported that Klf2 competitively binds with CBP/p300, enhancing its own transcriptional activity 

(Song et al., 2002) while inhibiting NF-KB transcriptional activity (SenBanerjee et al., 2004). These 

findings align with our results, suggesting that the absence of Klf2 might result in more CBP/p300 

being available to interact with NF-κB, leading to increased NF-κB transcriptional activity. This, in 

turn, results in elevated CD25 expression and enhanced production of proinflammatory cytokines, 

including TNF-α, IFN-γ, and IL-17 (Figure 17). 

In the T cells model, there is no direct evidence that Klf2 regulate T cell activation. It remains unclear 

whether Klf2 is directly involved in T cell activation pathway, potentially inhibiting NF-κB as 

hypothesized above, or its regulatory role occurs through its downstream target S1pr1, its upstream 

regulator Foxo1, or Ccr7, which is upregulated in Klf2-KO cells. To investigate this, we analyzed the 

expression of activation markers (CD25, CD134) as well as TCR in Foxo1-KO, S1pr1-KO, and Ccr7-KO T 

cells in vivo. Following the same approach used to analyze activation marker expression in Klf2-KO T 

cells in vivo (Figure 6A), we mixed Foxo1-KO, S1pr1-KO, and Ccr7-KO TMBP-GFP cells with NT control 

TMBP-BFP cells respectively at a 1:1 ratio and injected them into separate rats. After three days, we 

assessed their expression levels in the peripheral organs. 

Flow cytometric analysis showed that S1pr1-KO TMBP cells displayed lower expression of activation 

markers CD25 and CD134 in ptLNs, where they were largely retained, with a slight reduction in 

activation levels also observed in the spleen (Figure 16A). Although S1p/S1pr1 signaling pathway is 

crucial for guiding T cells exit from LNs, it has also been revealed to activate NF-κB activity and 

amplify immune responses in epithelial cells and cardiac fibroblasts through PKCα-dependent 

phosphorylation (Yang et al., 2020, Tian et al., 2024) (Figure 17). Therefore, S1pr1-KO T cells 

exhibited opposite change of activation markers compared with Klf2-KO T cells.  

Unlike Klf2-KO and S1pr1-KO T cells, Ccr7-KO TMBP-GFP cells exhibited activation marker expression 

comparable to NT TMBP-BFP cells (Figure 16B). Specifically, there were no differences in CD25 (IL-2 

receptor α-chain) or CD134 (OX40 receptor) expression, suggesting that Ccr7 deficiency does not 
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affect the activation state of TMBP cells. In both ptLNs and the spleen, Foxo1-KO TMBP cells also 

displayed an activation profile similar to NT control cells, with no major differences in activation 

marker expression (Figure 16C). Although statistical analysis showed a significant difference in 

CD134 and TCR expression in Foxo1-KO TMBP cells within the spleen, this effect was likely due to low 

baseline expression levels and highly consistent values among replicates, which resulted in a 

statistically significant but functionally insignificant difference. Flow cytometry plots confirmed that 

Foxo1-KO cells did not exhibit any meaningful difference in activation status. 

Taken together, these findings demonstrate that Klf2 deficiency leads to increased T cell activation, 

whereas its downstream effector S1pr1 has the opposite effect, with S1pr1-KO TMBP cells displaying 

reduced activation marker expression. The regulation effect of Klf2 and S1pr1 is potentially related 

to their regulation on NF- κB transcription activity (Figure 17), which need further validation and 

discussion. In contrast, Foxo1, as an upstream regulator of Klf2, and Ccr7, as a downstream molecule 

of Foxo1, appear to have no direct influence on T cell activation status in the TMBP EAE model, as 

their deficiency did not alter CD25 or CD134 expression levels.  

 

 Figure continues on next page 
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Figure 16 Activation Profiles of S1pr1-KO, Ccr7-KO, and Foxo1-KO TMBP Cells 
Activation Markers in S1pr1-KO (A), Ccr7-KO (B) and Foxo1-KO (C) TMBP Cells. Flow cytometry analysis of 

CD25, CD134, and TCR expression in KO TMBP cells (green) versus NT TMBP cells (blue) from the spleen (top row) 

and ptLNs (bottom row) on day 3 post-intravenous injection in a co-transfer EAE model. ΔMFI values (MFI - 

isotype control MFI) were used to quantify marker expression, normalized to NT TMBP control cells from the 

spleen (top, right) and ptLNs (bottom, right). Statistical Analysis: Two-way ANOVA with multiple comparisons. 

Data are presented as mean ± SD (N = 3) 
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Figure 17 Potential Molecular Mechanisms in the Migratory and Activated Phenotypes of Autoreactive 
CD4+ T Cells 
During steady-state conditions, the Foxo1 transcription factor remains highly active, promoting the 

expression of Klf2 and Ccr7 (Figure 15). Klf2, downstream transcription factor of Foxo1, drives S1pr1 

expression (Figure 10). Additionally, CBP/p300 binds to Klf2, further enhancing its transcriptional 

activity. On the cell surface, Ccr7 and S1pr1 play opposing roles in T cell migration. Ccr7, which 

interacts with its ligands Ccl19/21, abundant in LNs, signals T cells to retain in the LNs (Figure 9). In 

contrast, S1pr1, which binds to S1p, promotes migration toward areas of high S1p concentration, 

such as the bloodstream (Figure 11). The balance between Ccr7 and S1pr1 ultimately determines 

whether CD4+ T cells stay in the LNs or enter circulation. Upon TCR/CD28 or cytokine (like IL-2) 

stimulation, the PI3K-AKT signaling pathway is activated. Phosphorylated AKT induces NF-κB 

activation and Foxo1 phosphorylation. Phosphorylated Foxo1 translocates from the nucleus to the 

cytoplasm. With Foxo1 inactivated, Ccr7 and Klf2 expression decreases. As a result, the reduced 

availability of Klf2 releases CBP/p300, which then binds to NF-κB, further enhancing its 
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transcriptional activity. Additionally, the S1p/S1pr1 signaling pathway activates the PKCα pathway, 

further amplifying NF-κB activity. 

 

3.14. Foxo1, Klf2, and Their Downstream Molecules in T Cell Migration in Human MS 

To evaluate whether Foxo1, Klf2, and their downstream effector molecules contribute to T cell 

migration in human MS, we reanalyzed transcriptomic data from people with MS previously 

published by our group (Kendirli et al., 2023a). This dataset included samples from four untreated 

MS patients and four individuals diagnosed with idiopathic intracranial hypertension (IIH) as controls 

(Kendirli et al., 2023a). Peripheral blood and cerebrospinal fluid (CSF) samples were collected from 

all participants, followed by the isolation of antigen-experienced CD4+ T cells. In total, 70,594 

antigen-experienced CD4+ T cells were obtained from the peripheral blood of untreated MS patients, 

while 16,575 CD4+ T cells were isolated from the CSF of both MS and IIH participants (Kendirli et al., 

2023a) (Figure 18A). 

By Single-cell RNA sequencing (scRNA-seq), we classified those antigen-experienced CD4+ T cells into 

12 distinct cell clusters (T1–T12) (Figure 18B). To further characterize T cell migration during MS, we 

compared TCR sequences between CD4+ T cells from peripheral blood and CSF, identified cells with 

overlapping TCRs as cells with higher possibility to migrate (Kendirli et al., 2023a). This approach 

enabled us to investigate whether the migration-associated transcriptional regulators we identified 

in the EAE model fit in human MS. Klf2 and its downstream effector molecule Itgb7 (Ise et al., 2025) 

appeared positively correlated with T cell migration in MS patients (Figure 18C), consistent with our 

findings in rats. CD69 showed negative correlation in MS patients (Figure 18C). This Further 

confirmed the Klf2 role in promoting T cell migration during MS, since CD69 is agonists of S1pr1, and 

appears upregulated in Klf2 depleted T cells (Weinreich et al., 2009b). Ccr7, which showed inverse 

correlation to Klf2 expression in our finding (Figure 7), appears to also negatively correlate with T cell 

migration in MS patients (Figure 18C). Overall, human MS scRNA-seq data confirms that Klf2 and its 

related molecules, including Ccr7, CD69, and Itgb7, influence T cell migration in MS. Their role in 

migration aligns with our findings in the rat EAE model.  

When analyzing the effect of Foxo1 and its downstream effector molecules, including Tcf7, Il7r, and 

Sell (Gubbels Bupp et al., 2009), on T cell migration, we obtained results that were different with 

what we observed in rat EAE. In MS patient scRNA-seq data, CD4+ T cell clusters with higher TCR 

overlap showed lower Foxo1 expression, suggesting that Foxo1 may negatively regulate T cell 

migration (Figure 18C). Similar effects were also observed in the Foxo1 downstream molecules, Tcf7, 

Il7r and Sell. However, in the Foxo1-KO T cells adoptive transfer EAE model described above, Foxo1-
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deficient CD4+ T cell accumulated in the ptLNs with a slight reduction in CNS infiltration (Figure 14). 

The opposing trends between human MS and rat EAE suggest that the relationship between T cell 

migration and Foxo1 gene expression differs between rat autoreactive CD4+ T cells and CD4+ T cells 

in MS patients. One major difference between the rat adoptive transfer EAE model and human MS 

lies in how autoreactive CD4+ T cells become activated.  

In the rat EAE model, CD4+ T cells are first activated in vitro using CNS-related antigens and APCs, 

then transferred into the rats as fully activated cells. These cells initially migrate into the SLOs, 

undergo a phenotypic shift towards a migratory state, characterized by reduced activation marker 

expression and increased integrin and chemokine receptor expression. These autoreactive CD4+ T 

cells with migratory phenotype could reappear in the bloodstream and further infiltrate into the 

CNS. When Foxo1 is knocked out in this model, activated T cells may struggle to transition into a 

migratory phenotype. 

However, in MS patients, although the exact mechanisms remain unclear, the prevailing view is that 

autoreactive T cells acquire activation and migratory capacity simultaneously. Whether Foxo1 plays 

the same inhibitory role in promoting a migratory phenotype in this context remains uncertain. 

Based on human MS data, we speculate that it does not and further investigating is need for uncover 

their more detailed role in T cell migration during MS/EAE. 

 

Figure 18 Expression of Foxo1 and Klf2 Associated Effector Molecules in T Cells from Human MS 
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A). scRNA-Seq Experimental Design. Blood and cerebrospinal fluid (CSF) samples were collected from 

untreated MS patients and Idiopathic Intracranial Hypertension (IIH) controls. Antigen-experienced CD4+ T cells 

were isolated from both compartments and analyzed via single-cell RNA sequencing (scRNA-seq). B) UMAP 

Plot. scRNA-seq data from whole CD4+ T cells cluster of both untreated MS patients and IIH controls. (Kendirli 

et al., 2023b). C). Correlation Between Gene Expression and TCR Overlap in MS Patients. A subset 

analysis was performed exclusively in MS patients to examine how Foxo1, Klf2, and their downstream effectors 

correlate with TCR-overlapping cells between peripheral blood and CSF. Statistical Analysis: Pearson 

correlation; P < 0.05 considered significant. 
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4. DISCUSSION 

4.1. Klf2 as the Critical Transcription Factor Mediates T Cell Migration  

In our study, we discovered the role of Klf2 regulating proliferation, activation, and migration of 

encephalitogenic T cells, especially focusing on molecular mechanisms during the initiative phase of 

EAE. 

Previous studies showed the function of Klf2 in T cells. For example, it was firmly proven that Klf2 

plays a role in maintaining T cell quiescence by suppressing c-Myc, which in turn reduces protein 

production, limits cell growth, and lowers activation marker levels (Buckley et al., 2001a, Rabacal et 

al., 2016, Chen et al., 2024). When Klf2 is missing, this inhibitory effect disappears, leading to faster 

cell division and increased T cell numbers (Buckley et al., 2001a). More directly, Klf2 is highly 

upregulated in encephalitogenic T cells with migratory phenotype (Odoardi et al., 2012). 

Our CRISPR/Cas9 screening identifies Klf2 as a regulator of T cell infiltration into the CNS (Figure 3B). 

Consistent with previous findings, we showed that Klf2 restricts cell proliferation, while Klf2 deficient 

T cells showed slightly increased cell number under standard in vitro culture conditions (Figure 4C), 

although this did not seem to be linked to their migration defects. Activation markers and integrin 

levels also remained unchanged in Klf2 deficient cells in vitro (Figure 4D-F). Moreover, our flow 

cytometry data suggest that Klf2-KO T cells and NT control T cells have the same phenotype at the 

time of injection (Figure 4D-F). These results led us to further study how Klf2 regulates T cell 

migration in vivo. 

 

4.1.1. Animal Model to Study the Role of T Cell Migration in vivo 

In our model, intravenously injected TMBP cells follow a stable time kinetic on their migration: they 

rapidly disappear from the blood and enter the lungs within hours, accumulate in the ptLNs within in 

12-36 hours, appear in the spleen around 60 hours, and re-enter circulation as well as infiltrate the 

CNS between 60-80 hours (Flügel et al., 2001). The ptLNs, which receive drainage from the thymus, 

peritoneal cavity, and liver via internal thoracic lymph channels (Tilney, 1971), differ anatomically 

from the spleen. Although the spleen functions as a SLO in the immune system, it lacks afferent 

lymphatic vessels and instead collects immune cells directly from the blood through open circulation 

in the red pulp (Bronte and Pittet, 2023). It is important to note that the T cell appearance in 

different organs in the adoptive transfer EAE model follows strict sequence of time, but may not 

completely equal to their actual migration route. For example, the ptLNs are not the direct drainage 

lymph nodes of the lungs, and the T cell numbers declining in the ptLNs while increasing in the 

spleen may not imply direct migration between these two organs. Since these organs are located 
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deep within the thoracic cavity, current technical limitations make it challenging to track individual T 

cells in real-time. However, it was shown that TMBP cells with migratory phenotype isolated from lung 

or spleen can migrate into the CNS directly (Odoardi et al., 2012). The role of Klf2 on T cell migration 

in vivo was analyzed after injection of mixed in vitro activated Klf2-KO TMBP-GFP and NT control TMBP-BFP 

cells at a 1:1 ratio (Figure 5B). We chose day 3 post-injection as the target time point, and then 

analyzed the distribution of GFP+ and BFP+ cells across different organs and compartments. Indeed, 

day 3 post-injection is a time point when TMBP cells have acquired a migratory phenotype in 

peripheral SLOs, re-entered the blood circulation, and begun accumulating in the CNS (Flügel et al., 

2001). 

During data analysis, we observed that T cell numbers varied significantly across different batches of 

T cells and individual rats, making direct comparisons challenging. Calculating the GFP/BFP ratio 

within each organ/compartment helped stabilize the data by accounting for injection ratio 

differences, but variability in T cell migration behavior within batches and immune responses among 

individual rats still influenced the results. To eliminate these effects, we normalized the GFP/BFP 

ratio in each organ/compartment to the ratio in the blood, which optimized individual differences 

and improved consistency across experiments. Afterwards, we found that Klf2 deficient T cells had 

obvious difficulty in exiting from SLOs and returning to circulation (Figure 5D). Similarly, we also 

observed that Klf2-KO T cells faced challenges trafficking from blood to CNS tissues (Figure 5D), 

independent of their retention in peripheral organs. 

 

4.1.2. T Cell Entry to and Exit from Parathymic Lymph Nodes 

We found that Klf2-KO T cells accumulate in the ptLNs but not in the spleen (Figure 5D). Apart from 

the anatomical differences between the ptLNs and spleen, T cells also rely on different molecular 

mechanisms for entry and exit in these organs. In the ptLNs, T cells follow classical lymph node 

trafficking pathways, entering via HEVs through integrin-mediated rolling and crawling, followed by 

Ccr7-dependent migration. Ccr7 not only facilitates T cell entry but also serves as a retention signal, 

keeping T cells within the lymph node. Over time, Ccr7 expression gradually decreases, allowing 

another key signaling pathway, S1p/S1pr1, to take over. CD4+ T cells typically reside in lymph nodes 

for 10–12 hours (Gasteiger et al., 2016). When S1pr1 signaling becomes dominant, T cell starts to 

egress into the blood circulation. Our findings directly showed that Ccr7 and S1pr1 function as 

opposing regulators that determine whether T cells remain in the LNs or enter the bloodstream. The 

Ccr7 signal leads T cell retention in the LNs, while S1pr1 promotes migration into the circulation. Klf2 

acts as a critical switch in this balance. In Klf2-deficient T cells, Ccr7 remains persistently high, while 

S1pr1 expression is significantly reduced (Figure 7,10). As a result, the retention signal from Ccr7 is 
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too strong, and the egress signal from S1pr1 is nearly absent, causing T cells to be trapped in the 

ptLNs. When Ccr7 was deleted in Klf2-KO TMBP cells using CRISPR/Cas9 single gene knockout 

technology, this retention effect disappeared (Figure 9), confirming that excessive Ccr7 expression is 

the primary cause of Klf2 deficient T cell accumulation in the ptLNs. 

 

4.1.3. T Cell Entry to and Exit from the Spleen 

In contrast, T cell migration into and from the spleen follows a more complex pattern due to the 

unique structure. Unlike in lymph nodes, Ccr7 is not required for the initial entry of T cells into the 

spleen (Sharma et al., 2015, Chauveau et al., 2020). During entering via the blood, T cells are 

released into the red pulp and marginal zone (MZ) through central arterioles. From there, they must 

actively migrate toward the white pulp, where antigen presentation and T cell activation takes place. 

A study reported that Ccr7 plays a key role in this process by guiding T cells into the T cell zones of 

the white pulp along perivascular pathways (Chauveau et al., 2020). 

Although our study did not specifically analyse the distribution of T cells within the red pulp and 

white pulp, Ccr7-KO T cell still migrate to the spleen and Ccr7 expression levels on T cells we 

observed (Figure 7, 8) were consistent with previous findings (Sharma et al., 2015, Chauveau et al., 

2020). Our results showed that Klf2 deficient T cells in the spleen exhibited lower Ccr7 expression 

than those in ptLNs, though still higher than control cells (Figure 7). Knocking out Ccr7 in Klf2-KO T 

cells did not affect their accumulation in the spleen (Figure 9), confirming that T cells retention 

mechanisms in the spleen differ from those in ptLNs, which does not rely on Ccr7 mechanism. In our 

EAE model, the injected TMBP cells were fully activated in vitro before transfer. Although Klf2 

deficient T cells are unable to migrate into the white pulp, they can still induce EAE without requiring 

further activation, as MBP antigen is not present in the spleen. Therefore, the inability of Ccr7 

deficient T cells to enter the white pulp does not impact their ability to trigger EAE or migrate to the 

CNS. This conclusion is further supported by us in vivo migration experiments with Ccr7-KO T cells 

(Figure 8). 

 

4.1.4. Exit from SLOs by Following S1pr1, a Downstream Molecule of Klf2 

Detecting S1pr1 expression in different organs during ex vivo phenotypic analysis meets several 

technical challenges due to the dynamic changes of S1pr1 on the cell membrane. S1pr1 signaling is 

primarily driven by an S1p concentration gradient, guiding T cells traffic from low-S1p environments, 

such as in lymph nodes, toward high-S1p environments like the blood plasma. After entering 

circulation, abundant S1p in the blood bind to S1pr1 and induce S1pr1 internalization, allowing T 

cells to resist the concentration gradient and migrate toward tissues with lower S1p levels 
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(Drouillard et al., 2018). During ex vivo experiments, exposure to serum-containing medium or 

buffers triggers S1pr1 immediate internalization and the lack of highly specific anti-rat S1pr1 

antibodies, making S1pr1 undetectable. To overcome this limitation, we performed in vitro 

experiments to evaluate S1pr1 expression on mRNA level. Together with functional assays 

(Transwell Chemotactic Assay), we showed that Klf2 deficiency resulted in a loss of S1pr1 expression 

and further impaired chemotaxis toward S1p (Figure 10B, C). Combining the evidence of both Klf2-

KO TMBP cells and S1pr1-KO TMBP cells showed high accumulation in the ptLNs (Figure 11E), as well as 

S1pr1 expression is nearly absent in Klf2-KO TMBP cells (Figure 10), we conclude that reduction of 

S1pr1 due to deletion of klf2 is one of the reasons why these cells are trapped in the ptLNs. To 

further confirm the role of S1pr1 in T cell migration, we performed overexpression of S1pr1 in Klf2-

KO T cells. Due to the not yet solved technological limitation, Klf2 knockout efficiency stays in a low 

level (KO score around 27). But S1pr1 overexpression was proved that it helped Klf2 deficient T cells 

restore responsiveness to the S1p (Figure 11C). Ccr7 regulates T cell entry to ptLNs whereas S1pr1 

control T cell exit from ptLNs. In contrast, S1pr1 does not play a crucial role on the exit of T cells 

from spleen, which is supported by the data showing that the number of S1pr1-KO T cells in the 

spleen is comparable to that in the blood (Figure 11E). 

 

4.1.5. Role of Klf2 during T Cell Migration from the Blood to the CNS 

Beyond retention in SLOs, Klf2-KO T cells exhibited impaired infiltration into the CNS, independent of 

their reduced presence in the bloodstream. This was evident from consistently lower Klf2-KO to 

control cell ratios in the CSF, meninges, and parenchyma compared to their ratios in the blood 

(Figure 5C, D). Notably, this defect was not due to a high Ccr7 expression, as Ccr7&Klf2 double-

knockout T cells displayed a similarly reduced presence in CNS compartments (Figure 9E). In 

addition, the reduced S1pr1 expression in Klf2-KO T cells T cells cannot be the reason, since S1pr1 KO 

alone did not affect T cell migration from the blood into the CNS (Figure 11E). Overall, the impaired 

CNS infiltration of Klf2-KO T cells is not due to Ccr7 or S1pr1 mediated mechanisms but by another 

mechanism. 

We focused on integrin as an alternative Klf2 mediated inhibition on the migration of T cells from 

blood to CNS. While their initial post-activation integrin levels appeared normal in vitro, T cells 

within SLOs, particularly in ptLNs, exhibited a reduced expression of CD49d and CD29, which 

together form VLA4, while CD11a and CD18, which make up LFA1, were upregulated (Figure 13A, B). 

VLA4 plays a crucial role in the migration of autoreactive T cells into the CNS during EAE (Kendirli et 

al., 2023a). VLA4 mediates firm adhesion to VCAM1, which is upregulated on inflamed endothelial 

cells of the CNS vasculature. The binding of VLA4 to VCAM1 is a key step in facilitating T cell 
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adhesion to the BBB, allowing T cells to crawl along the endothelial surface in search of suitable sites 

for transmigration. VLA4 can be activated via chemokine receptor mediated signaling which is 

transmitted during tethering and rolling of T cells on endothelial cells (Luster et al., 2005). Once 

activated, integrins undergo conformational changes that enhance their ligand-binding affinity, 

promoting T cell extravasation either through endothelial junctions (paracellular migration) or 

directly through endothelial cells (transcellular migration) (Martin-Blondel et al., 2015). Previous 

studies have demonstrated that knocking out CD49d or CD29 in TMBP cells eliminates VLA4 

expression, leading to T cell retention in the spleen and significantly reduced migration into the CNS 

(Kendirli et al., 2023a). Given these findings, the downregulation of CD49d and CD29 in Klf2-KO T 

cells likely contributes to their impaired transmigration from the bloodstream into the CNS. 

However, to date, no other studies have reported a direct link between Klf2 deficiency and reduced 

Itga4 or Itgb1 expression in T cells. Further research is needed to clarify the molecular mechanisms 

underlying this connection. 

LFA1, another integrin being tested in our study, also mediates T cell adhesion to the endothelium 

by binding with ICAM, although its binding to ICAM is significantly weaker compared to the 

VLA4/VCAM interaction (Dominguez et al., 2015, Schläger et al., 2016). Additionally, study showed 

except mediate T cells/endothelium binding, LFA1 function in facilitating efficient T cell movement 

within lymph nodes by binding to ICAM expressed on dendritic cells (Katakai et al., 2013). 

While VL-4 is essential for T cell extravasation into the CNS, LFA1 is not strictly required for this 

process (Dominguez et al., 2015, Schläger et al., 2016). However, its role in T cell migration depends 

on the target organ or tissue. For example, LFA1 is indispensable for T cell infiltration into the retina 

and bronchial epithelium (Mesri et al., 1994, Porter and Hall, 2009). Since LFA1 expression is 

upregulated in Klf2-KO T cells, it may instead promote their retention in peripheral tissues, 

particularly in ptLNs but not likely regulating migration from blood to CNS. Taken together, these 

findings support the idea that the impaired CNS migration of Klf2-deficient T cells is primarily due to 

the loss of VLA4. Since LFA1 expression is upregulated in these cells, it may instead promote their 

retention in peripheral tissues, particularly in ptLNs. Further studies are needed to confirm this 

hypothesis. 

 

4.1.6. Klf2 in human T cells 

When validating our finding of Klf2 transcription factor influencing T cell migration on MS patients, 

we found that Klf2 showed only a weak influence in T cell migration in human at all (Figure 18). The 

analysis was conducted using transcriptomic profiling of T cells from MS patients. More specifically, 
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we extracted the T cells data with overlapping TCRs in both blood and CSF and performed 

transcriptomic analysis on these TCR-overlapping T cells.  

With the human samples being limited to peripheral blood and CSF, our sequencing results were 

inevitably affected. We speculate that the observed lack of strong correlation between Klf2 and T 

cell migration into the CNS in MS patients may be attributed to the distinct expression pattern of 

Klf2 in T cells. Klf2 is highly expressed in naive and memory CD4+ T cells but rapidly downregulated 

during T cell activation (Jha and Das, 2017, Hart et al., 2012). Due to BBB breakdown and the release 

of proinflammatory cytokines and chemokines into the bloodstream, CD4+ T cells in MS patients are 

likely to be in a higher activation state compared to IIH controls (Zhang et al., 1994). This heightened 

activation suppresses Klf2 expression, potentially covering its role in T cell migration when 

comparing CD4+ T cells with the same TCR repertoire. To validate this hypothesis, further clinical 

studies are needed to examine Klf2 expression in human peripheral blood CD4+ T cells. 

Although the scRNA-seq did not directly confirm that the Klf2 gene strongly promote CD4+ T cell 

migration to the CNS in humans MS, its downstream regulatory molecules, Itgb7 (Figure 18) and 

S1pr1 (Kendirli et al., 2023b), both exhibited a promoting effect on T cell migration. Conversely, Ccr7 

and CD69, which their expression is negatively correlate with Klf2 expression, showed an inhibitory 

effect on T cell migration. Taken together, these findings strongly suggest that Klf2 also facilitates T 

cell migration in humans. 

 

4.2. Foxo1 Function as the Upstream Transcription of Klf2 and Ccr7 

Foxo1 has long been recognized as a critical factor in T cell by maintaining immune balance and 

supporting the development of central memory T cells (Doan et al., 2024). In MS/ EAE, Foxo1 

functions as a critical effector in the PI3K/Akt signaling pathway and is involved in CD4+ T cell 

differentiation (Kraus et al., 2021). It was shown that inhibiting Foxo1 suppresses Th1 differentiation 

and expansion while also blocking the conversion of Th17 cells into Th1-like cells during the 

reactivation of autoreactive CD4+ T cells (Kraus et al., 2021). Additionally, autoreactive T cells treated 

with Foxo1 inhibitors displayed reduced encephalitogenic potential in adoptive transfer EAE models, 

highlighting its role in regulating inflammatory T cell responses (Kraus et al., 2021). Similar findings 

were observed in MS patients, where Foxo1 inhibition led to a significant decrease in Th1 expansion, 

reinforcing its involvement in disease progression (Kraus et al., 2021). While the role in T cell 

differentiation and inflammatory responses is well established, its impact on T cell migration during 

MS/EAE remains largely unknown. 

Our findings suggest that Foxo1 deficiency affects T cell distribution and modulates disease severity 

rather than completely preventing EAE development (Figure 14A). With Foxo1 deficiency, T cells 
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showed a higher tendency to accumulate in the lymph nodes (Figure 14D). However, this did not 

affect their ability to infiltrate the CNS. Foxo1 is highly expressed in T cells (Peng, 2008) and is rapidly 

phosphorylated and inactivated in a PI3K-dependent manner following antigen or cytokine 

stimulation (Fabre et al., 2005). Upon withdrawal of cytokine signaling, Foxo1 is dephosphorylated 

and reactivated, contributing to T cell quiescence and homing to lymph nodes (Stahl et al., 2002). In 

facilitating lymph node entry, Foxo1 directly upregulates Ccr7, CD62L, and Klf2 expression (Kerdiles 

et al., 2009). Our study confirmed that Foxo1 deficiency in TMBP cells lead Ccr7 and Klf2 expression 

reduced (Figure 15), providing direct evidence that Foxo1 functions as the upstream transcriptional 

regulator of these migratory pathways. 

The regulation effect of Foxo1 on Ccr7 as well as Klf2 expression can explain the result of Foxo1-KO 

TMBP cells in vivo migration assay (Figure 14). After Foxo1-KO TMBP cells and NT control TMBP cells 

being intravenously injected, at the day 3 post-injection, Foxo1-KO TMBP cells preferentially 

accumulated in the ptLNs, with minimal retention in the spleen (Figure 14). This distribution pattern 

closely resembled that of Klf2-KO T cells, which were also trapped in the ptLNs and the spleen, with 

a more pronounced accumulation in ptLNs. As described above, the upregulated Ccr7 and 

downregulated S1pr1 expression due to Klf2 deficiency both contributed to T cell accumulation in 

the ptLNs. Although Foxo1-deficient T cells showed significantly lower Klf2 expression, which could 

in turn lead to the absence of S1pr1 and cause T cells to remain in the ptLNs, their Ccr7 expression 

remained low (Figure 15B). This likely explains why their accumulation in ptLNs was much less 

pronounced compared to Klf2-KO T cells. 

As for CNS infiltration, Foxo1-KO T cells showed comparable levels to control cells (Figure 14), which 

is another key difference from Klf2-KO T cells. As above described, Klf2-KO cells not only exhibited 

severe retention in SLOs, but also failed to enter the CNS (Figure 5D). Therefore, we tested the 

CD49d (Itga4) expression on the Foxo1-KO T cells. Consistent with the result that CNS infiltration was 

not affected by Foxo1 deficiency, the CD49d expression showed no changes in Foxo1-KO cells from 

both spleen and ptLNs (Figure 15C). Klf2 is the downstream transcription factor induced by Foxo1, at 

the same time Klf2-KO cells showed obviously lower CD49d expression. If Foxo1 only influence 

CD49d expression through regulate Klf2 expression, we should also see the CD49d downregulation in 

Foxo1-KO cells. Instead, the fact is that Foxo1-KO cells showed CD49d levels similar to those of 

control cells. Therefore, both Klf2 and Foxo1 appear to regulate CD49d expression, but in the 

opposite direction. Unfortunately, until now there are no other studies reported this effect so far. 

Further research is needed to uncover the underlying molecular mechanisms.  

Beyond its regulation of Klf2, Ccr7 and CD49d, Foxo1 is a broad-acting transcription factor involved 

in critical cellular processes, including cell cycle progression, DNA repair, and apoptosis, and is widely 
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recognized as a tumor suppressor (Farhan et al., 2017). Additionally, Foxo1 plays a role in oxidative 

stress responses and aging by mediating reactive oxygen species detoxification and controlling DNA 

repair pathways (Hedrick et al., 2012). 

To further investigate the role of Foxo1-regulated molecules in MS, we performed transcriptomic 

analysis of T cells from MS patients to examine its influence on T cell migration. The results revealed 

a negative correlation between Foxo1 and its downstream targets, including Tcf7, sell (CD62L), and 

Ccr7 with T cell migration in MS patients (Figure 18). Among these, Tcf7 and Ccr7 showed statistically 

significant associations. As our rat EAE showed Ccr7 upregulation lead T cells trapped autoreactive 

CD4+ T cells in the peripheral LNs. Additionally, Clinical studies have shown that migrating T cells in 

MS exhibit reduced Ccr7 mRNA levels (Friess et al., 2017). Tcf7 is known for mediating T cells self-

renewal and memory cell formation (Escobar et al., 2020). Furthermore, it has been reported to 

promote Th2 differentiation while suppressing Th1 differentiation by inhibiting IFN-γ expression 

(Escobar et al., 2020). But none of the findings about Tcf7 pointed it out for being involved in T cell 

migration. Also, it remains unclear what role of the Tcf7 gene plays in MS/EAE. Further study needed 

to uncover its attributes. 
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4.3. Klf2 as the Important Transcription Factor Regulates T Cell Activation and 

Migration Phenotype 

 

While Klf2 is primarily known for its role in T cell migration, our findings also indicate that it 

influences T cell activation, revealing a strong correlation between impaired migration and 

heightened activation. We propose that Klf2 plays a crucial role in transitioning activated T cells into 

a migratory state. 

 

4.3.1. Expression of Cell Surface Activation Markers in Klf2-KO T Cells 

Under normal conditions, Klf2 deficient T cells can be fully activated in vitro in response to antigen 

presentation by MBP-loaded APCs, displaying surface activation markers such as CD25, CD134, and 

TCR at levels comparable to control cells (Figure 4D, F). This indicates that Klf2 is not essential for the 

initial activation phase following antigen recognition. However, after intravenous transfer, Klf2-KO T 

cells become restricted in SLOs, particularly in the ptLNs, where they exhibit significantly elevated 

CD25 expression along with a slight increase in CD134 and TCR levels (Figure 6B, C). Notably, the 

degree of CD25 upregulation correlates with the extent of T cell accumulation in these 

compartments, implying a potential link between defective migration and an activated phenotype. 

However, our study on S1pr1-KO T cells, which also accumulate in the ptLN but do not show 

activated phenotype there, suggest there is not direct relation between T cell accumulation in the 

SLOs and their activation. 

CD25, also known as the IL-2 receptor alpha chain, is typically expressed at low levels on CD4+ 

effector T cells and is initially upregulated upon TCR engagement via NF-κB activation (Adamczyk et 

al., 2023). Later sustaining CD25 high expression relies on IL-2-driven STAT5 signaling. Peak CD25 

expression generally occurs around 48 hours post-TCR stimulation, playing a pivotal role in 

promoting T cell survival and expansion (Adamczyk et al., 2023). Notably, CD25-targeting therapies 

such as basiliximab and daclizumab, which block IL-2-dependent T cell activation and proliferation, 

further underscore the critical function of CD25 in maintaining T cell responsiveness (Panackel et al., 

2022). Our findings indicate that Klf2-KO TMBP cells, which fail to exit SLOs, remain in a persistently 

activated state, with excessive IL-2 signaling contributing to their sustained CD25 expression (Figure 

6B, C). Additionally, the higher CD25 expression also explain higher proliferation capacity of Klf2-KO 

T cells compared to control T cells when they were exposed to IL2 in vitro (Figure 4C). Furthermore, 

the moderate upregulation of CD134 and TCR in Klf2-KO T cells further supports their heightened 

activation status (Figure 6B, C), as CD134 is known to enhance T cell survival and long-term immune 

responses (Rogers et al., 2001). 
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4.3.2. Production of Pro-inflammatory Cytokines in Klf2-KO T cells 

Beyond surface marker expression, cytokine profiling revealed that Klf2-KO T cells restricted in SLOs 

produce significantly higher levels of pro-inflammatory cytokines, including TNF-α, IFN-γ, and IL-17A, 

under both basal and stimulated conditions (Figure 6D-F). Interestingly, despite this increase in 

cytokine production, these cells did not exhibit a preferential differentiation toward either the Th1 

or Th17 lineage. Instead, the majority of cytokine-producing cells co-expressed IFN-γ and IL-17A, 

rather than displaying a distinct Th1 or Th17 bias. This pointed out that the absence of Klf2 drives a 

state of global hyperactivation rather than selectively skewing T cell differentiation toward a 

particular subset. 

The roles of IFN-γ, IL-17A, and TNF-α in the pathogenesis of EAE and MS are complex and, at times, 

contradictory. IL-17A, predominantly produced by Th17 cells, is a well-established driver of CD4+ T 

cell infiltration into the brain parenchyma, significantly contributing to disease severity (Harrington 

et al., 2005). Studies have shown that blocking IL-17A alleviates EAE symptoms, and IL-17A-deficient 

mice exhibit a milder disease course with delayed onset and lower clinical scores (Langrish et al., 

2005). In MS, IL-17A-producing T cells are abundant in active brain lesions, where their presence 

correlates with disease activity (Fletcher et al., 2010). IFN-γ, on the other hand, exerts paradoxical 

effects: while exogenous administration of IFN-γ exacerbates MS, mice lacking IFN-γ develop more 

severe EAE, and blocking IFN-γ worsens disease outcomes (Fletcher et al., 2010). In MS patients, 

both IFN-γ and IL-17A levels are elevated in the early disease stages, but IFN-γ is particularly 

associated with relapse phases (O'Connor et al., 2008). The presence of IFN-γ/IL-17A dual-producing 

T cells in MS brain lesions highlights the plasticity between Th1 and Th17 cells, with Th17 cells 

potentially shifting toward IFN-γ production as the disease progresses (Fletcher et al., 2010). TNF-α, 

commonly linked to Th17 cell responses, adds further complexity, as its precise role in regulating 

CD4+ T cells during EAE remains incompletely understood. 

4.3.3 Transition from Activated to Migratory Phenotype 

Despite producing elevated levels of CD25, IFN-γ, IL-17A, and TNF-α, Klf2-KO TMBP cells fail to exit 

SLOs and do not induce EAE, suggesting that their hyperactivated state results from their inability to 

transition from an activation phenotype to a migratory phenotype. This aligns with findings by 

Odoardi et al. study, which distinguished between "activation phenotype" and "migratory 

phenotype" T cells before CNS infiltration (Odoardi et al., 2012). In our EAE model, TMBP cells exhibit 

an activation phenotype at the peak of in vitro stimulation (day 2 post-activation), characterized by 

high expression of activation markers and robust antigen-driven proliferation. Upon transfer into 

rats, migratory phenotype T cells typically reappear in circulation around day 3, enabling their entry 

into the CNS. 
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Transcriptomic analysis from Odoardi’s study identified Klf2 as the most differentially expressed 

gene between activation and migratory phenotypes, with high expression in migratory cells along 

with S1pr1 and Itgb7 (Odoardi et al., 2012). In contrast, activation phenotype cells displayed 

elevated levels of Il-2ra (CD25), Tnfrsf8, Tnfrc, and Il-17f (Odoardi et al., 2012), all of which were 

enriched in Klf2-KO T cells. Combing with findings in our study, it is clear that Klf2 is a pivotal 

transcription factor controlling the shift from activation to migration, and its absence leads to 

persistent overactivation while preventing T cells from acquiring migratory competence. 

 

4.3.3. Molecules Involved in Klf2 Signaling 

Further investigation into Klf2 downstream targets reinforces its pivotal role in regulating the 

transition between activation and migration. S1pr1, a well-established downstream effector of Klf2, 

is essential for T cell egress from SLOs (Figure 11E). Loss of S1pr1 mirrors the effects of Klf2 

deficiency, as S1pr1-KO TMBP cells also accumulate in ptLNs and fail to migrate into the bloodstream 

(Figure 11E). To date, no studies have directly implicated S1pr1 in regulating T cell activation during 

EAE or MS. Only one report suggests that S1p signaling plays a critical role in maintaining the 

persistence of activated CD4+ T cells at sites of acute inflammation (Jaigirdar et al., 2017). S1pr1 

signaling induce mTOR and JAK2/pSTAT3 activation was reported by multiple studies, both of these 

signaling pathways can enhance Th1/Th17 differentiation and are involved in T cell activation and IL-

2 receptor signaling (Priceman et al., 2014, Liu et al., 2010). 

Additionally, the endogenous S1pr1 antagonist, CD69, may contribute to this altered activation 

profile. CD69 is a type II transmembrane receptor that is rapidly upregulated upon T cell activation 

and serves as an early activation marker. Upon antigen recognition, its expression is induced by IFN-

α/β and TNF-α (Martín et al., 2010). CD69 has also been implicated in Th1/Th17 differentiation 

(Cibrian et al., 2016). While S1pr1 signaling activates JAK2/pSTAT3, CD69 directly binds to S1pr1, 

leading to its internalization and degradation and further inhibit STAT3 phosphorylate (Shiow et al., 

2006). This antagonistic regulation suggests that increased CD69 expression in S1pr1-KO cells could 

shift signaling dominance toward CD69-associated pathways, potentially explaining the reduced 

activation observed in these cells despite their retention in SLOs. However, the precise interactions 

between STAT3 and STAT5 signaling with CD25 expression and T cell activation remain unclear and 

require further investigation. 

Foxo1, an upstream regulator of Klf2, further validate this regulatory network. Foxo1-KO TMBP cells 

also exhibit reduced CD25 expression in ptLNs, similar as the phenotype observed in S1pr1-KO cells 

(Figure 16C). This suggests that Foxo1-dependent transcriptional programs influence both activation 

and migration pathways, positioning Klf2 as a central molecular switch between these two states. 
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Collectively, these findings establish Klf2 as a key regulator that determines whether T cells remain 

in an activated state or transition into a migratory phenotype, ultimately dictating their ability to exit 

SLOs and infiltrate the CNS. The failure of Klf2-KO TMBP cells to undergo this transition results in 

persistent overactivation and defective migration, preventing EAE induction. In addition, Klf2 

regulate migration from blood through BBB to the CNS by regulating VLA4 expression. The interplay 

between S1pr1, CD69, Foxo1, VLA4 and Klf2 provides a mechanistic framework for understanding 

how transcriptional and signaling networks coordinate T cell fate in autoimmunity. This emphasizes 

the essential role of Klf2 in balancing T cell activation and trafficking during neuroinflammation.
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